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A BRIEF HISTORY 

 

Cancer is an old and deadly disease, known to mankind for thousands of years and for 

which a cure is still non-existent. Egyptians, in their time, already made observations and 

descriptions of an incurable disease resembling the description of cancer without knowing 

about living cells and microorganisms. From the 18th century, cancer gave rise to specialized 

surgeons, medical doctors who were convinced cancer was indeed curable simply by 

removing the cancerous tissue. This led to disastrous consequences, as their procedures or 

operations became more and more radical. Whole healthy tissues were sometimes removed 

and was seen as necessary collateral damage in order to cure the patients (sometimes in 

vein), leading to deformed patients. This is even without talking about the risks of the 

procedures themselves, like infectious diseases, often killing the patient shortly after 

procedure. Although these extreme surgical procedures surely had an important impact on 

the development of surgery and for the rise of decent and specialized surgeons, it brought 

little to the understanding of cancer itself or on how to treat it. In 1895, Wilhelm Röntgen 

discovered the X-ray. This discovery was an important turning point for medicine, as it gave 

rise to radio imaging and radiotherapy. Modern radiotherapy consists of irradiating the 

patient’s tumor with a specific range of intensity to damage tumor cells but to limit the 

irradiation of, and so, to limit the damage to healthy tissue. Indeed, since tumors usually 

arise inside the body, high energy beams used to treat cancer must first pass healthy tissue 

before reaching the cancer cells. However, in case of metastasis of cancer, radiotherapy is 

unusable as irradiating a whole patient’s body would be too damaging for the patient and 

probably would cause another cancer development rather than curing the patient. To 

prevent that a patient’s cancer develops metastasis before being able to diagnose that cancer, 

new diagnostic tools should be developed. Moreover, being able to detect cancer at an early 

stage gives the opportunity to attack that cancer while it is still in early development and 

fairly vulnerable. Even more so, the patient’s general health is still intact, which inclines the 

patient to have a better response to treatment and be more resistant to negative effects of the 

treatment. 

So finally, an early and accurate diagnosis of cancer is imperative to treat and possibly cure 

the patient.  

Molecular imaging, most commonly using radionuclide imaging, offers the ability to detect 

cancer in a more reliable and accurate manner compared to non-molecular imaging, making 

molecular imaging a more powerful tool in the fight against cancer. Molecular imaging 

originates from the late 20th century and is based on the detection of cellular or molecular 

interactions, rather than on anatomical or physical processes. In doing so, molecular imaging 

can detect cancer cells based on their difference in molecular activity, such as metabolic 

activity or genetic expression. For instance, certain cellular receptors, present on the cell 

surface (so facing outwards of the cell), are produced in a significantly higher amount or in 

such an aberrant manner on cancer cells, in comparison to normal healthy cells, that these 

receptors can serve as a target to identify and localize the presence of these cancer cells.  
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As a result, a variety of tracers (e.g. monoclonal antibody based and peptide based tracer) 

have been developed over the years, with the aim to target these specific cancer molecules. 

Among those, tracers based on single-domain antibodies have emerged as well. Single-

domain antibody fragments are commonly derived from heavy chain-only antibodies and 

have shown to be very useful for imaging purpose as their characteristics allow us to modify 

and label them with signaling moieties, such as a radioactive isotope, to suit our needs. 

Upon injection, these antibody fragments circulate throughout the whole body and provide 

a specific targeting which makes them well-suited for cancer imaging and diagnosis. 
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CHAPTER I: INTRODUCTION 

 
1. Molecular Imaging of Disease 
 

Molecular imaging (MI) is defined as in vivo  visualization, quantification and characterization 

of biological processes, and this at the cellular or molecular level1-3. A major advantage of 

molecular imaging is its non-invasive nature since it does not require biopsies or surgical 

procedures for capturing the molecular information1. In most modalities, a small intravenous 

injection of tracer molecules is required to target certain cells or biological process for imaging 

and quantification. This feature makes molecular imaging an interesting method for 

screening, diagnosis and monitoring of disease.   

 

The additional information and insights that MI brings have resulted in advances in both pre-

clinical and clinical practices. In preclinical research, MI allows for the fundamental 

investigation of disease processes, the evaluation of new therapeutic targets and the early 

testing of new drugs in the intact living organism. These in vivo studies bring unique 

information that complement data from in vitro/ex vivo experiments2.. It can reduce the number 

of animals that are required in preclinical testing and has the potential to accelerate the drug 

development process4. In addition, MI allows for longitudinal studies in the same living 

subject, which provides statistically more accurate results, which is particularly of interest to 

investigate drug efficacy and monitor disease progression during treatment5. Some molecular 

imaging methods can be translated to the clinic. The non-invasive nature of MI also allows 

repeated testing in patients during the evolution of disease. 

 

Molecular imaging complements anatomic and functional imaging. Anatomical imaging 

provides information such as organ structures, organ mapping or tissue density, while 

functional imaging provides information on physiological processes, such as (blood) 

perfusion, or allow imaging of mechanical processes such as the contraction of the heart 

muscle. MI provides a complementary type of data as it can detect specific molecular 

processes by targeting specific cells or molecules in a patient. As such, MI has a growing 

impact on disease comprehension and drug development as mechanisms of action or 

biological processes, lying at the basis of certain diseases, can be measured. The application 

of MI in clinical diagnosis is multifaceted (Fig. I - 1), as MI can serve for disease detection and 

molecular characterization, can provide guidance for the optimal treatment regime, allows 

follow-up, monitoring of treatment response and detection of residual disease, and can be 

employed for detection of potential disease recurrence after a patient was deemed cured. 
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Fig. I - 1: Schematic representation of the multifaceted application of MI in clinical diagnosis. 
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2. Molecular imaging modalities 
 

At the basis of molecular imaging are different imaging modalities (Fig. I - 2), each with their 

own set of tracers or contrast agents, optimized for imaging. These tracers and contrast agents 

serve as source of signal for detection of the desired targeted molecule or biological process 

with the corresponding imaging modality. 
 

 
 

 
Fig. I - 2: Summary of imaging modalities used for molecular imaging; each imaging modality has its 

own characteristics and specificities. The modalities are considered complementary rather than 

competitive. Image reconstructed from Willmann et al. , 2008 with permission from the publisher 

(license 5257510898364).6 
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• Optical imaging  

Optical imaging (OI) technology is a technology, based on genomics, proteomics and modern 

optical imaging devices. The most widely used OI modalities at present include in vivo 

bioluminescence (BLI) and fluorescence imaging (FLI). Bioluminescence imaging is based on 

the naturally occurring process of bioluminescence in organisms, such as the North 

American firefly, the sea pansy (and related marine organisms), and bacteria like Photorhabdus 

luminescens and Vibrio fischeri, where light is emitted by certain cells of the organism7. The BLI 

technique requires incorporation of a bioluminescent reporter gene in the target cells by a viral 

vector. By providing the substrate of the enzyme-protein encoded by the reporter gene, light 

will be emitted from the reaction the enzyme catalyzes.  

For example, the most widely known bioluminescent enzyme is luciferase.  This enzyme, 

which has luciferin as substrate, catalyzes a reaction between luciferin, oxygen, ATP and Mg2+, 

which results in the emission of light from the cells, where incorporation of the luciferase-

gene was successful7. Fluorescence imaging uses fluorescent dyes of proteins as labels for the 

visualization of molecular processes or structures8. An alternative on FLI, is Near-Infrared 

Fluorescence imaging (NIRF), which uses fluorescent molecules emitting a signal in the near-

infrared spectrum. Optical imaging makes use of light emission for signal detection and is 

therefore considered as relatively safe to use. Additionally, OI has a high sensitivity and 

relatively low cost, which makes OI ideal for the investigation of tumor occurrence, 

progression and relevant drug development.  

However, the limited depth of tissue penetration, and the cell transfection procedures 

necessary for BLI, limits the use of OI mainly to preclinical research.9 The latest OI based 

technique in development with clinical application is molecular imaging-guided surgery or 

targeted surgery, which permits to detect and remove cancer cells, emitting fluorescence due 

to probe binding, which are undetectable by naked eye and which would otherwise remain 

in the patient and may cause for a relapse of the cancer10. 

• Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is based on properties of atoms, and more specifically on 

the protons11. Atoms with an odd number of nuclear particles possess a magnetic field. For 

basic MRI, the hydrogen atoms, bound to oxygen to form H2O or present in fat molecules, 

which are both abundantly present in living organisms, are enough to be able to make an 

image. Their nucleus consists of one proton and, by applying a strong external magnetic field 

on these atoms, the tiny magnetic field of these protons will align with the external magnetic 

field. Next, by introducing pulses of radio waves, the proton’s magnetic field will be disrupted 

from the equilibrium state, which is also referred to an excited state or hyperpolarized state. 

Once the pulse stops, the proton will drop back to its equilibrium or lower energy state with 

emission of energy. This emitted energy can then be detected by the MRI scanner and is used 

to create an image. MRI produces high-quality 3D images in a non-invasive manner, with high 

spatial resolution and high contrast12. Even though nuclear and optical imaging are 

considered as the main techniques for molecular imaging, magnetic resonance does provide 

value for molecular imaging, especially for the detection and characterization of cancer. For 

instance, “downstream” effects on tumor physiology, metabolism, and biophysics, such as 

changes in cell density or blood flow, are parameters that can be well detected and evaluated 

by MRI12.  

Magnetic resonance spectroscopic (MRS) which allows for the detection and quantification of 

molecules by specifically tuning to an atom which is present in these molecules.  
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For example, 31P MRS allows the detection of certain phosphorous containing metabolites, 

such as phosphocreatine, ATP, NAD+/NADH and NADP+/NADPH13, while 23Na MRS allows 

for the quantification of sodium both intracellularly and extracellularly, where variations in 

the concentrations of these latter can indicate an effect of treatment on tumors14. MRS can also 

be employed for the determination of metabolism and distribution of drugs, as it has been 

done for Pefloxacin, an anti-bacterial drug, with 19F MRS15. Lastly, 1H and 13C MRS are also 

being investigated for the detection of cancer16,17. 

In addition, particles with paramagnetic or superparamagnetic agents18, such as iron oxide 

nanoparticles19 and low-molecular weight Gadolinium(III) (Gd) complexes20 have also been 

developed, which can be coupled to a targeting vehicle for specific accumulation at the site of 

interest. 

• Ultrasound molecular imaging 

Ultrasound imaging (USI) is commonly used in clinic for visualization of blood flow patterns, 

patients’ hearts, brain or other tissues or organs from the patient. Ultrasound imaging is based 

on the generation of sound waves, which are reflected to a receiver (also called the echo 

signals). Depending on the tissue (i.e. the acoustic impedance) the sound waves encounter, 

sound waves of a certain frequency will be reflected to the receiver21. Based on these echo 

signals, an image can be reconstructed.  

Ultrasound imaging is interesting to retrieve anatomical or physical information from the 

patients’ organ of interest22. Ultrasound molecular imaging (USMI), however, in combination 

with an appropriate ultrasound contrast agent, can be used to depict molecular targets in a 

specific and sensitive manner. Ultrasound molecular imaging has several advantages 

including a good temporal resolution, quantitative data, real-time imaging, non-invasiveness, 

relatively inexpensive and no ionizing radiation9. Traditionally, microbubbles have been used 

as contrast agent for USI, however, these lack specificity, since these microbubbles do not have 

a specific target to bind to23. To achieve USMI, microbubbles have been coated with targeting 

vehicles, such as peptides24 or antibodies25, which allow then for a specific accumulation at the 

target site, allowing specific high contrast imaging26. 

• X-ray computed tomography imaging 

X-ray computed tomography (CT) imaging has developed significantly over the last decade, 

offering high resolution for animal studies with micro-CT in preclinical research and dual-

energy CT imaging in clinical practice, which opens the opportunity for molecular imaging 

via CT9. CT imaging has several advantages such as a high spatial resolution (0.02-0.30 mm 

for micro-CT and 0.5-2.0 mm for clinical CT), fast acquisition time, relative simplicity, 

availability, and excellent hard-tissue imaging. Downsides of traditional CT imaging are the 

use of ionizing radiation, limited soft tissue resolution and poor sensitivity (10-2-10-3mol/l)27. 

Dual-energy CT aims at providing more detailed and information rich images by combining 

the spectrum of two photon energies, rather than one, in the image reconstruction, hereby 

greatly improving tissue differentiation28. CT imaging is excellent to retrieve anatomical 

information and is therefore often combined with another imaging modality. Typically, it is 

combined with PET or SPECT imaging. This way the biochemical and physiological 

information, obtained by another modality, can be combined with the anatomical parameters, 

obtained by CT imaging27.  
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CT, however, also had some developments for MI applications, with contrast agents being 

specifically designed to combine a maximum number of X-ray absorbing atoms with a 

nanoparticle26, such as emulsion, liposomes, lipoproteins and polymeric nanoparticles29-34. The 

purpose is an accumulation of these particles at site of interest leading to a change in X-ray 

attenuation, resulting in high contrast images26. For example, conjugated 2-deoxy-D-glucose 

(2-DG) to a gold nanoparticle has been developed by Li et  al., which could potentially be used 

for the detection of tumors35.  

• Nuclear imaging 

Nuclear imaging is the molecular imaging modality that is used in the current thesis. Nuclear 

imaging provides non-invasive imaging trough the detection of radioactive signal coming 

from a tracer injected prior to the scanning 36. Since the tracer, and radiation source, is 

introduced in the body, nuclear imaging allows to obtain information on organ function or 

cellular activity thus allowing the visualization of on-going physiological and biochemical 

processes37. As such, nuclear imaging is well-suited for the early detection of pathological 

processes, as altered function (e.g. cellular activity) that precedes structural changes37. The two 

main modalities for nuclear imaging are Positron Emission Tomography (PET) and Single-

Photon Emission Computed Tomography (SPECT). Both modalities are based on the 

detection of gamma-photons to provide an image. Typically, the PET and SPECT scans are 

combined with a CT scan, as the image from the radioactive signal offers low structural 

information.  

By combining PET or SPECT images with CT images, it is possible to correctly correlate the 

radioactive signal with an anatomical structure from where the signal is emerging and so, 

locate the source in the body.  

 

While both modalities are based on the detection of gamma rays, important differences 

between both modalities, next to the radionuclides, are present regarding sensitivity, spatial 

resolution and temporal resolution. Next paragraph explains in detail the working principle 

of PET along with different aspects of the modality. 

 

PET is an imaging technique that uses probes containing positron emitting radionuclides and 

where gamma-rays, originating from a positron-electron interaction, are detected.  

After emission, the positron (the antiparticle of an electron) will, upon loss of kinetic energy, 

react with an electron, a process called annihilation (Fig. I - 3). This process will generate and 

emit, at the place of origin, two energetically identical photons of 511 keV in the opposite 

direction of each other38.  

PET’s principle is to capture both emitted photons and reconstruct an image based on these 

emitted gammas39. The restrictive condition that both gammas from one annihilation event 

should be captured in order to have a signal for the image reconstruction, a technique called 

coincidence counting of annihilation pairs, adds to the sensitivity and accuracy of PET. 
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Fig. I - 3: Positron emission and annihilation process, with the formation of two anti-parallel 511 keV 

photons. Image reproduced from Kitson et al., 2009 with permission from the publisher (license 

1193918). 37 

 

The first positron detector was built in 195040, with the pioneering work of Brownell and 

Sweet, known as the ‘PET Pioneers’37. By 1970, PET was used as a non-invasive research tool 

in humans37. In the late 80’s, with the technological advances, allowing faster and more 

accurate whole body scans, and the emergence of 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), 

PET started to become a primary clinical tool in oncology for the diagnosis and staging of 

cancer patients37. It is only in 1997, however, when PET was granted approval by the US Food 

and Drugs Administration (FDA), that it could be considered as a major imaging tool in the 

imaging/diagnostic field41. The combination of PET/CT is a more recent concept. Historically, 

in the 1970’s and 1980’s, both scans (PET and CT) were performed separately (and so at 

different time points), as the PET cameras were different machines than the CT scanner. This 

entrained some difficulties in the correlation and interpretation of the PET images with the 

CT scans, as positioning a patient on two different machines in the exact same way is nearly 

impossible. 

 It is only in the early 90’s that the idea of a combined PET/CT machine was proposed by 

Townsend, Nutt and co-workers, and only in 1998 that the first combined PET/CT scanner 

was manufactured42. Five major medical equipment vendors offer combined PET/CT 

machines today: GE Healthcare, Hitachi Medical, Philips Medical Systems, Toshiba Medical 

Corporation and Siemens Medical Solutions. 

 

In general, the sensitivity of an apparatus is the ability to detect and record an event. A PET 

scanner is composed of a ring of detectors, able to capture the gamma rays. These detectors 

consist of scintillation crystals, that emit light in response to gammas and are connected to a 

coincidence processing unit, so that an event is only recorded when two photons from the 

same event are captured (Fig. I - 4). That is, when two gammas from an annihilation event 

activate two detectors on the opposite side of each other within a timeframe. Since a restriction 

on the acceptance of an event is implicit to the PET principle (i.e. the coincidence detection 

method), the use of collimators is obsolete43.  
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As a result, about 1% of incoming gamma rays are recorded as an event (versus ~ 0.01% for 

SPECT), which offers the higher sensitivity of PET compared to SPECT. This gain in sensitivity 

allows for improved image quality and shorter scan times43.  

The ability to perform shorter scans allows the performance of multiple scans of a patient at 

different fields of view in a reasonable time frame, which can be particularly interesting in 

oncology. Additionally, a higher sensitivity allows for a higher number of frames in dynamic 

studies, resulting in an increased image quality and an improved ability to study dynamic 

biological processes, such as cardiac blood flow. Noteworthy is that the coincidence detection 

technique, while highly increasing the sensitivity, entrains two phenomena to further deal 

with: 1) non-collinearity of annihilation photons and 2) the detection of random coincidences, 

which affect the spatial resolution and temporal resolution, respectively. Non-collinearity of 

the annihilation photons occurs, when the net momentum for an emitted positron and the 

electron, with which it annihilates, is non-zero, resulting in a deviation in the 180° angle 

between the two, in opposite direction, emitted photons44. Random coincidence occurs when 

a gamma from a second event activates the opposite detector of one activated by a gamma 

from a first event. The time of flight of gamma can be taken into account to limit random 

coincidence by limiting the time-of-flight window. 

The spatial resolution of a machine is the distance between two measuring points that the 

machine can detect as two separate points. The smaller this distance, the higher the resolution 

and so, the clearer the images are. This can be compared with a simple photographic camera, 

where a higher resolution will result in clearer, more detailed and crisp images. In PET, two 

physics-related phenomena affect the spatial resolution: firstly, the previously mentioned 

photon non-collinearity, and secondly, the positron emission range. The positron range can 

have a considerable impact on image quality. The positron range is the average linear distance 

an emitted positron travels in the surrounding medium before reaching a high enough 

thermal energy in order annihilate43. Different positron emitting radionuclides exhibit 

different energy distributions and therefore exhibit different positron ranges45. The higher the 

positron range the less accurate the recorded event, as this means that the place of 

annihilation, which is recorded by the coincidence processing unit, varies from the place of 

positron emission and so from the place, where the radioactive nuclide (and therefore, the 

tracer) is present. 
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Fig. I - 4: Schematics of PET imaging and the associated instruments for data retrieval, analysis and 

image reconstruction. Image reproduced from Espinosa et al., 2009 with permission from the owner. 
46 © Copyright Metrohm 

 
3. Molecular Imaging in Cancer 
 

The main fields in which MI is applied today in the clinic are oncology47-49, cardiovascular50-

53,neurological54-56 and inflammatory diseases57,58. MI is able to detect specific molecular 

processes or interaction to the disease, whereas traditional imaging methods focus on 

anatomical or physical properties of a disease, for instance in cancer there is tumor volume 

and in cardiovascular and neurological diseases there are changes in vascular diameter, blood 

flow or blood pressure. Emphasis will be placed on the application of MI in oncology. 

 
Cancer development is a highly complex disease process, involving a variety of cell types and 

cellular processes. A correct diagnosis and staging are the first steps in the process of 

managing the patient. The type of cancer and its extent needs to be determined. This 

information is the basis for choosing the optimal treatment. Cancer diagnosis in the clinic 

today relies mainly on physical exam, lab tests, imaging procedures and biopsies59,60. The 

presence of cancer can induce a change in concentration of molecules in blood or other body 

fluids, which can be tested. For example, tumor markers which can be measured in the blood 

are prostate specific antigen (PSA) for prostate cancer, human chorionic gonadotrophin and 

alpha-fetoprotein for germ cell tumors, CA125 for ovarian cancer, CD15-3 for breast cancer, 

CA19-9 for pancreas or bile duct cancer, carcinoembryonic antigen (CEA) for bowel cancer 

and chromogranin A (CgA) for neuroendocrine cancers61,62. However, these tests are often not 

conclusive for cancer diagnosis since the presence or elevated concentration of such molecules 

could also be related to other conditions. As such, a medical doctor (MD) cannot rely solely 

on these tests to set a diagnosis. Therefore, patients will typically undergo several imaging 

procedures and a tissue biopsy. The imaging procedures serve to create an image of an area 

from a patients’ body, on which an MD can see if a tumor is present or not.  
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Several imaging methods are currently used for diagnosis, including CT scan, nuclear scan, 

ultrasound and MRI. Each imaging modality has its own characteristics and advantages, and 

the different modalities are combined into a complementary procedure to obtain a 

multimodality image of the disease (cf. combination of PET or SPECT with CT). Some of these 

imaging modalities can serve as well as molecular imaging and non-molecular imaging 

modality, depending on the purpose of the imaging procedure. Lastly, if feasible, a biopsy of 

a tumor lesion will be taken, which can be further analyzed via for example 

immunohistochemistry staining and genetic testing in order to obtain a detailed 

characterization of the cancer. However, biopsies have two important limitations. Firstly, the 

biopsy procedures are invasive for the patient, limiting the number of procedures, and 

limiting the number of lesions that can be characterized. Often, only the primary tumor is 

subjected to biopsy, leaving metastasis uncharacterized. Secondly, biopsies are prone to 

sampling error as the retrieved sample itself is only a small part of the complete tumor, 

sometimes providing incomplete information about the characteristics of the whole tumor 

due to tumor heterogeneity, resulting in inaccurate characterization. MI allows for non-

invasive and whole-body imaging, providing information not only on primary tumors, but 

on metastasis as well.  

 

As such, MI has two main functions in the field of oncology. The first one is diagnosis of the 

disease, with characterization of the type of cancer and at what stage the cancer resides. The 

second one is monitoring of the cancer development and evolution and, in case of treatment, 

assessment of treatment-response and evaluation of treatment-effectiveness. Molecular 

imaging for cancer diagnosis takes advantage of molecular and metabolic processes specific 

to tumor or cancerous cells3. Cancer-specific signals can be generated by designing reporter 

molecules, which target the cancerous cells in a specific manner (e.g. by interaction with a 

tumor specific biomarker) or which get only activated when being present in the tumor 

environment (e.g. by a significant pH change typically seen in tumor environment)3. 

Molecular imaging can visualize properties of carcinogenesis at a cellular level and can detect 

those anomalies in a non-invasive manner in an early stage. A time point typically earlier than 

when anatomical changes, due to tumor development and formation, can be detected. Several 

molecular targeting approaches have been developed for a specific detection of tumor cells.  

 
• A first approach is based on the metabolic activity of cancer cells. Indeed, cancer cells 

are usually very active cells, proliferating and producing all kinds of different types of 
molecules, such as cytokines, chemokines and growth factors, and have, therefore, a 
high metabolic rate, significantly higher than the healthy, neighbor cells.  
This phenomenon can be measured on different points: 1) a higher metabolic rate 
demands more energy, which is provided by glucose molecules (i.e. tumor cells 
require and process glucose at a higher rate than the healthy cells which means a 
higher influx of glucose into the cells), 2) the higher metabolic activity goes side-by-
side with a higher oxygen consumption (i.e. due to the higher oxygen consumption, 
local hypoxia arises in tumor and adjacent tumor environment) and 3) the local 
hypoxia leads to a shift in metabolism towards glycolysis (an anaerobic process), 
resulting in increased acid production and decreased local extracellular pH63. A typical 
way of investigating the presence of cancer cells based on the glucose metabolic 
activity (also called the Warburg effect) is by injecting fluor-18 ([18F]) labeled glucose 
analogue, namely 2-deoxy-2-[18F]fluoro-D-glucose or [18F]FDG, which results in a high 
uptake of [18F]FDG in cancerous cells, which can, in turn, be detected by PET imaging64.  
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This approach, however, offers limited specificity, as glucose is generally consumed 
by all cells and so, [18F]FDG will be processed in other non-cancerous glucose-
demanding cells as well, such as for example brain cells. The main drawback of using 
[18F]FDG is that no characterization of cancer cells occurs, only detection, and 
sometimes no distinction can be made between cancer development and other high 
metabolic processes, such as inflammation47. To this day, however, [18F]FDG PET 
imaging is still the golden standard when it comes to cancer diagnosis and disease 
monitoring. 

 
• A second approach is based on cell proliferation rate. A high proliferation rate is one 

of the characteristics of cancerous cells and can therefore serve as a biomarker, as cell 
proliferation requires DNA synthesis. One practical and widely used manner of 
imaging cell proliferation is by introducing labeled nucleic acid analogs in the DNA of 
the proliferating cells65. The most used and studied nucleic acid analog is, 3’-deoxy-3’-
[18F]fluorothymidine ([18F]FLT), which is a thymidine analogue66. [18F]FLT is taken up 
by cells and phosphorylated by thymidine kinase 1 (TK-1), which leads to trapping of 
[18F]FLT in the cells67. The TK-1 activity runs in parallel with the DNA synthesis 
pathway, thus intracellular [18F]FLT retention can be used as measurement of TK-1 
activity and so of cellular proliferation68. As for [18F]FDG, however, specificity can limit 
the effectiveness of this approach, as [18F]FLT is also taken up by healthy dividing cells. 

 
• A third approach is based on the angiogenesis taking place during tumor 

development. Angiogenesis in normal healthy tissues is a highly-regulated process to 
only create new vessels in strict conditions, such as continuous hypoxia or in new 
tissue69. Moreover, the newly created vessels will take time to form correctly as to 
obtain an open lumen and a dense vessel wall as to not leak fluids. Tumors on the 
other hand promote angiogenesis to support tumor growth. This is, however, usually 
a not so well-controlled process, leading to malformation in vessel form and structure, 
resulting in occluded and/or leaky vessels. Angiogenesis is promoted by pro-
angiogenic factors. A well-known factor is the Vascular Endothelial Growth Factor 
(VEGF). Markers of angiogenesis, such as VEGF, have been recognized as effective 
targets for therapy70,71 and have been proposed as novel means for cancer imaging as 
well72-74. 

 
• A fourth approach is based on the hypoxia induced by the tumor. Hypoxia is a poor 

prognostic factor in cancer patients, as hypoxic tumors tend to have an increased 
radio- and chemotherapeutic resistance as well as an increased metastatic activity75. 
The gold standard for imaging of hypoxia is oxygen-sensing electrodes, however, this 
is an invasive method and is prone to intraoperative variability76. More recently, 
noninvasive MR based techniques were developed, including measurement of oxygen 
tension by measuring levels of paramagnetic deoxyhemoglobin or by injecting free 
radical contrast agents followed by paramagnetic electron resonance measurement77. 
Nuclear imaging has been proposed as well with [18F]FMISO and [60/61/62/64Cu]Cu-
ATSM being promising potential adjuncts in cancer imaging78. Both imaging agents 
react in hypoxic regions and tend to accumulate in hypoxic regions. 

 
• A fifth approach is based on imaging of apoptosis. Apoptosis, also known as 

programmed cell death, is a highly regulated cellular process to induce cell death in 
both healthy and disease states. As opposed to necrosis, which is an unregulated cell 
death due to severe acute cell damage, apoptosis is well-organized multistep process 
where the cell itself regulates in processes its own death; cellular components are 
degraded and packaged into apoptotic bodies for phagocytosis by other cells such as 
macrophages79.  
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In general, apoptosis is induced by DNA damage, immune reactions, ischemic injuries 
and, in the case of cancer, by chemotherapy and radiotherapy. Apoptosis is the most 
common way of cancer cell elimination induced by therapies, therefore, imaging 
apoptosis can be a valid way to image cancer development after treatment or to verify 
the effect of a therapy based on the degree of apoptosis occurring at the site of cancer 
development3. The most commonly used target for apoptosis is phosphatidylserine, 
which binds Annexin V80. As such, different Annexin V variants have been developed 
for different modalities, including [123,124,125I]I-Annexin V, [18F]F-Annexin V and 
[99mTc]Tc-Annexin V for nuclear imaging81, Annexin V-Quantum Dots with 
paramagnetic-lipid coating for MRI imaging82 and Annexin V-Cy5.5 for optical 
imaging83. 

 
• A sixth is based on tumor cell-specific biomarkers. Whereas previous approaches are 

partially based on physical properties or on processes at a larger scale than individual 
tumor cells or on processes not restricted to tumor cells, this last approach aims at 
identifying specific markers on tumor cells, as to distinct cancer tissue from healthy 
tissue. This approach would be vastly more specific than the other approaches, 
provided that a probe can be developed, which can specifically bind to the identified 
tumor biomarker. Different markers have so been identified for which tracers have 
been developed, including tumor cell receptors, such as EGFR, HER2/neu, ER, folate 
receptor, somatostatin receptor (SSTR), VEGFRs and urokinase-plasminogen activator 
(uPA)/receptor (uPAR); integrins; proteases; and prostate-specific membrane antigen 
(PSMA)84,85. Related to tumor cell-specific biomarkers is a more recent development of 
imaging cell-specific biomarkers in the tumor microenvironment. This approach 
aims at detecting specific non-tumor cells which are highly associated with tumor 
development. Here, imaging of fibroblast activation protein alpha (FAP), a protein 
expressed on activated fibroblasts, has gained significant attention. By using a natural 
FAP inhibitor molecule specific targeting to FAP can be achieved. Several FAP 
imaging tracers, based on FAP inhibitors (FAPI) have so been developed, including 
[68Ga]Ga-FAPI86, [18 F]AlF-FAPI87 and [64Cu]Cu-FAPI88. FAP is being investigated as a 
broad spectrum target for cancer imaging89, with [68Ga]Ga-FAPI PET/CT even showing 
superiority in detecting lesions compared to [18F]FDG PET/CT in certain cancers90. 

 

4. Development of Molecular Imaging Probes 
 

Molecular imaging probes can be categorized as a special class of pharmaceuticals. A 

signaling probe in molecular imaging is defined as a molecule able to bind specifically to a 

target and emit a signal, which can be detected for imaging purposes to visualize, characterize 

and quantify biological processes in vivo91. The idea with molecular imaging is to introduce a 

probe inside the body, to detect and visualize on-going biological processes without inducing 

any effect, in contrast to conventional pharmaceuticals, which are designed and developed to 

intervene and alter biological processes of diseases, while showing minimal toxicity. The goal 

of MI probes is to reflect the biochemical information of diseases in format of images, where 

contrast is key to provide interpretable data, with minimal toxicity or biological effects. 

Different types of molecular probes exist ranging from a few 100 g/mol in molecular weight 

to over 150 000 g/mol and can have a different composition. For example, biological probes 

are typically composed of three components2 (Fig. I - 5): 1) a binding domain or targeting 

vehicle, able to specifically recognize and bind to the target of choice, 2) a linker, to which a 

detectable moiety can be coupled and 3) a detectable moiety, which will emit a signal from 

which an image can be obtained. 
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Fig. I - 5: Schematic representation of a biological molecular imaging probe, composed of a targeting 

vehicle, a linker and a signaling agent. 

 

A successful imaging probe should meet certain important characteristics regarding affinity, 

specificity, sensitivity, stability and safety of use.91: 

 
• An MI probe should have a high affinity for its target, which is how strongly the probe 

interacts with its target, and its ability to overcome biological delivery barriers (e.g. 
vascular, interstitial, cell membrane). It is desired to have a high affinity for the target, 
as this increases the probability of the probe to bind to its target and to remain bound 
over time and will lead to ideal accumulation of the probe at the target site. MI favors 
acquisition of images at an early timepoint after administration of the probe. To 
achieve a rapid accumulation of the probe at the target site, within a certain time frame, 
requires that the imaging probe has binding properties with a fast on-rate (Kon) and 
slow off-rate (Koff). A fast on-rate will ensure that the probe will have a fast interaction 
with its target, while a slow off-rate will entail that the probe remains attached with 
its target for longer periods of time. 

• An MI probe should have a high specificity for its target. Non-specific imaging probes 
are often used to monitor downstream processes, such as blood flow or perfusion, as 
such probes lack a well-defined set of molecular targets. Target-specific molecular 
imaging probes, however, allow interaction with a specific biomarker, such as an 
enzyme, receptor or transporter, which is involved in a particular biological process. 
Such probes provide information of a distinct biological process at molecular level and 
are therefore very useful for understanding the biology of a specific disease.  
Additionally, high specific binding can lead to reduced non-specific uptake, 
improving contrast for imaging, and simplifying quantification analysis of images.  

• A high sensitivity of the MI probe is crucial, as the amount of available target to detect 
the biochemical process of the disease, especially at an early stage, is very small. A 
high sensitivity ensures that with a minimal amount of imaging probe a good quality 
image can be obtained. Additionally, using minimal amounts of imaging probe will 
reduce the likelihood of perturbation or pharmacological effects to a minimum. 

• MI probes should provide a high contrast ratio. Low quality images can sometimes 
lead to inaccurate conclusions, while high contrast images with a high target-to-
background or signal-to-noise ratio ensure an appropriate interpretation of 
physiological and pathological conditions of the diseases can be done. High contrast 
can be achieved by a molecular imaging probe with a high uptake and slow wash-out 
in target tissue, and low uptake and fast clearance from normal, non-target organs. 
Non-target organs are the organs, which are not intended to be targeted, and therefore, 
should not show uptake or accumulation of the imaging probe.  
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Non-target organ accumulation can occur independently of target presence or non-
specific binding and is most-likely associated with the organ’s function or the probe’s 
inherent pharmacodynamics, due to its chemical properties. 

• MI probes should have a high in vivo stability. An imaging probe should remain 
intact upon administration to ensure reliable image retrieval. The stability of an 
imaging probe in vivo depends on the general stability of the compound and on its 
robustness. The imaging probe is subjected to a variety of chemical and physical 
interactions, such as enzymes, proteinases and lower pH. An ideal imaging probe 
should withstand these kinds of interactions and should still be able to correctly find 
and bind to its target and send a detectable signal. Degradation of the probe can lead 
to lower quality images due to increased noise given by the metabolites. 

• Linked with the stability of an imaging probe, is the elimination of the complex. 
Although the imaging probe should withstand all kinds of interaction that could lead 
to degradation of the imaging probe, often it is undesired for a long in vivo retention 
time of the probe and rapid, efficient and complete elimination of unbound imaging 
probe is favorable, as this will increase the contrast ratio and decrease the time-period, 
where an acceptable or optimal contrast-ratio for imaging is reached.  

• It is important that an MI probe has a low immunogenicity and does not induce any 
toxicity. Although MI probes are generally administered in low dose and their 
pharmacological effects can be negligible, the potential biological effects caused by the 
MI probe need to be closely monitored. 

• Low irradiation burden to the patient in case of nuclear imaging tracers. It is 
important to keep the radiation dose for patients low as to not induce any toxic effects 
due to the ionizing radiation. This is especially important for nuclear imaging tracers 
which can be used multiple times in the same patient. 

• A low product cost and economic feasibility are key for a wide distribution and 
clinical routine use of a MI probe. A high cost and/or a difficult production will 
dramatically hinder the application of a MI probe even if it fulfills all other 
characteristics. 

 

Designing and developing a desirable MI probe with clinical applicability remains, as a result, 

still highly challenging. All the aforementioned aspects are carefully investigated and 

characterized pre-clinically by in vitro and in vivo experiments. From a practical point of view, 

the functionality of an imaging probe is important, which depends on its efficacy to image of 

a certain disease or condition and its efficiency in doing so. From a clinical point of view, 

however, the most important aspect of the imaging probe is its safety of use. Any compound 

that is injected into humans is submitted to strict safety measures and is, therefore, carefully 

investigated pre-clinically with additional toxicity studies. Compounds showing a high 

toxicity profile pre-clinically are unlikely to be accepted for further clinical investigation. 

Compounds showing an acceptable toxicity profile during pre-clinical testing can be accepted 

for a Phase I clinical trial2. An ideal imaging probe does not induce any toxic effects.  

Related to the toxicity of a compound, is the immunogenicity, which is the potency to induce 

an immunogenic reaction to the compound. This can, in extreme cases, lead to shock and 

death of the patient. Ideally, a compound does not induce an immune response.   

 

After pre-clinical validation of the compound, clinical investigations can be performed, in the 

form of clinical trials, where the aspects of the compounds are thoroughly re-investigated in 

human patients. Clinical trials are intensive human studies and are generally composed of 

four major phases92. Phase I trials are the first-in-human studies of investigational compounds 

and are usually conducted with a small group (< 20) of healthy volunteers.  
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The Phase I studies the behavior of the compound (pharmacodynamics and -kinetics) in 

healthy subjects, investigates the safety-of-use of a compound and record any potential (short-

term) severe adverse events after administration of the investigational compound92. It is not 

uncommon, however, to already recruit patients in the Phase I study.  

 

Phase II trials are conducted with a larger group (20 to 100) of patients and studies the safety 

and toxicity profile of the investigational compound in patients with the condition for which 

the compound is being developed and, more importantly, the efficacy of the compound (i.e., 

does the compound indeed acts as expected towards the condition for which it is being 

developed). The Phase II study investigates the dose-response relationship and aims at 

identifying an optimal dose92. Phase III trials are large-scale trials, going up to 1000 or more 

participants, allowing patient-diversity. The Phase III studies the compound behavior, safety 

and toxicity profile in a diverse population and aims to confirm diagnostic efficacy with a 

certain statical significance92. A successful Phase III allows to obtain market authorization for 

the compounds, after which the compounds can be commercialized. Once a compound has 

been approved for market, the Phase IV begins, which is further monitoring and follow-up of 

compound behavior, providing feedback on drug-drug interactions, specific behaviors in 

special cases and on potential long-term unwanted effects92. 
 

4.1. Targeting Moiety 
 

The targeting moiety is the first component of an imaging probe and is, as its name predicts, 

the part of the imaging probe that is responsible for the binding of the probe to the intended 

target in a specific manner. Over the years, different targeting moieties have been generated, 

engineered and/or developed for different purposes, some specifically for molecular imaging, 

others for site-specific drug delivery or for cellular receptor or metabolic pathway interaction 

(Fig. I - 6). Here follows an overview of different targeting moieties, used, but not solely, in 

molecular imaging. 
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Fig. I - 6: Different targeting vehicles available for MI probes with different valency, clearing pathway and serum half-life. Image reconstructed from Dammes 

et al., 2020 with permission of the publisher under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).93 
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• Monoclonal antibodies 

Monoclonal antibodies (mAbs) offer a first good choice as targeting moiety, as they are 

produced with the intention to bind specifically to an antigen. MAbs can be generated to 

virtually any antigen, which can be a protein, a small peptide, DNA, ribonucleic acid (RNA) 

or other organic molecules, and can easily undergo chemical reactions to attach other 

molecules, such as a signaling moiety, toxin or other.94  

Furthermore, antibodies can be modified or engineered to change their characteristics, such 

as avidity, affinity, retention time or immunogenicity, and can so be optimized to their use. 

Conventional antibodies, as they occur in all vertebrae, are 150 kDa Y-shaped proteins, 

consisting of several variable and constant heavy and light chains (Fig. I - 7)94.  
 

 
Fig. I - 7: Conventional antibody structure consisting of different variable and constant heavy and 

light chains. Image reconstructed from Desmyter et al, 2015 with permission from the publisher 

(license 5257530995644)95,96. 

The antibody can be structurally divided in a constant tail, also known as fragment 

crystallizable region or Fc-region, and two variable antigen-binding sites. The Fc-part, 

consisting of 4 subdomains, is constant over one type of antibody (e.g. the Fc region of an IgG 

will be consistent for all IgGs, but will differ from an IgA Fc-region, which in turn is constant 

for all IgAs) and plays an effector role, which will, as such, be the same for one antibody type, 

but different for each other antibody type94. 

The antigen-binding arms of an antibody consist each of one heavy chain and one light chain, 

which in turn are each made of a constant and variable domain. The antigen binding arms are 

also called Fab fragments and are attached to the Fc-region via the constant heavy domain of 

the heavy chain, which forms a hinge.  The actual antigen binding site, responsible for the 

binding of the antibody to its corresponding antigen, is made of the variable domain of the 

heavy and light chain, which together form the binding pocket through a total of 6 

complementarity determining regions (CDR) loops (3 per domain). Both antigen-binding sites 

of one antibody naturally bind to the same epitope. The variable domains of an antibody make 

each individual antibody unique (even for a same type of antibody) through a combination of 

on one hand the variable domains as such (different variable domains exist, each with 

differences in so-called framework regions) and on the other hand the hyper-variable regions 

of the CDR loops94. Over the years a variety of antibody fragments have been derived from 

the full antibodies to obtain different pharmacokinetic and -dynamic properties, such as Fab 

and F(ab’)2 fragments, minibodies, single-chain variable fragments, diabodies and single-

domain antibody fragments. 
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• Fab fragments and F(ab’)2 fragments 

Antigen-binding fragments or Fab fragments are, as the name implies, antibody fragments 

derived from the antigen binding site of antibodies, consisting of four domains, the constant 

heavy (CH) and light chain (CL) and the variable heavy (VH) and light (VL) chain97. Fab 

fragments can be obtained by enzymatic degradation of full antibodies by papain98 and are 

the oldest alternative option to full monoclonal antibodies used in medicine99. Technical 

advancement has made production of Fab fragments in E. Coli a possibility100.  

Fab fragments consist of only one antigen binding site and have therefore a lower avidity 

compared to a full antibody98. Their smaller size, however, compensates for the lower antigen 

interaction, as their lower molecular weight (~55 kDa) allows a higher tissue penetration101 

and kidney clearance102, which can be advantageous for molecular imaging, such as a higher 

target-to-background ratio98. Additionally, the lack of effector region, which is part of the full 

antibody, means no biological activity will occur, which is also desirable in molecular 

imaging103.  

Alternatively, to prevent the loss of antigen interaction due to a reduced number of antigen 

binding sites, antibodies have also been cleaved with the pepsin enzyme, which provides the 

F(ab’)2 fragment98. While this provides a fragment with two binding sites, their size is still 

considerably high (~110kDa), leading to still relatively long waiting times before reaching a 

decent target-to-background ratio in imaging setting104, and they have a lower stability 

compared to a full antibody98. As has been the case for antibodies105, protein engineering has 

led to the possibility of different designs, such as bispecific F(ab’)2 fragment106, where each 

binding site can bind to a different antigen, which allows, for example, dual targeting107. 

• Single-chain variable fragments and diabodies 

Single-chain variable fragments (scFv) are smaller than the Fab fragments and consist of only 

the antigen binding domains of the antibody (i.e. only the variable heavy and light chain). 

ScFv are about five to six times smaller than full antibodies (25 – 30 kDa), and have therefore 

a much faster clearance (due to renal filtration)108. However, due to their monovalency and 

rapid clearance, leading to low target exposure time, scFv tend to have a low accumulation at 

the target site101. To counter this, bivalent constructs have been engineered, consisting of two 

scFv, also called diabodies. Such bivalent construct has shown improved accumulation at 

target site, with rapid systemic clearance, providing a high contrast in imaging and optimal 

timepoint around 1 to 2 days after injection109,110 (compared to 7 – 14 days for antibodies111). 

Due to the bivalency of diabodies, engineering allowed for the development of bispecific 

diabodies for dual targeting112. 

• Minibodies 

Minibodies, abbreviated from minimized antibodies, resemble the structure of normal 

antibodies but with less constant domains. Minibodies are a combination of two scFvs 

attached to a constant region, derived from the tail of a full antibody and have a molecular 

weight of ~75 – 80 kDa113. The minibodies offer a good compromise in terms of stability, 

antigen interaction, size and clearance: their bivalency will ensure a high interaction with the 

antigen, while their size results in an intermediate circulation time, allowing a high 

accumulation at the target site114. Additionally, being half the size a full antibody, the 

minibodies could have a better tissue penetration. Although the highest accumulation at 

target site occurs already only several hours after injection, the optimal imaging timepoint for 

minibodies seems to lie between 24 and 48 hours108. 
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• Single-domain antibodies 

Single-domain antibodies (sdAbs) are small, 10 - 15 kDa sized rugby-ball shaped antibody 

fragments usually derived from heavy-chain only antibodies (HcAb) and consist of only one 

domain, the antigen binding domain115. Although in principle, sdAbs can also be derived from 

conventional antibodies, such sdAb are typically less stable, require a more complex 

production method and have a lower affinity, as the binding domain of a conventional 

antibody requires two domains to be fully functional116-118. Single-domain antibodies are also 

known as Nanobodies®, which has been trademarked by Ablynx119. They are in direct 

competition with affibodies and DARPins, as they share similar characteristics. They are 

small, stable, highly specific, low immunogenic etc. Their origin, however, is completely 

different.  

• DARPins 

DARPins, abbreviation from Designed Ankyrin Repeat Proteins, are derived from ankyrin 

repeat proteins, the most abundant binding proteins coded in the human genome and are, like 

affibodies, a class of non-immunoglobulin engineered scaffold proteins120. DARPins feature a 

protein architecture with a varying number of structural motifs to form the final repeat protein 

domain. As such, DARPins consist of a small single-domain protein of about 14 kDa (mainly 

formed by the repeat motifs)120.  

The natural function of such repeat proteins is to bind to a particular target and induce a 

biological effect by for example inhibiting an enzyme or anchoring different proteins 

together121. DARPins are engineered by inducing mutations at key positions determined via 

combinatorial library designs and structural characterization122. 

• Affibodies 

Affibodies are small, single domain, engineered affinity proteins originating from the 

staphylococcal protein A123. This receptor contains several domains of which the B domain is 

of interest and from which affibodies are derived. This domain is made up of about 58 amino 

acids and consists of a three-alpha-helical bundle structure124. Mutations were induced at key 

positions of the B domain for enhanced chemical stability and the resulting variant has been 

denoted as the Z-domain125. The Z-domain forms the base scaffold for affibodies and via 

combinatorial libraries, different affibodies have been synthetized126. The affibodies are about 

7 kDa in size and can be coupled with different compounds, including radioactive 

compounds, which make them suitable for molecular imaging and potentially suitable for 

therapeutic applications126. Indeed, affibodies show ideal in vivo characteristics to act as a 

molecular probe: a high solubility, a high proteolytic and thermal stability123, and high 

affinities in the M to pM range127. Several affibodies have been developed and a promising 

one is the anti-Human Epidermal Growth Factor Receptor 2 (HER2) affibody128-130. Successful 

labeling of the anti-HER2 affibody has been performed with 111In (via the DTPA chelator)128, 
68Ga and 44Sc (both via the DOTA-chelator)129. Other affibodies targeting the Epidermal 

Growth Factor Receptor (EGFR)131,132, HER3133 and Carbonic Anhydrase IX134 are currently in 

development. 
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• Peptides 

Peptides are a small chain of a few amino acids (typically several to less than 50) and have 

been developed as alternative targeting moiety to the antibodies, antibody fragments and 

small molecules to tackle certain disadvantages thereof135. Peptides are relatively simple 

molecules compared to proteins, with a very high stability, able to withstand harsh 

conditions136, sometimes used in functionalization and/or radiolabeling137,138. Peptide-based 

targeting moieties are typically derived from naturally occurring peptides that bind to certain 

receptor, called regulatory peptides or peptide hormones135. Their main application is in 

oncology imaging and therapy, however, limited to cancer types with overexpression of 

peptide-binding receptors136 (e.g. somatostatin receptors are typically overexpressed in 

neuroendocrine tumors139). Despite the limitation of needing a peptide-binding receptor, 

peptides provide in this concept great results as targeting agent: their small size and selectivity 

allows them to reach binding sites, otherwise poorly accessible for antibody-based tracers, 

and bind their target with high affinity, while providing low uptake in other organs (which 

do not express the target), as well as a highly rapid distribution and clearance136,140. This 

provides adequate target-to-background ratios in less than two hours, allowing imaging soon 

after injection141. Additionally, peptides can easily be synthetized with a well-established 

synthesis method142  while antibody-based targeting moieties require extensive cell-based 

production systems. A downside of peptides, is their extreme sensitivity to peptidases (i.e. 

peptide-degrading enzymes)143, which are present in living organisms, such as humans.  

This, however, can be countered by developing analogues with stabilized bonds against 

metabolic deactivation, such as by substituting naturally occurring l-amino acids with a 

synthetic d-amino acid144. 

• Small molecules 

Small molecules are typically non-peptide based, small organic molecules, allowing cellular 

uptake or capable of binding to cellular components. The most known and widely used small 

molecule for molecular imaging is 18FFDG145, described previously. Small molecules work 

similarly to peptides as they are derived from natural ligands of certain receptors or target 

proteins, which have been identified to play a key role in certain disease processes (e.g. folate 

binding the folate receptor, steroids binding steroid receptors or neurotransmitters binding to 

their respective neuron-receptor)146.  

Small molecules have been deployed for both therapeutic and imaging purposes in cancer, 

heart, lung and brain diseases146-150. In oncology, one of the largest fraction of small molecules 

are directed against protein kinase inhibitors151, while one of the most notorious target, against 

which small molecules have been developed, is the prostate-specific membrane antigen 

(PSMA) overexpressed in prostate cancer152. As for peptides, small molecules offer a highly 

rapid distribution with good tissue penetration, while having a strong target interaction and 

a fast kidney clearance. When used for imaging purposes, small molecules allow imaging as 

fast as 60 minutes post injection153 or dynamic imaging studies starting from injection 

time154,155. 
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4.2.  Linkers 
 

Linker molecules are used in molecular imaging probes as to combine the targeting vehicle 

with the signaling moiety. Some signaling moiety es, such as fluorescent dyes or proteins, can 

be directly coupled to the targeting vehicle. However, for most signaling moieties no direct 

incorporation is possible or the conditions required to attach the signaling moiety are too 

harsh for the targeting vehicle to provide a functional tracer or the stability of the targeting 

vehicle – signaling moiety complex is low. As such, linkers provide the opportunity to couple 

a signaling moiety to a targeting vehicle, otherwise not feasible, and provide a stable 

interaction between targeting vehicle and signaling moiety, while also allowing the 

incorporation of signaling moieties in a more controlled manner. Especially radionuclides, 

which are attractive signaling agents in molecular imaging, require linker molecules for an 

evident, specific, and stable labeling. Two main categories of linkers exist for radionuclides, 

namely prosthetic groups and chelators, which are used depending on the type of 

radionuclide. 

 
4.2.1. Prosthetic Groups  

 

A prosthetic group (PG) has been defined as the non-amino acid portion of a conjugated 

protein, as per the IUPAC, and has traditionally been used to define a cofactor that is tightly 

bound to an enzyme156. In radiochemistry, the PG serves as an intermediate to couple on one 

hand the targeting moiety, a process called bioconjugation, and on the other hand the 

signaling moiety.  

 

Prosthetic groups are commonly used for labeling of radio halogens, such as fluor-18 (18F), 

iodine-124/131 (124/131I) and astatine-211 (211At), to targeting vehicles, such as proteins and 

peptides. The radiolabeling process for proteins should be mild, rapid and provide high 

radiochemical yields157. Furthermore, the radiolabeled tracer should be obtained with a high 

specific activity and should be stable against dehalogenation158.  

Although direct labeling approaches have been developed, such radio halogenated 

compounds are prone to dehalogenation in vivo159-162. 

Additionally, biomolecules often do not have a good stability in the common reaction 

conditions used in radio halogenation reactions for direct labeling (such as the usage of DMSO 

or other organic solvent, high temperature or low pH), as they typically contain free amino or 

carboxylic groups, disulfide bonds and/or H-acidic moieties which are not stable under such 

harsh conditions, which can lead to hydrolysis, degradation or aggregation163,164. A few 

successful attempts have been reported for small peptides165-170, however, for most 

biomolecules radio halogenation is accomplished via indirect labeling methods using a 

PG163,171. With such methods the PG is firstly radiolabeled and secondly conjugated to 

biomolecules. Conjugation of the PG to biomolecules are mostly performed through amine or 

thiol reactive groups or via click chemistry.  

The choice of PG is critical for radiotracer development as they can have an important impact 

on both the physical and physiological characteristics of the final tracer172. PGs are developed 

to have a high in vivo stability and allow radio halogenation of a variety of molecules.  

One of the most used PGs are N-succimidyl-benzoate-based PGs (Fig. I - 8) for coupling to 

amine functionalities (such as lysine side chains) on peptides or proteins and maleimide 

analogues for reaction on free thiols (such as cysteine side chains).  
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Fig. I - 8: Examples of N-succimidyl-benzoate-based PGs for 18F, *I and 211At, allowing conjugation to 

amine functions. (* can be 123I, 124I, 125I or 131I).  

 

For 18F, these translate into N-hydroxysuccimidyl-18F-fluorobenzoate ([18F]SFB)173 and [18F]-4-

fluorobenzamido-N-ethylamino-maleimide ([18F]FBEM)174. For Iodine-isotopes, these are N-

succinimidyl-3-iodobenzoate (SIB)175, N-succinimidyl 4-guanidinomethyl-3-iodobenzoate 

(SGMIB)176, N-(m-iodophenyl) maleimide177 and maleimidoethyl 3-(guanidinomethyl)-5-

iodobenzoate176. For Astatine, these are succinimidyl-3-astatobenzoate (SAB)178 and N-

succinimidyl-3-astato-4-guanidinomethyl benzoate (SAGMB)179. Tetrazine ligation, a type of 

‘click’ chemistry has been used as well for radio halogenation of biomolecules180,181, which can 

even be employed for pre-targeting strategies182-186, as these reactions are bioorthogonal, 

meaning that they are unaffected by naturally occurring biological functions187. In general, 

click chemistry is based on a highly specific reaction between an azide and alkyne or a 

tetrazine and an alkene. These reactions are also characterized by fast reaction rates and has 

therefore no need of excess amounts of reactants or catalysts, which allows fast and efficient 

bioconjugation at low concentrations182,187. Additionally, such reactions do not depend on 

solvent and can therefore be performed in both organic, aqueous solvents, cell media and cell 

lysates without reducing the high yield187.  

Astatine has the additional possibility of radiolabeling via the usage of a chelating agent, due 

to the metal character of At188. 

 
4.2.2. Chelators 

 

Chelators are low molecular weight molecules which contain a chelating system that enables 

the stable complexation of metal-based radionuclides or radiometals, such as gallium-68, 

indium-111, technetium-99m, actinium-225, lutetium-177 or ytrium-90. A chelating agent will 

coordinate the metal ion based on geometry and charge interactions.  

Although for chelators, the chemistry is referred as coordination chemistry, the bonds 

between the radiometal and the chelator are considered covalent bonds189. A famous example 

of a chelator is the heme group for Fe2+ ion absorption and transportation in the body190. 

Synthetic chelators are designed, taking into account charge-density, matching cavity size of 

the chelating agent with the ionic radius of the radiometal and providing the adequate chelate 

denticity (or number of donor groups) and chemical type of donor groups to create 

coordination bonds191. Additional properties to consider in designing a chelator, are the rate 

at which the radiometal-chelator complex forms and the rate of dissociation191.  
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Several different chelators have been synthetized for different radiometals on one hand, due 

to their difference in geometry, and on the other hand for faster radiolabeling kinetics and 

higher in vivo stability192. Extensive studies are usually performed to validate the suitability 

of a chelator for biological applications, which include determination of thermodynamic 

stability constants, trans chelation studies, acid catalyzed dissociation constants and serum 

stability studies191,193,194. 

  

A chelating agent, besides having a metal binding moiety function, also has a chemically 

reactive functional group to be covalently bound to the targeting vehicle193,195. Since the ideal 

chelating agent contains two functions, they have been termed bifunctional chelating agents 

(BFCA). 

 

Different functional groups are commonly used to conjugate the BFCA to biomolecules: 

carboxylic acids or activated esters, such as N-hydroxysuccinimide (NHS-ester) and 

tetrafluorophenyl (TFP-ester), isothiocyanates (NCS), which are typically used for conjugation 

on ε-amine of lysine amino acids, and maleimides, for conjugation on cysteine amino acids 

(Fig. I - 9)193,194. Other conjugation methods are becoming more popular, such as the sortase-

mediated conjugation method196,197, which also allows for a site-specific integration of the 

chelator to the targeting moiety, and click chemistry198.  

 

 
Fig. I - 9: Different conjugation reactions: (A) standard carboxylic acid and primary amine reaction 

in presence of a coupling reagent; (B) and (C) coupling reaction between an activated ester and 

primary amine; (D) thiourea bond formation between an isothiocyanate and a primary amine; (E) 

thioether bond formation between a maleimide and thiol. Image reconstructed from Price et al, 2014 

with permission from the publisher (license 1193932).193 
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To cope with the diversity of different radiometals, different chelators were developed. Two 

main groups herein are the acyclic and macrocyclic chelators (Fig. I - 10), with each some 

advantages and disadvantages towards one another. Acyclic chelators are open, linear 

structure, with typically fast coordination kinetics and high radiolabeling efficiency199. A 

common property for acyclic chelators is a quantitative radiolabeling in less than 15 minutes 

at room temperature193. However, acyclic chelators typically undergo a quite drastic change 

in physical orientation and geometry upon coordination with a metal ion to correctly arrange 

the donor atoms193. This leads to an important decrease in entropy (which is 

thermodynamically unfavorable) and can lead to a lower kinetic inertness of the chelator – 

metal ion complex compared to macrocyclic chelators, resulting in lower stability with release 

of the radiometal199. 

Macrocyclic chelators, on the other hand, combine a closed cyclic or ring structure (the chelate 

ring) with moveable arms, which will trap the metal ion. The physical movement upon 

chelation, however, is rather limited compared to acyclic chelators, leading to more kinetically 

inert molecules199. The macrocyclic chelators inherently possess a constrained geometry and 

partially pre-organized donor-atoms. This results in a lower entropy loss, when coordinating 

a metal ion, and a higher overall chelator-metal ion complex stability199,200. The higher 

thermodynamic driving force to form the chelator-metal ion complex of macrocyclic chelators 

is also referred as the macrocycle effect200.  

Although macrocyclic chelators offer a higher complex stability, the radiolabeling kinetics are 

typically lower, requiring more energy, which can be provided by heating, and time, to 

provide quantitative radiolabelings193. Development of new macrocyclic chelators aimed to 

improve the reaction kinetics by designing chelators more specifically for a particular 

radiometal194. Price et al, 2014193 and Kostelnik et al., 2019194 provide a detailed review with 

more exhaustive lists of available chelators as well as their potential match with different 

radiometals. 
 

 
Fig. I - 10: Traditional acyclic (top) and macrocyclic (bottom) bifunctional chelators, including 

DTPA, CHX-A’’-DTPA, DOTA and NOTA, side chains can vary for different derivatives thereof. . 

Image adapted from Kostelnik et al, 2018 with permission from the publisher194. Copyright (2022) 

American Chemical Society. 
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Finally, the advantage of using radiometals with chelators compared to organic radionuclides 

with a PG, such as the radio halogens, is that the chelators can be conjugated to biomolecules 

prior to radiolabeling. This allows for a separation of manufacturing in two steps: the first step 

is the conjugation of the chelator to the biomolecule, which can then be stored as precursor 

for the final radiopharmaceutical, while the second step is the incorporation of the radiometal 

in the chelator (i.e. radiolabeling). These two steps can be separate in time, which allow, in 

combination with quantitative labeling efficiencies, the development of ‘cold’ kits. Such kits 

contain the precursor and adequate additional components (e.g. a buffer), which are then used 

for a simple radiolabeling procedure, typically without final purification step. 

Radio halogens, in contrast, are firstly coupled to a PG and then conjugated to the 

biomolecule. This two-step procedure, which usually requires several purification steps, has 

to be performed under one process, rendering the preparation of such radiopharmaceuticals 

quite complex, especially since the radionuclide is present at the start of the process, meaning 

that the whole process is performed with radioactive material.   

 
4.3. Signaling Moiety 

 

A signaling moiety is essential for a signaling probe to send out a signal when the probe has 

reached its destination or when the probe has bound to its target. This allows visualization of 

a biological process or of the presence of certain molecules, which allows identifying a certain 

process. Two major groups of signaling molecules are widely used in research and 

development: radionuclides and fluorescent dyes. 
 

Fluorescent dyes are an attractive group of molecules for imaging as they allow for imaging 

and visualization of processes in a colorful manner. The advantages of fluorescent agents are 

their non-toxicity, sensitivity, low cost and ease of use, which allows for in vitro experiments 

with living matter, such as cells, and for in vivo experiments201. The main disadvantage of 

fluorescent dyes, is the limited tissue penetration, where Near-Infrared dyes (NIR) offer the 

highest tissue penetration of up to 4 cm202. This greatly reduces the use of these compounds 

in clinical settings, as no visualization can be made without surgical opening of the body. 

However, in combination with surgery, fluorescent imaging allows for an appealing 

application, called ‘image-guided surgery’.  

This concept allows for a real-time fluorescent imaging guidance during a surgery, allowing 

the surgeon to distinguish different tissues or cells and therefore operate more accurately.  

This application is of particular interest in oncology, where surgical removal of cancer tissue 

is a frequent procedure203. The concept is as follows: a patient, which is undergoing surgical 

removal of cancer tissue, is pre-operatively injected with a fluorescent probe that specifically 

targets the tumor cells. During surgery, a fluorescent camera is present, which will detect 

fluorescence coming from the probe attached to the tumor cells. As such, this technique allows 

a more refined definition of the area of tissue that is to be removed, reducing on one hand the 

risk of leaving cancer tissue behind and reducing the excess removal of healthy tissue on the 

other hand204. Additionally, lesions otherwise not recognized as cancer tissue or submillimeter 

lesions that are too small to be detected with the naked eye can indeed be visualized by the 

fluorescent images and can thus be removed by the surgeon203. This results in a more effective 

operation with removal of more cancer cells, reducing the risk of relapse. 
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The most widely used signaling moieties in the field of molecular imaging, be it in preclinical 

or clinical environment, are radionuclides. Radionuclides are radioactive forms of an element, 

emitting radiation upon decay205. Radioactive decay occurs upon transition of an unstable 

nucleus to a more stable state with a release of excess energy in form of radioactive particles 

and radiation, such as either alpha particles (α), beta particles (β), or gamma rays (γ)206,207. For 

medical applications, radionuclides can be divided in diagnostic and therapeutic 

radionuclides, based on their type of emitted radiation. For imaging, radionuclides emitting 

γ-radiation and β+ radiation can be used for SPECT (Table I - 1) and PET imaging (Table I – 

2), respectively. The radiation of such radionuclides offers an exclusive signal, making these 

radionuclides an ideal signal source for imaging applications208. Gamma radiation offers one 

big advantage which is a high tissue penetration, allowing intra body imaging and total body 

scans at high resolution.  

A wide range of different radionuclides has been created over the years with different 

properties regarding physical and chemical properties of the nuclide to meet different 

requirements. The choice of a radionuclide depends on five points: 1) depending on the 

application, a short or long half-life is desired, 2) depending on the imaging modality, a certain 

type of radiation is required, 3) depending on the chemistry required to attach a radionuclide 

to a targeting moiety, a radionuclide is chosen with a chemistry, including bioconjugation, 

that is compatible with the targeting moiety, 4) depending on the known toxicity level of a 

radionuclide, a choice can be rationally influenced and 5) depending on the production 

process of a radionuclide, whether generator, reactor or cyclotron. 
 

Table I - 1: Commonly used SPECT radionuclides in clinical practice.209,210 

Radionuclide Half-life Decay mode Eγ 
Decay 

product 
Production 

Gallium-67 3.26 Days EC 93, 185, 394 keV 67Zn Cyclotron 

Indium-111 2.80 days EC 171, 245 keV 111Cd Cyclotron 

Iodine-123 13.22 hours EC 159 keV 123Te Cyclotron 

Technetium-99m 6.01 hours IT 140 keV 99Tc Generator 

Eγ: Transition energy 

EC: Electron capture 

IT: Isomeric transition 
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Table I - 2: Commonly used PET radionuclides in clinical practice.209,210 

Radionuclide Half-life Decay mode <E>β 
Decay 

product 
Production 

Carbon-11 20.33 minutes β+ 386 keV 11B Cyclotron 

Copper-64 12.70 hours EC, β+ (61%) 278 keV 64Ni Cyclotron 
  

β− (39%) 191 keV 64Zn 
 

Fluorine-18 109.77 minutes β+ 250 keV 18O Cyclotron 

Gallium-68 67.71 minutes EC, β+ 836 keV 68Zn Generator 

Iodine-124 4.18 days β+ 687, 975 keV 124Te Cyclotron 

Nitrogen-13 9.97 minutes β+ 492 keV 13C Cyclotron 

Rubidium-82m 6.47 hours β+ 353 keV 82Kr Generator 

Scandium-44 4.04 hours β+ 632 keV 44Ca Generator 

Zirconium-89 3.27 days β+ 396 keV 89Y Cyclotron 

<E>β: Mean β energy 

EC: Electron capture 

 

Over the years, the field of molecular imaging has evolved greatly both in preclinical research 

practice as in clinical settings, and more precisely in nuclear medicine.  It is indeed in oncology 

that radionuclide-based imaging is of great interest for precise and early diagnosis.  

 

During this evolution, along with the successful development of different diagnostic agents, 

the question of translating the imaging/diagnostic power of radionuclide-based imaging to 

therapy arose: is it possible to substitute the imaging radionuclide with another that has 

potential therapeutic effects and so exploit the specificity and sensitivity of a diagnostic agent 

to specifically irradiate tumor cells? An interesting question, that would, if positive, vastly 

change cancer treatments and lead to a new set of therapeutic compounds and that potentially 

could lead to a cure for cancer.  As such, a new set of radionuclides came into play, the so-

called therapeutic radionuclides (Table I - 3), which are based on β- radiation or on the 

emission of α particles and which have the potential to damage and kill tumor cells in 

proximity of the radioactive source 211,212.  
Table I - 3: Commonly used and upcoming therapeutic radionuclides in clinical practice.209,210 

Radionuclide Half-life Decay mode Eα/<E>β 
Decay 

product 
Production 

Actinium-225 10 days α 5.732, 5791, 

5.793, 5.830 MeV 

221Fr Cyclotron 

Astatine-211 7.21 hours α 5.870 MeV 207Bi Cyclotron 

Bismuth-213 45.59 minutes α (2.09%) 5.875 MeV 213Po Cyclotron 
  

β− (97.91%) 320, 492 keV 209Tl 
 

Iodine-131 8.02 days β- 97, 192 keV 131Xe Reactor 

Lutetium-177 6.65 days β- 149 keV 177Hf Reactor 

Radium-223 11.43 days α 5.606, 5.716 MeV 219Rn Generator 

Yttrium-90 2.66 days β- 934 keV 90Zr Generator 

Eα: α energy 

<E>β: Mean β energy 
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These lists are far from the complete arsenal of radionuclides but contains the most used 

radionuclides or the ones with a potential usage. Indeed, thousands of radionuclides have 

been created over the years, but only about a hundred can be used in research and 

development or in a clinical setting as some requirements should be met: 

1) radionuclides should have a half-life that allows usage without losing too much of 

the activity over time, as time for preparation of the labeled compound, injection of 

the compound and image acquisition or therapeutic efficacy should be taken into 

consideration, which can easily take an hour or two and even days for therapy. 

Usually, radionuclides with a few hours or days of half-life are the most suited;  

2) the energy of emitted radiation is of importance for the image acquisition in 

diagnosis and for therapeutic efficacy in therapy. A too low or too high energetic level 

will result in low quality imaging, whereas in therapy too low energetic levels will not 

be sufficient to induce tumor damage, while too high energy could lead to severe toxic 

events for patients;  

3) the radionuclides should have a (fairly) easy chemistry for the labeling procedure. 

Complex radiochemistry which would require specialized radiochemistry labs and 

personnel is not favorable and probably not feasible for multi centric and/or routine 

usage of such radiopharmaceuticals;  

4) radionuclides should be easily accessible or producible. Short-lived radionuclides 

should be produced on site, as time limits the range to where the nuclide can be 

transported. An ideal production method for these radionuclides would be via a 

generator or via a cyclotron. However, not all radionuclides are compatible with a 

generator system for production. Whereas cyclotron production of a radionuclide can 

yield great activity levels, 10 to 100 times higher than generators, the construction of a 

cyclotron at each site does not seem feasible. Long-lived radionuclides can be bought 

from radionuclides producing companies, such as IBA, IRE, and Curium, which are 

then shipped to the site. Long-lived isotopes are less susceptible to time and can so 

easily be transported globally. 

 
5. Single-domain Antibodies 
 

Single-domain antibodies originate from an alternative kind of antibody, present in 

Camelidae213 and some shark types119. This kind of antibody is smaller than conventional 

antibodies, around 96kDa vs 150kDa, respectively, and is devoid of light chains214,215 (Fig. I - 

11). This antibody type was therefore named Heavy-chain only antibody. The truly 

remarkable and interesting aspect of these heavy-chain only antibodies, however, is not their 

general shape or overall structure, but rather the build of the antigen binding site. The antigen 

binding site of an HcAb consists of only one variable domain, the ‘Variable Heavy chain 

domain of a Heavy-chain only antibody’ (VHH), linked to the Fc region via a linker 

sequence216. Consequently, the binding domain of an HcAb can be isolated as a single, 

functional domain, which gave rise to the sdAbs or VHH or Nanobody®119,217. 
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Fig. I - 11: Camelid Heavy-chain only antibody (left) and isolated HcAb binding domain or sdAb (right). Image 

reconstructed from Desmyter et al, 2015 with permission from the publisher (license 5257530995644).95  

            

The antigen binding site of a sdAb comprises only 3 CDR loops, as opposed to the 

conventional antibody binding domain, that consists of 2 domains and 6 CDR loops218,219. The 

3 CDRs of sdAbs are longer than the CDRs of conventional antibody binding domains, with 

the CDR3 loop being the longest215, which correlates with the longer coding regions in the 

genetic sequence of the sdAbs (Fig. I - 12) than the CDR coding regions of a VH. The 

particularly long length of the loops compensates for the smaller number of loops, to still 

successfully bind antigens215,219. Moreover, the smaller sdAb can, partly due to the long CDR3 

loop, bind hidden or cryptic epitopes, unreachable for conventional antibodies220,221. 
 

 
 

Fig. I - 12: Sequence representation of the variable domain of a heavy chain (VH) and the variable 

domain of a heavy chain of a heavy chain-only antibody (VHH). The VHH contains longer CDR1 and 

CDR3 regions compared to the VH, with a disulfide bond connecting CDR1 and CD3, stabilizing the 

VHH. Image reconstructed from Muyldermans, 2013 with permission from the publisher (license 

1193938).213 

 

As such, single-domain antibody fragments have several attractive characteristics and some 

advantages towards conventional antibodies.  
• SdAbs, while only composed of one domain, retain a strong affinity for their target, 

allowing them to be used in a biological setting and making them suitable to use as 
targeting vehicle119,216,217. 
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• Their sequence can be modified to optimize the structure or properties of the sdAb, 
allowing them to be tailored depending on the application or on the required 
characteristic. An example is the substitution of amino acids to change the overall 
charge of the sdAb, and so change the lipophilic/hydrophilic character of the sdAb219. 

• SdAbs can be conjugated relatively easily to different molecules, e.g. fluorescent 
dyes, a chelating agent, prosthetic groups, toxins and can so serve as a transport 
vehicle for different molecules221-225. 

• SdAbs are small compared to conventional antibodies, which allows easier diffusion 
in dense tissue and allows them to bind to epitopes unreachable for conventional 
antibodies226. 

• The small size of sdAbs favors renal clearance and they are indeed cleared faster from 
the body compared to conventional antibodies. The low blood circulation time and 
rapid clearance of unbound sdAbs is advantageous for imaging, as a high contrast can 
be achieved within a couple of hours227. 

 

Due to their unique characteristics, single-domain antibody fragments have a variety of 

potential applications, in research, in diagnostic, and in therapy (Table I - 4). Steeland et al., 

2016, provides an extensive summary of different developed sdAbs in both preclinical and 

clinical stage in multiple therapeutic areas, including hematology, oncology in vivo imaging, 

and infectious, neurological, and inflammatory diseases221. 

 
Table I - 4: Different applications of sdAbs in different fields. 

Field Application 

Research • SdAbs as affinity capture reagents228 

• sdAbs as crystallization chaperones229-233 

• Intracellular target imaging and immunomodulation234-239 

 

Diagnostic • SdAbs as probes in biosensors240,241 

• SdAbs as non-invasive in vivo imaging probes, both 

radioactive227,242-245 and non-radioactive246,247 

 

Therapy • SdAbs against envenoming248-250 

• SdAbs against infections251,252 

• SdAbs against inflammation253,254 

• SdAbs against amyloidosis255,256 

• Sdabs against pathologies and cancer257-265 

• SdAbs in TRNT176,223,224,266-270 

• SdAbs in CAR T cells271 

 

 

Single-domain antibody fragments can easily be produced in large quantities by a cell-based 

expression system in protein production laboratories117 (Fig. I - 13), which enhances the 

economic viability of using sdAbs as targeting vehicles. 
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Fig. I - 13: Representation of the single-domain antibody fragment production and selection process. 

Image reproduced from Desmyter et al, 2015 with permission from the publisher (license 

5257530995644).95 

 

The production process of sdAbs starts by firstly identifying a target to which sdAbs are 

desired to be obtained, a step also called ‘target selection’. Once a target has been identified 

and analyzed, this target should be obtained in solution as to inject it in an animal of the 

Camelidae family. The injection of the target, which is an antigen for the animal, will induce 

an immune response to the target in the animal and so, will induce the production of 

antibodies orientated to the target. In some cases, repeated injections can be performed to 

boost the immunity and increase the immune response to the target. The immunization step 

lies at the basis to obtain a sdAb with a high affinity and specificity to the target.  

Blood samples are collected from the immunized animal, from which the B-lymphocytes, 

responsible for antibody production, are isolated. Once isolated, mRNA is extracted from the 

B-cells and primary cDNA strands are made based on the mRNA sequences of the binding 

domains or VHHs. DNA amplification is performed by polymerase chain reaction (PCR) and 

a library of the different sequences is made. Selection of an ideal VHH or sdAb is made by 

phage display. This step is crucial to obtain high affinity sdAbs. Phage display is a process 

where the sdAb sequences are introduced in phage display vectors. The different phages will 

each produce one of the different sdAbs. Next, the phages are exposed to a plate coated with 

the target.  

Phages producing a sdAb with high affinity will bind to the target and will remain bound 

after washing, while non-binding phages or phages producing a sdAb with low affinity will 

be removed during washing. Once the high affinity binders are selected with the phage 

display, the clones are tested, and the DNA sequences are analyzed.  
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Once the sequences are known, the sdAb can be produced in high quantity by introducing the 

sdAb DNA sequences in a microbial expression system, such as an E. Coli expression system, 

followed by a purification step. Other expression systems include yeast-based expression 

systems (such as Pichia Pastoris, a well-known expression host) or filamentous fungi117. 
 

Molecular imaging requires a target cell or target molecule, that is present during and specific 

for a certain biological process, which is desired to be investigated. The latter characteristic 

ensures that the obtained result is relevant and indeed marks the ongoing of the desired 

biological process. For cancer diagnosis, specific molecules or biomarkers on the tumor cells 

or on tumor-associated cells are interesting targets, as they allow specific targeting of the cells 

and allow, therefore, a correct cancer diagnosis. We discuss hereunder two targets that have 

been identified and investigated for their role and specificity in tumor development, which 

are the Human Epidermal growth factor Receptor 2 (HER2) and Macrophage Mannose 

Receptors (MMR), for which sdAb-based molecular probes have also been developed. 

 
6.  Human Epidermal growth factor Receptor: HER2 
 

Human Epidermal growth factor Receptor 2 (HER2) is a transmembrane tyrosine kinase 

receptor and is part of the Human Epidermal growth factor Receptor family. The family 

comprises four types of receptors: HER1, HER2, HER3 and HER4 (Fig. I - 14). Alternatively, 

these receptors are also called ErbB1, ErbB2, ErbB3 and ErbB4, respectively, named after the 

gene of origin to which the HER genes are homologous, the Erb-b gene, present in the avian 

erythroblastosis virus. The HER family of tyrosine kinase receptors plays an important role in 

different cellular processes, such as cell growth, differentiation and proliferation, through the 

activation of different signal transduction cascades or signaling pathways272. The different 

HER-proteins exist as monomeric transmembrane receptor and require dimerization of 

receptors, where both homodimer or heterodimeric complexes can be formed, for the 

activation of the receptor complex and signal transduction in the cell273. 

Due to their influence on cellular functions, such as cell growth and proliferation, 

dysregulation of any kind of the HER receptors or in the expression of the receptors can lead 

to important dysregulation of cells. Indeed, the HER family is known to play a central role in 

the pathogenesis of several human cancers. The HER family receptors contain three distinct 

domains: the ligand binding domain or region, the dimerization domain and the intracellular 

tyrosine kinase domain. 
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Fig. I - 14: Molecular structure of the HER family receptors, consisiting of an extracellular ligand 

and dimerization domain and an intracellular tyrosine kinase domain. Image reproduced from hart et 

al., 2020 with permission of the publisher under the terms of the Creative Commons Attribution 

License (https://creativecommons.org/licenses/by/3.0/).274  

 

Receptor dimerization (Fig. I - 15), after binding of the receptor-ligand, and activation of the 

receptor-complex by auto phosphorylation of one receptor intracellular tyrosine kinase 

domain and transphosphorylation of the other intracellular tyrosine kinase domain, leads to 

the transduction of the signal through the cell membrane to the Ras protein, the first member 

of the signal transduction cascade. Ras is a small GTPase protein that transmits the signal from 

the activated receptor complex to the signal transduction cascade determining protein. Two 

transduction cascades can be triggered (Fig. I - 15), depending to which protein the signal is 

transmitted from the Ras protein; activation of the RAF/MAPK signal transduction cascade275 

will lead to an increase in cell proliferation and activation of the PI3K/Akt signal transduction 

cascade276 will increase cell survival and induce resistance to pro-apoptotic signals. A third, 

Ras independent, signaling cascade, the Protein Kinase C (PKC) signaling cascade, can be 

activated as well by the receptor complex, and results in additional cell survival and 

proliferating signals as well as invasion, migration, anti-apoptosis, angiogenesis, and drug 

resistance signals277. 
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Fig. I - 15: HER-receptor dimerization and activation of the RAF/MAKP and PI3K/Akt signal 

transduction cascade. Image reproduced from Lv et al., 2016 with permission of the publisher under 

the terms of the Creative Commons Attribution License 

(https://creativecommons.org/licenses/by/4.0/).278 

 

Human Epidermal growth factor Receptor 2 is a transmembrane glycoprotein comprising 

1255 amino acids and has a molecular weight of 185 kDa. HER2, as an exception to the other 

HER-family members, does not contain a ligand-binding site and therefore, does not require 

a ligand to be activated279. It is said that the HER2-receptor is in an open conformation and 

can dimerize easily with all members of the HER-family, including itself, as it is continually 

available for dimerization279.   

 

HER2 plays an essential role in cell survival and proliferation, by the activation of the different 

signal transduction cascades. This is, in healthy cells, well-balanced and kept under regulatory 

control by negative feedback mechanisms. In cancer development, however, the balance of 

positive signals and negative feedback signals is deranged273. One important case, where such 

an imbalance occurs, is in tumor development with HER2 overexpression.  

 

Overexpression of HER2 will lead to a higher probability of receptor dimerization and so, to 

more activation of the signal transduction cascades, and finally, to an increase in cell 

proliferating and survival signals, and, to an increase in the production and secretion of base 

basement membrane degrading enzymes, such as the matrix metalloproteases (MMPs), which 

have a metastatic promoting action280.  
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Revelation of the HER2 working mechanism made it comprehensible that HER2 

overexpression promotes tumor growth and negatively impacts patients’ prognosis.  

HER2 overexpression can occur in a variety of cancer types, including bladder cancer (8 – 

70%), breast cancers (11 – 25%), cervical cancers (2.8%), cholangiocarcinoma (up to 9%), 

colorectal cancers (1.6 – 5%), esophageal, esophagogastric junction cancers (12 – 14%), 

gallbladder cancers (12.8%), gastric adenocarcinomas (7 – 34%)281. 

Next to the conventional anti-cancer therapies or radiotherapy, several (more recent) targeted 

therapies have been developed specifically for HER2+ breast cancer: 

• Trastuzumab 

Trastuzumab, also known as Herceptin (Genentech), is the first anti-HER2 targeted therapy, 

that was introduced in 2000282. Trastuzumab is a monoclonal antibody, that directly targets 

the HER2 receptor and significantly increases the survival of HER2+ breast cancer patients283,284 

with several mechanisms of action (MoA). The first, and most straightforward MoA, is 

inhibition of the MAPK and PI3K/Akt pathways, simply by interfering with the 

homodimerization of the HER2 receptors, which leads to an increase in cell cycle arrest and a 

decrease in cell growth and proliferation285. Additional studies showed that Trastuzumab can 

block tyrosine kinase signalling and so increase the PTEN level and activity. PTEN inhibits 

the activation of PI3K/Akt signal transduction cascade, which results in a reduction in cell 

growth and survival286,287. A second MoA has been proposed by triggering of internalization 

of the HER2 receptor upon binding with Trastuzumab, followed by degradation of the 

receptor288. The induction and mediation of the degradation, however, remain unclear. A third 

MoA, is suggested by activation of the immune system by the Fc portion of the Trastuzumab 

antibody, leading to antibody-dependent cell-mediated cytotoxicity (ADCC). A study, 

conducted by Arnould et al. in 2006, confirmed cell mediated activity by Trastuzumab using 

samples from patients with locally advanced breast cancer and provided strong support to 

the ADCC MoA of Trastuzumab289. 

• Pertuzumab 

Pertuzumab, also known as Perjeta (Roche), is a second monoclonal antibody that targets the 

HER2 receptor and is typically used in combination with Trastuzumab, as Pertuzumab binds 

a different epitope than Trastuzumab. Pertuzumab’s MoA is through inhibition of HER 

receptor dimerization, in particular the pairing of the most potent signaling heterodimer 

HER2/HER3 or HER2/HER1, a characteristic that Trastuzumab lacks. Therefore, both 

antibodies are complementary to each other and offer thus a higher efficacy in treating cancer, 

when combined in a treatment290. Additionally, Pertuzumab has, like Trastuzumab, also the 

ability to activate the immune system and induce ADCC through its Fc region.  

• Kadcyla 

A third anti-HER2 targeted therapy treatment option is the Trastuzumab-emtansine complex, 

also known as Kadcyla or TDM-1 (Roche). This complex is composed of the Trastuzumab 

monoclonal antibody coupled with a chemotherapeutic molecule, maytansinoid DM1. Such a 

complex is also called an Antibody-Drug Conjugate (ADC) and the Trastuzumab-emtansine 

complex is the first ADC to receive market authorization for the treatment of prevalent solid 

tumors291. The TDM-1 complex retains full functionality, and so, the MoAs of Trastuzumab 

are combined with the delivery of a potent cytotoxic agent, when the complex is internalized 

and degraded by the cell, marking a higher induction of cell death than Trastuzumab alone292.  



 

 52 

Additionally, Kadcyla can also work as a second-line treatment in patients who have 

developed resistance to Trastuzumab’s intracellular effects293. 

• Enhertu 

Another Trastuzumab-based treatment is the Trastuzumab-deruxtecan complex, also known 

as Enhertu (Astrazeneca – Daiichi Sankyo). As with Kadcyla, the MoA of trastuzumab can be 

combined with the effect of Deruxtecan. Deruxtecan is a compound which inhibits the 

topoisomerase I protein, a DNA associated protein, hereby inducing DNA damage and 

promoting cell apoptosis294. Enhertu received FDA and EMA approval in 2019 for usage in 

HER2+ unresectable or metastatic breast cancer, prior treated with two or more HER2-

targeted treatments. 

• Lapatinib 

Lastly, there is Lapatinib, also known as Tyverb (Novartis) which is a type of targeted drug 

known as a tyrosine kinase inhibitor. Lapatinib is used to treat advanced, usually metastatic, 

HER2+ breast cancer, typically in cases where Trastuzumab is no longer working. Lapatinib 

interacts with the intracellular HER2 domain and inhibits the tyrosine kinase function that is 

responsible for the signal transduction and activation of the downstream cascades295. 

 

Determination of the HER2 status of for example breast cancer patients is important to define 

the proper treatment regime. Biopsy is the go-to method to retrieve a sample to analyse the 

HER2 expression in cancer lesions, which allows categorizing patients into HER2 negative or 

HER2 positive status. The determination is based on immunohistochemistry to detect the 

HER2 protein and in situ hybridisation (ISH) to measure the gene amplification. Depending 

on the HER2 status, patients will be eligible for specific anti-HER2 treatments in case of HER2 

positivity. In case of metastatic disease, biopsy has one drawback, that it is not feasible to 

sample and analyse all metastatic lesion individually. This is where MI can provide added 

value as it is possible to analyse HER2 expression in all lesions (so including the metastatic 

lesions) with a specific HER2 targeting tracer. With such a method, the determination the 

HER2 status of a patient will not be compromised by intra- and inter-tumor heterogenicity of 

HER2 expression, as can be the case with biopsies. Potential clinical applications of HER2 

molecular imaging could be the accurate detection of lymph node invasion after primary 

tumor removal, detection of residual disease after treatment of brain metastasis, mapping 

HER2 expression in multi-metastatic disease. 
 

7. Macrophage Mannose Receptor: MMR/CD206 
 

Parts of this section have been reproduced from a previous thesis of Baudhuin, 2015.296 

The macrophage mannose receptor (MMR) or CD206 is a cell surface receptor that binds a 

variety of molecules of both foreign and endogenous origin. It is mainly expressed by a subset 

of macrophages and by dendritic cells, but can be found on other cell types such as hepatic, 

splenic, lymphatic and dermal micro vascular endothelia, and more specialized cells, such as 

kidney cells, mesangial cells, trachea smooth muscle cells and retinal pigment epithelium297. 

MMR is a potent C-type lectin like endocytic receptor and is thought to play an important role 

in homeostasis and immunity regulation298. MMR has the ability to modulate cellular 

activation, however, the activation process is still poorly characterized297.  



 

 53 

 
Fig. I - 16: Mannose receptor comprising of four different domains: 1) cytoplasmic tail, 2) C-type 

lectin-like domain (CTLD), with carbohydrate recognition domains, 3) fibronectin type II domain and 

4) cysteine-rich domain. . Image reproduced from Taylor et al, 2005 with permission from the 

publisher (license 5260800414492).298 

 

MMR can bind a wide range of different types of molecules due to its particular structure. The 

MMR consists of 4 different domains (Fig. I - 16) and each with a specific function or able to 

bind a distinct set of molecules. The first domain of the MMR is the cytoplasmic tail, which 

serves for intracellular targeting mediated by a tyrosine-based ‘signaling’ motif in the 

cytoplasmic tail (amino acid sequence: FENTLY)297. This tail is important for the recycling of 

the receptor from early endosomes and so to prevent degradation of the receptor. The second 

domain is the C-type lectin-like domain (CTLD), which consists of several carbohydrate 

recognition domains (CRD). It is via these domains that the MMR binds complex 

carbohydrates terminating in mannose, fucose or N-acetyl-glucosamine in a calcium-

dependent manner298.  

 

Endogenous CTLD ligands include lysosomal hydrolases, myeloperoxidase, tissue 

plasminogen activator, and thyroglobulin. CTLDs bind to several micro-organisms, 

including, but not limited to: HIV, Dengue virus, Candida albicans, Pneumocystis carinii, 

Mycobacetrium tuberculosis, Streptococcus pneumonia (capsulated polysaccharide (CPS)) 

and Shistosma mansoni (secreted egg antigen and cercareae secretions)297. The third domain 

is the Fibronectin type II (FNII) domain, which can bind collagen type I, II, III, IV and weakly, 

collagen type V297. The fourth, and last, domain is the Cysteine-rich (CR) domain. The CR 

domain recognizes sulphated (SO4) carbohydrates, particularly galactose and N-acetyl-D-

galactosamine (GalNAc), sulphated in position 3 or 4.  

CR binds sulfated glycans found in lymphoid tissue and kidney, as well as sulphated 

glycoprotein hormones from anterior pituitary, such as lutropin and chondroitin sulphate, 

and oligosaccharides of blood group Lewis(a) and Lewis(x) types297,299. 
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Mannose receptor expressing macrophages are generally anti-inflammatory, supporting cells, 

that play a role in cell proliferation and growth for the rebuilding of tissue and structure (a 

process called tissue remodeling) during a healing process300. This same type of macrophages 

(among others) has been found to be present in solid tumor stroma and seem to play an 

important supporting role in tumor growth and development as well300-302. Indeed, it has been 

observed by several studies that MMR positive macrophages were present in the tumor 

environment, a complex zone surrounding the tumor consisting of a variety of cell types and 

a structure to support and nurture the tumor303-306. The infiltrating macrophages in solid 

tumors, regardless the subtype, were adopted as Tumor Associated Macrophages (TAM). The 

specific accumulation of MMR+ TAM in tumor environment, low presence of MMR+ cells and 

low expression of MMR in other tissues, lead to the idea to target not the tumor cells directly, 

but indirectly, via these TAMs for the detection of tumor development. The presence and 

accumulation of TAM is not specific for one type of cancer, rather more for solid tumor 

development in general300. This makes the MMR a strong target candidate, that can serve as a 

general target for solid tumor detection. 

 

Targeting the MMR, and therefore, the MMR+ TAM in the tumor environment, can not only 

be useful for the detection of tumor development, but could also serve as a therapeutic 

target300,307. TAM play an important tumor-promoting and inflammatory-suppressing 

environment, and so, attacking the TAM would remove an important supporting pillar, 

slowing tumor development308 and render the tumor vulnerable to the hosts innate immune 

system and potentially other therapies. 

 

Another potential application of imaging MMR+ TAM is to predict treatment response. Due 

to the pro-tumorigenic role of MMR+ TAM, certain treatments, particularly immune-

modulating therapies, can be rendered less effective in case of a high MMR+ TAM presence. 

As such, by imaging and quantifying the presence of MMR+ TAM in developing tumors, it 

could be possible to predict whether a treatment will be effective or not and so optimize the 

treatment regime of patients (in both terms of cost and effectiveness)309. 

 

8. Gallium-68 as PET radionuclide 
 

Gallium (Ga) is a metal element, of which 32 isotopes exist. In its natural form, Ga exists as a 

soft, silvery blue metal (Fig. I - 17) with atomic number 31 and occurs as a mixture of gallium-

69 and gallium-71 at a 60%/40% ratio, respectively310. Gallium is widely used in electronics 

such microwave circuits, high-speed switching circuits, infrared circuits, light-emitting 

diodes (LEDs) and diode lasers, can serve as a non-toxic and environmentally friendly 

substitute to mercury in certain thermometers, as it has a relatively low melting point of 

29.76°C, or can serve in mirrors as gallium brightly reflects light311. Gallium has no known 

natural biological or toxic effects at low dose, at large dose Ga can cause irritation in the throat 

or induce chest pains, while Ga fume can lead to very serious conditions310.  

All radioactive isotopes are artificially produced in particle accelerators (cyclotrons) or are a 

daughter of radionuclides produced in the latter.  

 



 

 55 

 
Fig. I - 17: Gallium described as silvery white metal (left) . Image reproduced from Wikipedia with 

permission of the publisher under the terms of the Creative Commons Attribution License 

(https://creativecommons.org/licenses/by-sa/3.0/).312 

 

Clinically, 67Ga and 68Ga are the most relevant isotopes and are therefore the most used 

isotopes in this setting194. While 67Ga is a gamma-emitter and so suitable for SPECT, 68Ga is a 

positron emitter and is therefore clinically more attractive since PET is the standard imaging 

modality for radioactive based molecular imaging in the clinic. The increased interest in 68Ga 

in the last decade is reflected by the increase in number of publications (Fig. I - 18).  

Factors contributing to the growth and global spread of 68Ga in research and clinical practice 

are the progress in and commercial availability of 68Ga generators and diversity in robust 

labeling chemistry313,314. 

  
Fig. I - 18: Number of 68Ga articles (clinical and preclinical) over the years. Search was performed on 

https://pubmed.ncbi.nlm.nih.gov/ by introducing ’68 Gallium’, followed by choosing ‘Best Match’ 

method. Latest search dated from 28/09/2021. 

 
68Ga is an excellent positron emitter, with 89% positron branching and low photon emission 

(11%) after electron capture with an energy level of 1.077 MeV315.  

https://pubmed.ncbi.nlm.nih.gov/
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The emitted positron has a relatively high maximum energy level of 1.899 MeV (with a mean 

energy level of 0.836 MeV)316. 

The high positron branching, and relatively short half-life of 68 minutes provide a good 

combination to obtain high quality images, while minimizing radiation dose to the patient 

and personnel314. 68Ga can be produced via cyclotron to obtain high activities, however, the 

development of 68Ga generators created an advantage for this radionuclide317. In general, a 

generator, compared to cyclotron productions, does not require a special premise with 

radiation shielding constructions, consumption of energy, nor highly qualified personnel for 

running and maintaining equipment314. A generator is a relatively small, self-contained 

system in which a mixture of parent/daughter radionuclides are held in equilibrium (Fig. I - 

19). Velikyan published an extensive review on 68Ga generators and the production of 68Ga 

tracers314. 

 

 
Fig. I - 19: Cross-section of a schematic representation of a column-based generator. Image reproduced 

from Velikyan et al., 2015 with permission of the publisher under the terms of the the Creative 

Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).314  

 

In case of 68Ga, the parent radionuclide is germanium-68 (68Ge), with a physical half-life of 271 

days, allowing continuous production of 68Ga over extended periods of time, ideal for 

generator application314. 68Ge is produced via high energy cyclotrons from the stable 69Ga 

isotope and decays to 68Ga via electron capture, depicted in (1). In a 68Ga generator, the 68Ge 

parent radionuclide is typically fixed or immobilized on a chromatographic column, which 

then continuously decays to 68Ga, that can then be extracted with an eluent. 68Ga further decays 

to Zinc-68 (68Zn), depicted in equation (2), which is then also present on the column. 

 

 
 

Upon elution of a 68Ga-generator, the 68Ga ions (along with the Zn ions) are eluted with the 

eluent, while the immobilized 68Ge remains on the column. Two strategies have been 

developed to separate the 68Ga from the 68Ge316. The first uses organic matrices which bear 

phenolic groups that can form highly stable complexes with Ge4+. This allows the elution of 

Ga3+ as [GaCl4]- with hydrogen chloride (HCl) as eluent. Alternatively, a N-methylglucamine 

based polymer can be used as column matrix, where a trisodium solution is used as eluent318. 

The second strategy makes use of inorganic oxide matrices, such as Al2O3, SnO2, Sb2O5, ZrO2, 

and TiO2, which can be eluted with HCl or EDTA319. Most commercially available generators 

employ HCl at different concentrations to the 68Ga, as this provides the 68Ga3+ form for further 

direct labeling purposes. 
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After an elution, the generator will have a ‘recharge’ time before providing again the full 

activity the generator can provide. The ‘recharge’ time is the time required for the generator 

to reach equilibrium between de 68Ge decay and 68Ga production (Fig. I - 20). At equilibrium, 

the radionuclides have equal radio activities, which is achieved at 14 h post elution for a 

typical 68Ga generator314. After 4 hours, however, over 91% of the activity can already be 

obtained and 50% after only 68 minutes.  

The maximum activity that can be obtained depends on the activity of the 68Ge source and 

decreases over time, as the 68Ge source decays. By using a large enough source, several 

elutions per day are possible with usable activities. Typical starting activities of 68Ge sources 

in new generators range from 555MBq – 1.85GBq. Recently, Waterhouse et al provided a study 

about quality control and routine production of [68Ga]Ga-PSMA-11 for clinical imaging using 

a 4GBq 68Ge/68Ga generator from ITG named ‘Otto’, the first of its kind320. 

 

 
 

Fig. I - 20: Graph representing the generator ‘recharging’ and reaching equilibrium. The green line 

represents the decay of 68Ge, which follows 𝐴𝑝(𝑡) = 𝐴𝑝(0) ∗ 𝑒(−𝜆𝑝∗𝑡); the red line represents the 

ingrowth of 68Ga, which follows 𝐴𝑑(𝑡) =  
𝐴𝑝(0)∗𝜆𝑑

𝜆𝑑−𝜆𝑝
∗ (𝑒(−𝜆𝑝∗𝑡) − 𝑒(−𝜆𝑑∗𝑡)); the black line represents 

the activity that would be obtained upon elution at a given time, corrected for an elution efficiency of 

70%. . Image reproduced from Velikyan et al., 2015 with permission of the publisher under the terms 

of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).314 

Ap = activity of the parent radionuclide (68Ge), Ad = activity of the daughter radionuclide (68Ga), p = 

half-life of parent radionuclide, p = half-life of daughter radionuclide 

 

Modern 68Ge/68Ga generators provide highly reproducible and robust performance with three 

generators having obtained market approval in recent years: Eckert & Ziegler’s GalliaPharm® 

obtained market approval in 2014, while IRE Elites Galli Ad/Eo® (Europe/US, respectively) 

and ITGs 68Ga generator both obtained market approval in 2019.  

 

Different parameters defining generators performance are chemical separation specificity, 

radiation resistance and chemical stability of the column material, eluate sterility and 

apyrogenecity, 68Ge breakthrough, eluent type and elution profile314. A typical elution solution 

for 68Ga is HCl, with 0.1M HCl being used in the IRE and E&Z generator, while 0.05M HCl is 

used in the ITG generator. The typical elution volumes are 1.1 ml for the IRE generator and 5 

ml for the E&Z and ITG generator. HCl is preferably used as eluent as this will provide GaCl3 

and keep the 68Ga in its Ga(III) trivalent form, allowing further direct chemistry316.  
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Since 68Ga continuously decays to 68Zn in Ga-generators, regular elution of the generator is 

advised to prevent high Zn build-up, which could cause important interference for the 68Ga-

radiolabeling, as Zn will compete with the Ga-ions for chelator-complexation. 

Gallium has an ionic radius of 0.47 – 0.62Å and has usually a coordination number of six194. It 

is classified as a hard metal and has similar chemistry properties to Fe3+, abundantly found in 

blood plasma and tightly regulated with the blood plasma protein, transferrin194. Due to the 

high similarity of 68Ga+3 to Fe3+, concern arose towards trans chelation of 68Ga to transferrin 

upon injecting 68Ga PET radiopharmaceuticals. Ga has an equilibrium constant of log K = 19.75 

for transferrin321, which is a representation of the stability of the metal-chelator complex. A 

higher number correlates with a higher stability. The concern for trans chelation enhanced the 

development of highly inert Ga3+ complexes capable of withstanding high concentrations of 

competing serum proteins322. An additional concern in the radiochemistry of 68Ga is the rapid 

formation of hydroxide species. 68Ga3+ is only stable in acidic conditions in aqueous 

solutions323, as it has a pka of 2.6322. At pH above 3, the 68Ga will form insoluble [Ga(OH)3] 

gallium hydroxide, also called colloid formation323. To prevent this, radiolabeling would have 

to be performed at a pH < 3, which can be unfavourable for certain chelators, regarding 

radiolabeling efficiency, or simply not feasible for certain tracers, due to instability or 

degradation of the tracer in such a high acidic condition. Thankfully, weak complexing agents 

can be used to stabilize the Ga+3 ions at higher pH314. Typical compounds such as citrate, 

acetate, succinate, formate, Tris(hydroxymethyl)aminomethane, HEPES or phosphate can be 

used for this purpose, while also serving as buffer to regulate the pH between 3 – 6314,323,324.  

 
68Ga has shown to be compatible with different chelators for radiolabeling, with some being 

developed specifically considering the characteristics of gallium ions (Fig. I - 21)325. DOTA 

(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid) has widely been used for 66/67/68Ga-

based tracers despite the clear nonoptimal match194. The relatively large ring size of DOTA 

compared to the ionic radius of Ga ions causes significant distortion on the coordination 

bonds and hampers thermodynamic stability, which is of log K = 21.3 − 26.1326. Different 

derivatives have been tested for 68Ga, whereby a cross-bridged DOTA seemed to improve 

bonding angles327, while a pyridine-containing DOTA derivative, PCTA (3,6,9,15-

Tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid), provided a vast 

improvement, allowing quantitative radiolabeling at room temperature, while maintaining 

good kinetic inertness during trans chelation experiments328. The NOTA chelator (2,2′,2”-

(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid) is an excellent match for Ga3+, due to its 

more appropriate ring size and coordination number (Fig. I - 22), which translates to a high 

stability constant of log K = 29.0 − 31.0329. Solid-state structures of [Ga(NOTA)] reveal only a 

slight distortion of the coordination bonds with the N3O3 structure, with a 5−8° deviation from 

the ideal 90° octahedral geometry330,331. 
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Fig. I - 21: Different acyclic and macrocyclic chelators used for 68Ga radiochemistry. Image 

reconstructed from Spang et al, 2016 with permission from the publisher (license 5257561119919).325. 

 
Fig. I - 22: 3D-structure of the Ga-NOTA complex. The Nitrogen(N) atoms (blue) will attract and 

center the Ga-ion, while the carboxyl arms will enclose and further stabilize the Ga-ion. Image 

reproduced from Wadas et al, 2010 with permission from the publisher 322. Copyright (2022) 

American Chemical Society. 
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As such, NOTA has a particularly high complexation rate for 68Ga. In its trivalent 

conformation, 68Ga3+ fits quite perfectly in the binding pocket of the NOTA chelator. The Ga 

ion is attracted by the partial negatively charged nitrogen atoms and coordinated by their free 

electron pair in the center of the chelator. Additionally, a conformational change of the 3 

carboxyl arms of the chelator is induced. The arms will close in above the Ga-ion, by attraction 

between the negatively charged free electron pair of the oxygen atoms in the arm and the 

positively charged Ga-ion322. This conformational change will ensure the capture and 

stabilization of the Ga-ion. NOTA analogues, such as NO2A and NODASA, have shown 

similar geometries332,333, while NODAGA, additionally, has shown excellent radiolabeling 

yields at ambient temperature over 10 minutes334. Usage of p-NCS-Bn-NOTA as BFCA 

derivative has demonstrated superiority over DTPA (Diethylenetriaminepentaacetic acid) 

and DOTA for 67/68Ga use, as evidenced by lower 67/68Ga3+ bone uptake in vivo or by lower trans 

chelation to transferrin328,335. 

 

Recent developments in substituting the carboxylic arms of NOTA with phosphonic (NOTP) 

and phosphinic arms (TRAP) have shown even further improved labeling efficiencies336-340 and 

selectivity for 68Ga3+, making these chelators less sensitive to presence of metal impurities341,342. 

The TRAP chelator (3,3′,3”-(((1,4,7-triazonane-1,4,7-

triyl)tris(methylene))tris(hydroxyphosphoryl))tripropanoic acid) forms a stable complex with 

Ga3+ with a log K = 26.2, while being able to achieve high radiochemical efficiency at ambient 

temperature at nM concentrations343. This allows to achieve high specific activities (which is 

the activity per mol of ligand) with good radiochemical yields. Comparative automated 68Ga 

radiolabeling of TRAP, DOTA, and NODAGA coupled tracers have demonstrated the 

superiority of TRAP over DOTA and NODAGA, achieving specific activity 20- and 10-fold 

greater, respectively344. Two other notable chelators are HBED (N, N-bis(2-hydroxybenzyl) 

ethylenediamine-N,N-diacetic acid) and THP (TRIS(Hydroxypyridinone), which are both an 

acyclic chelator. HBED has been heavily investigated for 68Ga+3 and has an outstanding 

stability constant of log K = 38.5 − 39.6194. Stability studies of HBED revealed a clear preference 

towards small, hard metal ions over softer or larger metals such as Mg2+, Ca2+, Mn2+, Cu2+, Co2+, 

Zn2+, Ni2+, In3+, or Gd3+345-348, which is a major benefit for 67/68Ga-specific use349. HBED can 

radiolabel 67/68Ga quantitatively at room temperature with high specific activity, while highly 

resistant to decomplexation350-353. THP performs optimal radiolabeling at more neutral pH (6 

– 7), compared to other chelators which have an optimal radiolabeling pH ranging from 3 – 5, 

and showed superior radiolabeling efficiencies compared to DOTA, NOTA and HBED (each 

at their optimal labeling conditions)354. Other chelators that have been reported to radiolabel 
68Ga+3 at room temperature are FSC, DATA, DFO and DEDPA325. 

 
68Ga-tracers are at the forefront of nuclear drug development, with a variety of 68Ga-based 

tracers that have been developed in different disease settings. As mentioned previously the 

attractive characteristics of 68Ga for PET imaging, the relatively simple radiochemistry, 

accentuated by the design of suitable chelators, allowing high radiochemical yields in a matter 

of minutes at room temperature, and the development of 68Ga generators, which provided 

access to the radionuclide at remote sites and the opportunity to develop cold kits, all 

contributed to the expanding use of 68Ga and the development of 68Ga PET tracers.   
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Additionally, the relatively short half-life of 68 minutes makes 68Ga a good match with fast-

circulating, low-molecular-weight tracers, such as peptides, antibody fragments, aptamers 

and oligonucleotides355. This is reflected in the available 68Ga tracers today, which are mostly 

tracers of low molecular weight (peptides or small molecules) (Table I - 5). 
 

Table I - 5: Examples of 68Ga tracers against different targets 

Tracer Chelator Target Application 

[68Ga]Ga-DOTATOC DOTA Somatostatin receptor (SSTR) Detection, diagnosis neuroendocrine 

tumors (NETs) 

[68Ga]Ga-DOTANOC DOTA SSTR Detection, diagnosis NETs 

[68Ga]Ga-DOTATATE DOTA SSTR Detection, diagnosis NETs 

[68Ga]Ga-PSMA DOTA 

HBED-CC 

Prostate Specific Membrane 

Antigen (PSMA) 

Detection, diagnosis prostate cancer 

[68Ga]Ga-RGD NOTA  

TRAP 

THP 

FCS 

NODAGA 

αvβ3 integrins Detection, imaging 

neovascularization in cancer 

development 

[68Ga]Ga-FAPI DOTA Fibroblast Activation Protein 

(FAP) 

Detection, imaging cancer-associated 

fibroblasts and extracellular fibrosis 

[68Ga]Ga-affibody DOTA 

DOTAGA 

NOTA 

NODAGA 

HER1, HER2, HER3 

 

 

Detection, diagnosis breast cancer 

[68Ga]Ga-sdAbs NOTA HER2 

MMR 

 

CD20 

 

PD-L1 

 

VCAM-1 

Detection, diagnosis breast cancer 

Detection, imaging of Tumor 

Associated Macrophages (TAMs) 

Detection, diagnosis of Non-Hodgkin 

lymphoma 

Detection of PD-L1 expression in 

cancer development 

Atherosclerosis 

 
68Ga kits (PET) vs 99mTc kits (SPECT) 
 
68Ga kits are relatively new products and have emerged in anticipation of the recent market 

approved 68Ga generator. 99mTc kits are, however, widely available, along with a well-

established market for the 99mTc generators. These generators can offer up to 100 GBq of 

activity upon elution, a >50-fold increase compared to the current maximum available 68Ga 

activity from a generator. 99mTc is a low energy gamma emitter (140 keV), suitable for SPECT 

imaging, with a half-life of 6 hours and can achieve, as 68Ga, quantitative radiolabeling yields, 

allowing the use of kits without further purification of the final product. 

The 6h half-life allows provides far more flexibility and the low energy gamma allows for 

radiolabeling with much higher activities without issues of radiolysis. This allows for the 

same centralized production concept as for 18F or easily allows for fractionation of one eluate 

for preparation of different tracers per elution. Although SPECT scanners are widely 

available, the PET market strongly developed in Europe and the USA, due to benefits of 

imaging quality and the up rise of the ‘golden tracer’ [18F]-FDG. Asia, however, still highly 

relies on SPECT imaging, and represents so still a very large market for SPECT tracers, such 

as 99mTc tracers.  
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SPECT imaging is more cost effective compared to PET imaging, due to the lower price of the 

scanner, and can more easily be employed for applications/indications with a higher patient 

number, due to their wide availability in hospitals. The downside of 99mTc is the lower image 

quality inherent to the SPECT imaging technique. Comparison studies between 99mTc and 68Ga 

revealed that 99mTc is less sensitive in terms of lesion detection356. 99mTc can be employed for 

high patient applications where a high sensitivity is not crucial, such as imaging of cardiac 

diseases or inflammation, whereas 68Ga can be used for more specific applications such as 

lesion detection and tumor characterization. 

It is so unlikely that kits for 68Ga radiolabeling will replace the vast market of 99mTc kits, rather 
68Ga kits will fill a specific market share, where sensitivity is crucial and patient population is 

relatively low. 

 
9. PET imaging: 18F vs 68Ga 
 
18F and 68Ga are currently the two main radionuclides used for PET imaging. Some important 

differences between both radionuclides regarding radionuclide production, half-life and 

radiochemistry have implications on production, distribution, and commercial development 

of tracers. Additionally, 18F intrinsically provides slightly better image quality compared to 
68Ga, due to a lower energy of the emitted positron. The travel distance of a positron emitted 

by 18F is therefore smaller than for 68Ga, which provides a slightly better image resolution. 

 
• Differences in radiochemistry 

18F has a more complex radiochemistry than 68Ga. As such, the production processes of 18F-

tracers are more complex and consist of different steps, while a 68Ga radiolabeling can be a 

simple and straightforward procedure of simply adding the 68Ga to a precursor. Typically, 18F 

radiolabeling require at least one purification step to remove unwanted compounds, such as 

unreacted precursor or unlabeled 18F. The complexity of the 18F-radiochemistry does not allow 

for a kit design, where the process is simplified and purifications can be omitted, and favors 

the usage of automated synthesis modules, which can perform partial or complete 

manufacturing processes without intervening of an operator. Such way of production requires 

assembly of a cartridge to which all components are attached, such as buffers, reaction 

solutions, precursor, purification columns etc., so that all the necessary materials and 

compounds are available for the synthesis module to perform the process. For 68Ga, although 

synthesis modules can also be used, the development of cold kits allow for an easy 

manufacturing of the final tracer without purification steps, or, at least, simplify the 

manufacturing process, even if a synthesis module is still used. Additionally, 18F chemistry 

often employs harsh conditions, such as high temperature, extreme pH or high amounts of 

organic solvents, often not compatible with biomolecules, requiring the usage of a PG, which 

serves as intermediate for the fluorination and the subsequent conjugation to biomolecule. For 
68Ga, the chelator can be conjugated to a biomolecule prior to and independently of the 

addition of 68Ga. Additionally, both the conjugation of the chelator and the 68Ga radiolabeling 

can often be performed in mild conditions, such as at room temperature and at a pH range of 

4 to 6. 18F radiolabeling procedures are often longer than a 68Ga radiolabeling and often start 

with the presence of 18F at the beginning of the process.  
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• Differences in production, usage, and distribution 
18F is cyclotron produced, which allows for production of far higher activity compared to 68Ga, 

which is generator produced and depends on the source inside the generator. This leads to 

profound differences in the production and distribution of tracers. 

Due to the requirement of a cyclotron for 18F production, the potential of high starting 

activities for 18F, the complex radiochemistry and the usage of synthesis module, which can 

be placed in a closed and shielded environment, the production of 18F-tracers are often 

centralized in production centers, after which the final product can be dispatched to 

different clinical centra. Such a production-and-distribution concept is feasible with the 

109.7 min half-life of 18F and the high starting activities, which can reach up to several 

hundreds of GBqs. 68Ga, although limited in activity, has the advantage of being available 

from a small generator, and can therefore be at disposition to any center, which obtains such 

a generator, rendering the center independent for their tracer production. The advantages 

and disadvantages of each concept are summarized in Table I - 6. The differences between 
18F and 68Ga do not give a clear cut as to whether one radionuclide would be better than the 

other, rather a situation dependent approach should be considered. Additionally, due to the 

high mean positron energy level of 68Ga, it is possible that comparable starting activities as 
18F will never be used, as the degree of radiolysis might simply be too high. This would 

further limit the distribution potential of 68Ga-tracers. 

 
Table I - 6: Advantages and disadvantages of 18F and 68Ga. 

18F Advantages: 

• High starting activity 

• Low positron means energy level 

• Centralized productions 

• Distribution of final product 

• No on-site production at clinical center/hospital 

• Sufficient tracer production for high patient indications 

Disadvantages 

• Requires cyclotron 

• Complex radiochemistry requiring high-cost installations 

• Dependency of clinical center/hospital on production site 
68Ga Advantages 

• Generator produced (can also be produced via cyclotron) 

• Simple production procedure 

• Independency for tracer production 

• 68Ga availability at any given time 

• Flexibility in scheduling 

Disadvantages 

• Limited activity 

• High positron means energy level 

• Limited range for distribution 

• On-site production requiring necessary equipment, 

installations 

• Limited patient injections per production 
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• Commercialization strategies 

The 68Ga market is still young compared to 18F, which is well-established with strong 

production and distribution networks in place. It is highly likely that both radionuclides will 

live side-by-side, with a clearer repartition of both radionuclides as their markets evolve. The 

commercialization of the tracers is backed by a different business model for both 

radionuclides. Whereas 68Ga-tracers can be marketed as a kit product and be distributed 

directly to the final user customer (i.e., the physician at the clinical centers and hospitals), 18F-

tracers require an intermediate production site. As such, for 18F, the company marketing the 

tracer will be a supplier of the precursor to the intermediate production site and the 

production site will manufacture, sell and distribute the final tracer to clinical centers or 

hospitals. 

 
10.  Lyophilization 
 

Lyophilization or freeze-drying is a process of drying a solution in frozen state at low 

pressure, allowing the water to sublimate357. This is a commonly used method for 

pharmaceuticals or food products, developed over 50 years ago358. Freeze-drying has as 

primary advantage, as the removal of the water content, of improving the stability and 

allowing long-term storage of labile drugs. Additionally, as the stability of a compound is 

increased, typically, the storage temperature also increases and so lyophilization facilitates 

handling of the lyophilized compounds (shipping and storage)357. Lyophilization is of 

particular interest for protein based pharmaceuticals as, although aqueous liquid 

formulations are more economical, easier to handle during manufacturing and the most 

convenient for the end user, many proteins are susceptible to chemical and/or physical 

degradation in liquid formulations359. Numerous stress factors to which proteins can be 

subjected and which can influence the product integrity include agitation, high/low 

temperatures and freezing/thawing360. Even though these conditions could be circumvented 

by formulation and shipping system design, damage might not be sufficiently inhibited 

during long-term storage.  

 

Lyophilization aims to avoid these difficulties by a properly designed formulation and 

process cycle for a given protein, making the dried product resistant to temperature changes, 

increasing the storage temperature significantly (ambient temperature should easily be 

obtainable), improving the product stability and significantly decreasing or even avoiding 

degradative reactions359. Lyophilization is a time-intensive and costly procedure with no 

guarantee of success, as a variety of factors can have an important impact on the process. 

Rational design of a formulation361 along with development and optimization of 

lyophilization cycle357 have been proposed to improve the odds of success. Indeed, different 

parameters, regarding both the formulation and the lyophilization process, are to be taken 

into account, as not respecting these parameters can have strong undesired outcomes. 

 
10.1. Formulation Design 

 
The formulation is the basis of obtaining a strong, stable and dry end-product. The role of the 

formulation is to provide protection for the protein during freezing and drying, assuring long-

term stability to the protein and to deliver a strong, elegant cake structure360,362.  
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Designing a formulation can appear overwhelming at first, as quite a variety of compounds 

can be added to a formulation. Different categories, each with a specific purpose to the 

formulation, contain a list of compounds from which one can choose. The choice of the 

compounds depends on the desired characteristics one wishes to obtain for the end-product, 

and so formulation design starts by defining these characteristics. Starting volume, pH, 

tonicity, administration route of the end-product, cake structure, storage temperature, mass 

of pharmaceutical compound or protein per vial are all examples of characteristics one should 

consider, and they should preferably be defined before starting with the design of the 

formulation359. 

 

A general recipe for a formulation consists of 5 different components (excluding the 

pharmaceutical compound). Note that depending on the desired characteristics of the end-

product one or more of the components might be left out of the formulation as each 

component has its purpose in the formulation. For example, one might find that a surfactant 

is irrelevant to add in the formulation if one uses coated vials to prevent adherence to the vial 

wall. 

 
• A first compound to add in the formulation is a cryoprotectant363. Its role is to protect 

the pharmaceutical ingredient against damage inflicted by water crystals formed 
during the freezing phase of the lyophilization process. A cryoprotectant generally 
does not add any protection nor increases the stability to the pharmaceutical 
compound after the lyophilization. Examples of cryoprotectants used in lyophilization 
are maltose, glucose, hydroxypropyl-β-cyclodextrin (HPβCD), polyethylene glycol 
(PEG), glycerin, mannitol, sorbitol, inositol and thiol. 

 
• The lyoprotectant serves to increase the stability and avoid any form of degradation 

of the compound both during the lyophilization and afterwards during long term 
storage364. Most cryoprotectants have lyoprotectant capabilities and so typically only 
one compound can be chosen to fulfill both roles. Examples of combined cryo- and 
lyoprotectants are sucrose and trehalose. The correct choice of cryo- and lyoprotectant 
forms the basis to obtain a long-term stable product.  

 
• A bulking agent is often added to obtain a strong visible cake after lyophilization361. 

Especially in low amounts of pharmaceutical ingredient, a bulking agent might be 
considered as this will provide a visible end-product. Not only does a bulking agent 
provide a good cake after lyophilization, but the correct choice along with the adapted 
lyophilization settings will improve the efficiency of the drying process and decrease 
the residual moisture content of the end-product, thus favoring the odds of obtaining 
a stable and dry end-product. Examples of typical bulking agents are mannitol, lactose 
sucrose, dextran, trehalose, glycine and povidone. The difference of certain 
compounds to act as protectant or as bulking agent lies in the form in which are used. 
Typically for compounds to act as protectant, they are required to remain in amorf 
form, while to act as bulking agent they are typically desired in crystalline form, which 
can be achieved by an annealing step. 

 
• A surfactant will provide protection for the pharmaceutical compound by avoiding 

sheer stress that can occur between for example the compound and the vial wall359. In 
addition, the surfactant will reduce stickiness of the product or solution to the wall 
after reconstitution. Typical surfactants are polysorbate 20 and 80.  
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A decent coating of the inner vial, can, as given as example above, render addition of 
a surfactant to the formulation obsolete.  

 
• A buffer is often added in small amounts (5 – 20 mM) to prevent pH shifts that might 

occur during lyophilization359. Some pharmaceutical compounds can be sensitive to 
pH shifts or are only stable in a certain pH range. To assure that the pH is retained 
both during the freeze-drying and after reconstitution, a good buffer choice is 
necessary. The amount of buffer should be as low as possible, as the buffers tend to 
have a strong impact on the lyophilization process.  
For example, some buffers have been reported to prevent crystallization of one of the 
other compounds, which can have great impact on the residual moisture content, the 
cake structure and the product stability. Examples of buffers can be sodium acetate, 
ammonium acetate, citrate,  

 

Additional excipients can be considered for specific purposes. For example, for 

radiopharmaceuticals a scavenger molecule such as ascorbic acid or gentisic acid is typically 

added. These scavenger molecules will protect the radiopharmaceutical complex from 

degradation due to radicals that can be formed by radioactivity. Another example is sodium 

chloride, which can be considered to retain the tonicity of the compound after reconstitution. 

This should, however, be carefully considered as sodium chloride can impact intrinsic 

characteristics of the solution that is to be lyophilized. 

 

When designing a formulation, special attention should be given to the Glass Transition 

temperature of the solution (Tg’) containing all the components of the formulation, as this Tg’ 

is a determining parameter for the setup of the lyophilizing cycle. The glass transition 

temperature of a solution is defined as that temperature where the frozen solution goes from 

a glassy (hard) state to a rubbery (molten) state. In other words, it is that temperature where 

there is a transition of state that does not allow any mobility of any compounds in the frozen 

solution to a state where mobility can occur inside the frozen solution. This Tg’ is an important 

parameter to know, as a significant part of the lyophilization process should happen below 

this measured Tg’ of the frozen solution357. Changing compounds to affect the Tg’ can be a 

well thought choice, as lyophilizing a solution with a low Tg’ is economically costlier and can 

be more difficult to lyophilize correctly.  

Note that the Tg’ should not be confused with the Glass Transition temperature of the dried 

product (Tg). The Tg’ is a parameter measured before freeze-drying and gives an indication 

of the operating temperature during the lyophilization cycle, whereas the Tg is a characteristic 

of the dried end-product, which dictates at which temperature a dried compound can be 

stored. Storage of a dried product should happen at least a few degrees (5 to 10°C) below the 

Tg. 

 
10.2. Lyophilization Process 

 

The lyophilization cycle can be divided in different steps, freezing with an optional annealing 

step, primary and secondary drying (Fig. I - 23). In a cycle development, each step should be 

analyzed separately and optimized independently, as each step influences the product and 

has its own purpose. 

 



 

 67 

 
Fig. I - 23: Schematic representation of a typical freeze-drying or lyophilization cycle, comprised of a 

freezing, primary drying and secondary drying step. Image reproduced with permission of the 

owner.365 © Copyright Cytiva 

• Freezing 

Freezing is the first step of the process357. This freezing should happen well below the Tg’ of 

the solution, to assure that all compounds are immobilized. Typically, the shelf temperature 

is decreased from 5°C to 15°C down to – 40°C to -50°C. While this step seems quite 

straightforward and simple, the freezing method can have important influences on the rest of 

the process. During freezing, it is important to realize that a large part of the water molecules 

is separated from the pharmaceutical compound and other excipients as ice is formed. This 

can lead to a significant and important increase in concentration of components. Other 

important events that can occur during the freezing is cold denaturation of proteins and 

crystallization of buffers (phosphate buffer systems) or other components, such as mannitol, 

that might lose the ability to stabilize proteins. 

Annealing is a process step during which samples are maintained at a specific subfreezing 

temperature for defined period of time366. This process step is performed prior to the full 

freezing of the samples with the purpose to crystallize one of the components before the 

drying process357. The annealing temperature is determined by the intrinsic characteristic of 

the compound that one wishes to crystallize, which can be measured by Modulated Digital 

Scanning Calorimetry (MDSC). For example, mannitol is known to crystallize around -20°C, 

so an annealing at -20°C can be performed to crystallize the mannitol. Additional to the 

crystallization of a solute, annealing can also affect the primary drying, as annealing above 

the Tg’ will result in ice crystal growth, which in turn decrease the product resistance to flow 

of water vapor and so decrease the primary drying time367. In our case, we perform an 

annealing to crystallize the mannitol, which ensures a strong cake structure and increases the 

Tg of our dried product, as amorphous mannitol has a Tg of only 13°C, while crystallized 

mannitol can withstand temperatures up to 150°C, due to its strong crystal structure. MDSC 

is a useful technique to measure thermal events and state transitions of a sample and therefore 

can be used to measure glass transition temperatures and crystallization events368. MDSC is a 

technique that can simulate heating and freezing cycles both on a solution pre-lyophilization 

and on a dried product post-lyophilization.  
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MDSC is indispensable for a formulation design and cycle development, as one can measure 

the Tg’ of a formulation, which is a critical parameter for the primary drying, as well as 

crystallization events, which will determine the temperature at which one should do 

annealing, if desired. Therefore, MDSC can already give a strong indication of the potential of 

a formulation. Additionally, measuring the Tg after freeze-drying is equally of importance, as 

this will give an indication of the successfulness of the freeze-drying and determine the 

storage temperature of the dried product. Finally, in case of subtle changes in a formulation, 

MDSC can avoid having to go through the whole lyophilization cycle to verify the impact of 

the changes on the formulation. 

• Primary drying 

Once all the samples are completely frozen, temperature can be adjusted, and the pressure 

can be lowered to begin the primary drying. Primary drying is the step that removes the 

largest water content of the solution (up to 95%) in the cycle357. It is also the step that requires 

the most time. The low pressure and heat, transferred to the vials, will sublime the frozen 

water to vapor. The water vapor itself is being removed by a compressor, which allows the 

water vapor to re-solidify on its plates. It’s critical during this primary drying to work at 

temperatures below the Tg’369. Not respecting this condition will lead to undesired cake-

structures and inefficient drying of the product, leading to relatively high residual moisture 

contents.  

Primary drying is performed at low pressure to improve the sublimation rate. The chamber 

pressure (Pc), which determines the pressure at which the drying is being performed, 

influences both the heat transfer to the vials and the mass transfer from the vials, that is the 

mass of ice that is sublimed from the vials. From following equation, which represents the 

sublimation rate, we can see that the chamber pressure should be well below the Pice to achieve 

high sublimation rates: 
 

𝑑𝑚

𝑑𝑡
=
𝑃𝑖𝑐𝑒 − 𝑃𝑐

(𝑅𝑝 + 𝑅𝑠)
 

 

where, dm/dt is ice sublimation rate (in g/hour per vial), Pice is the equilibrium vapor pressure 

of ice at the sublimation interface temperature (Torr), and Rp and Rs are, respectively, the dry 

layer and stopper resistance to water vapor transport from the sublimation interface (Torr * 

h/g)367. 

 

Next, is to determine the shelf-temperature at which to operate to achieve the correct or 

desired product temperature. This can be quite complex, but it is critical to determine or 

estimate a correct shelf-temperature, as this is the heat source for ice sublimation and 

exceeding Tg’ during the drying should be avoided.  

 

The product temperature is the temperature of the actual content inside the vial at a certain 

time and is subjected to influences of chamber pressure, shelf temperature, heat transfer 

coefficient of the container (usually this is the vial), thermal history of the formulation and 

even of the freeze dryer. Additionally, product temperature can vary depending on the 

position of a vial. For example, product temperature is usually higher at the front, side or back 

and colder in the interior of a pack of vials. This is due additional radiation heat transfer from 

the door and chamber wall to the edge vials.  
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This product temperature heterogeneity can be minimized by placing empty vials that will 

act as buffers for the radiation heat transfer and by placing aluminum foils on the inside of 

the chamber door. The shelf temperature required to achieve the desired product temperature 

can be estimated via a combination of two equations: 

 

First, we have the heat transfer equation from shelf to samples, which is expressed as: 

 
𝑑𝑄

𝑑𝑡
=  𝐴𝑣 ∗ 𝐾𝑣 ∗ (𝑇𝑠 − 𝑇𝑏) 

 

, where dQ/dt is the heat transfer rate (in cal/hour per vial), Av is the vial cross-sectional area 

(in cm2), Kv is the heat transfer coefficient of the vials, Ts is the shelf temperature (in K) and Tb 

is the temperature at the vial bottom370. 

 

Second, the temperature at the vial bottom, assuming all the heat consumed by ice sublimation 

is provided by the freeze-dryer shelf, can be calculated with following relationship: 
 

𝑇𝑏 =

(

 
 
((
𝑑𝑄
𝑑𝑇
) ∗ 𝑙)

𝐴𝑣 ∗ 𝐾𝑖

)

 
 
+ 𝑇𝑝  

 

, where l is the ice thickness, measured as the fill depth of the solution at the beginning of 

primary drying divided by ice density, Ki is the thermal conductivity of ice and Tp is the 

product temperature as determined by manometric temperature measurement (MTM). 

 

Finally, by working out the combination of the two equations for Ts, we receive: 
 

𝑇𝑠 = 𝑇𝑝 + (
1

𝐴𝑣
) ∗ (

𝑑𝑄

𝑑𝑡
) ∗ (1/𝐾𝑣 + 𝑙/𝐾𝑖) 

 

At last, the physical properties of the freeze-dryer should be evaluated carefully, as to avoid 

overloading of the machine and choked flow357,371. Overloading the freeze-dryer can have 

great negative consequences; overloading of the shelves can lead to an improper freezing of 

the samples or improper product temperature, as there can be too much heat transfer to the 

shelf from the samples, which wouldn’t allow proper temperature control of the samples. 

Related to an overloading of the machine, is the phenomenon of choked flow. Choked flow 

must be avoided at all times, as this will cause build-up of pressure in the chamber and will 

so lead to an improper drying process. Choked flow occurs when the evacuation of the water 

vapor from the chamber is too low compared to the water vapor that is formed or coming 

from the samples. As a result, water vapor will remain in the chamber and increase the 

chamber pressure. This in turn, as we saw in the equation (1), will change the sublimation 

rate.  

 

Choked flow can be avoided by loading less samples, changing to a more powerful 

compressor or, in the case the compressor is capable, enlarging the evacuation opening and 

connection piece of the chamber to the compressor as to allow a higher flow of gas or water 

vapor. 
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The primary drying time, which is directly related to the sublimation rate, is determined by 

numerous factor, that also affect the sublimation rate, such as chamber pressure, heat transfer, 

product resistance…372. The end of the primary drying is the point where there is no more ice 

sublimation and no more heat removal by sublimation. As such, an increase in product 

temperature to the shelf temperature occurs as well as a change in the vapor or gas 

composition that is evacuated from the chamber370. Although different methods exist to 

measure this primary drying end point, only one will be mentioned and explained in detail 

here.  

The Pirani-Baratron method is based on making a ratio of the results of two pressure 

measuring tools357. Their fundamental difference in the way of measuring is critical for a 

correct assessment of the end of primary drying.  

The Pirani pressure measuring tool is based on correlating a gas pressure with its heat 

conductivity. An electrical current is passing through a filament, which will heat up. Heat is 

transferred from the filament to the gas and depending on the gas pressure, and so on the 

density of the gas, a difference in heat transfer occurs. As such, the electrical conductivity of 

the filament changes as the heat transfer changes, which can be measured. The Pirani tool is 

sensitive to the gas type or gas composition and must be calibrated to a certain gas type or 

composition. In freeze-drying, the Pirani tool is calibrated for nitrogen gas. The Baratron 

pressure measuring tool is a capacitance-based measuring tool and is independent of gas type 

or gas composition to measure the pressure. This tool measures the absolute pressure of the 

gas during freeze-drying. Since at the end of primary drying, there is no more sublimation, 

the gas composition changes from a mixture of water vapor and nitrogen gas during 

sublimation, to a 100% nitrogen gas composition, when sublimation stops. During the drying 

the Pirani tool will show a high pressure due to the high thermal conductivity of the water 

vapor. When the primary drying is finished, no more water vapor is present in the gas and 

the gas composition will have changed to 100% nitrogen gas. At this point, the Pirani 

measuring tool can measure the actual pressure of the gas, as it has been calibrated for this 

gas, and as a result the Pirani-Baratron ratio should be 1. This marks the end of the primary 

drying. 

 
• Secondary drying 

Secondary drying serves to decrease the residual moisture that is adsorbed to the formed 

structure. Typically, 5 – 20% residual moisture is present after primary drying357. The goal of 

secondary drying is to further reduce the residual moisture to under 1%, to ensure stability of 

the dried product357. Secondary drying requires more energy than primary drying, as the 

water content is removed by desorption357. Secondary drying typically occurs at temperatures 

above freezing and can reach up to 50°C357. Two parameters are important to measure after 

secondary drying:  

First, the Glass Transition temperature (Tg) of the dried product, which should not be 

confused with the Tg’ of the corresponding solution prior to lyophilization. The Tg of the 

dried product will dictate at which temperature the samples can safely be stored.  

It is recommended to store samples about 10°C below the measured Tg. Note that the Tg is 

strongly correlated with the residual moisture content of the samples, as water is the main 

factor that influences stability of a dried product and hence the importance of secondary 

drying. The Tg of a dried product can, like the Tg’ of a solution, be measured with MDSC. 

Second is the residual moisture content itself. Measuring the residual moisture can be desired 

to verify the successfulness of a freeze-drying cycle.  
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Moreover, it allows for further optimization, if the measured RM is not at the desired level or 

if the Tg is below a desired target temperature. As stated, the water strongly affects the Tg 

and the stability of a dried product, and it is therefore desired to obtain a RM content as low 

as possible. A difference of RM of 1%, at low RM contents, can influence the Tg by 10°C or 

more361. The RM content can be measured by Karl-Fisher (KF) titration, thermal gravimetric 

analysis (TGA) or near IR spectroscopy373. 
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CHAPTER II: GOAL AND OUTLINE 

 
Radiopharmaceuticals (RPs) are strongly regulated and can sometimes require complex 

production processes. To enhance and facilitate their usage and distribution, RPs are often 

delivered in kit form, if possible. The kit concept relies on the ability to manufacture and 

provide the precursor of the final tracer in a complete package, containing the required 

compounds and accessories for a facile, rapid, and reproducible preparation of the RP. Such 

kits typically contain a vial with the precursor in lyophilized form, for enhanced stability, in 

a suitable formulation which allows for direct labeling without requirement of further 

purification method. Kits can be optimized so that a standardized preparation procedure does 

not require a final purification or sterile filtration and provides the final product ready for 

injection with minimal quality control (QC). Many kits have been developed for different 

tracer types, mostly for 99mTc- and 68Ga-labeling, as these radionuclides can easily be 

quantitatively labeled via a chelator in a small timeframe and are available via generator. As 

mentioned before, the precursor, which consists of the targeting vehicle and the chelator, can 

be manufactured in large quantities independently of the radioactive labeling procedure, 

which can reduce cost-of-goods. Typical kit formulations consist of a precursor, one or more 

lyophilization excipients, a buffering compound, a stabilizer (or radioprotectant) and a 

compound to adjust tonicity or a different combination thereof. As described earlier, the 

lyophilization is often employed to increase the stability of the precursor, allowing a long-

term shelf-life of the kit. The combination of kits with generator produced radionuclides, such 

as 99mTc and 68Ga, is quite advantageous as this allows for a clinical center to easily produce 

the radiopharmaceutical independently of centralized production centers and without 

requiring extensive equipment and personnel. Additionally, this allows also for more 

flexibility in patient scheduling, for example the radiolabeling process can be started when 

the patient has checked in the hospital, minimizing the risk of wasting a prepared 

radiopharmaceutical due to delay. Additionally, a kit, after validation and registration, allows 

a partial shift in responsibility from the local radiopharmacies to the provider of the kit, as for 

example, the preparation procedure of the kit does not have to be revalidated at the site itself 

and the manufacturer of the kit guarantees certain quality conditions of the kit, such as 

composition, chemical purity, apyrogenicity, sterility and particle size, hereby negating the 

need to hold a specific GMP license to manufacture such compounds. 

 

Our aim is to develop a kit for the [68Ga]Ga-NOTA-sdAb tracers, as to benefit from the 

advantages a kit brings, such as easier distribution and standardized, simple and rapid 

radiolabeling procedure providing a quality product upon each radiolabeling. The diagnostic 

kit we intend to develop should have a reasonable shelf-life at the intended storage 

temperature of 2 – 8°C and should be robust and compatible with the different available 68Ga 

generators available on the market today. The kit manufacturing process should be 

translatable to a GMP manufacturing process and ideally, the kit design should be applicable 

to any sdAb functionalized with the NOTA chelator (NOTA-sdAb). Currently, the [68Ga]Ga-

NOTA-sdAb tracers, being investigated in clinical trial, lack such a kit form and their 

preparation now involves numerous manual procedures, easily taking 30 minutes of time, 

followed by an extensive QC. 
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To achieve the aim, the possibility to lyophilize NOTA-sdAbs (NOTA-anti-HER2, NOTA-

anti-MMR) and to obtain a quality dried product was investigated, the ability to optimize the 

NOTA-sdAb precursor was evaluated and the compatibility with the different currently 

market approved 68Ga generator was assessed by simulation at the highest available activity. 

 

Chapter III describes the design of a freeze-drying formulation and the development of the 

drying cycle. Different stability studies were undertaken to evaluate the stability of the dried 

product over time and to assess the impact of optimization steps to arrive at a final 

formulation and drying cycle. The aim is to obtain a dry product with at least 12 months of 

shelf-life, stored at 2 – 8°C. Additionally, in vivo studies were performed to evaluate  the  

impact of lyophilization on the tracer and to confirm if lyophilization can be applied on sdAb-

based tracers to increase their stability. 

 

Chapter IV describes the development of a method that allows separation of sdAbs with a 

different degree of conjugation to a chelator. Upon separation, using anion exchange 

purification, the different fractions were further evaluated in vitro and in vivo to assess the 

impact of the conjugation degree on the physical properties of the functionalized sdAbs. 

Additionally, based on these results, both the NOTA-anti-HER2 and NOTA-anti-MMR 

precursors could be further optimized regarding the NOTA-conjugation step to obtain the 

desired conjugation degree. 

 

Chapter V describes the development of an anti-radiolytic formulation, where different 

compounds are investigated for their radioprotectant effect. Such a formulation can be 

indispensable for high activity radiolabeling, where a process called radiolysis can have 

detrimental impact on the tracer. The goal is to design an anti-radiolytic formulation that 

stabilizes the final radiotracer for up to 4 hours post labeling. Additionally, a first concept for 

the final kit design is contemplated, where both the anti-radiolytic formulation and 

lyophilized precursor are integrated. 

 

In this thesis we performed the different steps for the development of a diagnostic cold kit for 

the preparation of [68Ga]Ga-NOTA-sdAb tracers, which can, in the coming future, be 

manufactured under GMP conditions  and distributed to different centers to be used for 

multicenter clinical trials. 
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Abstract:  

Lyophilization is commonly used in the production of pharmaceutical compounds to increase 

the stability of the Active Pharmaceutical Ingredient (API) by removing solvents.  This study 

investigates the possibility to lyophilize an anti-HER2 and an anti-MMR single-domain 

antibody fragment (sdAb)-based precursor as a first step in the development of a diagnostic 

kit for PET imaging. 

Methods: NOTA-sdAb precursors have been lyophilized with the following formulation: 100 

µg NOTA-sdAb in 0.1 M NaOAc (NaOAc), 5% (w/v%) mannitol-sucrose mix at a 2:1 ratio and 

0.1 mg/mL polysorbate 80. During development of the formulation and drying cycle, factors 

such as cake appearance, glass transition temperature and residual moisture were analyzed 

to ensure qualitative and stable lyophilized samples. Stability studies of lyophilized precursor 

were conducted up to 18 months after storage at 2-8 °C by evaluating the precursor integrity, 

aggregation, functionality and 68Ga-labeling efficiency. A comparative biodistribution study 

(lyophilized vs non-lyophilized precursor) was conducted in wild type mice (n = 3) and in 

tumor bearing mice (n = 6). 

Results: The lyophilized NOTA-anti-HER2 precursor shows consistent stability data in vitro 

for up to 12 months at 2–8 °C in three separate batches, with results indicating stability even 

for up to T18m. No aggregation, degradation or activity loss was observed. Radiochemical 

purity after 68Ga-labeling is consistent over a period of 12 months (RCP ≥ 95% at T12m). In 

vivo biodistribution analyses show a typical [68Ga]Ga-NOTA-anti-HER2 sdAb distribution 

profile and a comparable tumor uptake for the lyophilized compound vs non-lyophilized 

(5.5% vs 5.7%IA/g, respectively).  

In vitro results of lyophilized NOTA-anti-MMR precursor indicates stability for up to 18 

months, while in vivo data show a comparable tumor uptake (2.5% vs 2.8%IA/g, respectively) 

and no significant difference in kidney retention (49.4% vs 47.5%IA/g, respectively). 



90 
 

Conclusion: A formulation and specific freeze-drying cycle were successfully developed to 

lyophilize NOTA-sdAb precursors for long-term storage at 2-8 °C. In vivo data show no 

negative impact of the lyophilization process on the in vivo behavior or functionality of the 

lyophilized precursor. These results highlight the potential to develop a kit for the preparation 

of 68Ga-sdAb-based radiopharmaceuticals. 

Keywords: Lyophilization, radiopharmaceuticals, cold kit, gallium-68, PET imaging 

1. Introduction 

Germanium-68/gallium-68 (68Ge/68Ga) generators are widely used in the preparation of 68Ga-

labeled radiotracers1,2. The introduction of these generators led to the development of new 
68Ga tracers2-4 along with ‘cold’ kits5-9, as it has been the case for [99mTc]Tc-based-tracers10. Such 

kits facilitate the distribution and storage of the precursor and allow a simple and 

standardized preparation of the radioactive compound, consistently ensuring a qualitative 

product upon each preparation. The kit concept is quite attractive, especially for 68Ga-labeling, 

as the preparation and usage of such tracers is greatly simplified. Buffer is added to the 

precursor, followed by the 68Ga eluate from the generator, yielding high radiochemical purity 

(RCP) in only a matter of minutes. Furthermore, the preparation can be performed on-site, 

and the resulting radiopharmaceutical does not require additional purification or sterile 

filtration. Examples of approved kits for 68Ga-labeling are the NETSPOT® (manufactured by 

Advanced Accelerator Applications (AAA)) with FDA market approval, SOMAKIT TOC® 

(manufactured by AAA) with European market approval for somatostatin positive 

Neuroendocrine Tumor (NET) diagnosis and ILLUMET™ (manufactured by Telix 

Pharmaceuticals) for diagnosis of Prostate-Specific Membrane Antigen (PSMA)-expressing 

prostate cancers with FDA approval for Investigational New Drug (IND)-research studies.  

These kits rely on peptides as targeting vehicles for the delivery of the radionuclide to a 

specific in vivo target of disease, however, other types of targeting vehicles could also benefit 

from such a kit concept. One particular vehicle of interest are single-domain antibody 

fragments (sdAb) which have shown to be excellent targeting vehicles as well and have been 

at the basis of several molecular imaging tracers11-15. SdAbs (trade marked as Nanobodies by 

Ablynx) are the recombinantly-produced variable fragments of Heavy-chain only antibodies 

(HcAb), a particular type of antibodies found in the blood of camelidea16. These HcAb lack light 

chains and their antigen binding site consists of only one variable domain (compared to two 

domains in the conventional antibody)17,18. It is this single, small, fully functional variable 

domain that can be isolated and used as targeting vehicle for a variety of applications due to 

its unique characteristics19. SdAbs are small (12 – 15 kDa), have short plasma half-lives, strong 

affinity (nanomolar to picomolar range), great specificity, high in vivo stability and favor renal 

body clearance, leading to relatively low biological half-lives (ranging between 1h and several 

hours for humans), which are ideal properties for tracers20-25.  
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Since sdAbs are derived from HcAbs, they can be generated to virtually any target. This 

provides the potential for a wide field of applications, which lead, along with their favorable 

characteristics and compatibility with versatile (radio)chemistry (e.g. fluorination, iodination, 

metal coordination chemistry, protein modification, fluorescence chemistry etc.), to the 

development of a variety of sdAb-based tracers for both imaging24 (molecular 

characterization11,26, diagnosis12,27,28, image-guided surgery29) and targeted radionuclide 

therapy (TRNT)15,30-32. 

Clinical development of these sdAb-based tracers has already been initiated, with a first 

tracer, targeting HER2, being investigated in a theranostic setting (where the basis of the tracer 

serves for both diagnostic and therapeutic purpose) in HER2-positive breast cancer: it is being 

investigated as [68Ga]Ga-NOTA-anti-HER2 VHH1 in academic clinical trials (VUB – UZ 

Brussel) for diagnosis via PET/CT imaging with a completed Phase I safety study (EudraCT 

2012-001135-31)24 and two ongoing Phase II studies (EudraCT 2016-002164-13 – 

NCT03924466; EudraCT 2015-002328-24 – NCT03331601), while the [131I]I-SGMIB-anti-HER2 

VHH1 variant is being investigated in a corporate clinical trial (Precirix NV) for a therapeutic 

approach with a completed Phase I safety study (EudraCT 2015-004840-21/NCT02683083)25. A 

second tracer, targeting the Macrophage Mannose Receptor (MMR) or CD206, has entered an 

academic Phase I/II study (VUB – UZ Brussel) as [68Ga]Ga-NOTA-anti-MMR-VHH2 for the 

detection of protumorigenic MMR-expressing Tumor Associated Macrophages (TAM)33 

(EudraCT 2017-001471-23), with additional potential imaging applications of atherosclerotic 

plaques26,34,35 or rheumatoid arthritis36. A third sdAb-tracer has been developed targeting 

Vascular Adhesion Molecule 1 (VCAM-1) and is being prepared for clinical investigation as 

[99mTc]Tc-VCAM-1 for imaging of atherosclerotic lesions via SPECT/CT37 (Centre Hospitalier 

Universitaire Grenoble Alpes). 

As for other 68Ga-tracers5-9,38-43, developing a ‘cold’ kit for 68Ga-labeling of sdAb-based tracers 

would be greatly beneficial, as a kit-form would allow us to perform envisaged multi-centric 

studies and, ultimately, to commercialize these products. Lyophilization, a method to remove 

solvents (typically water) from solutions, is commonly applied to increase the stability of the 

kit precursor, and for pharmaceuticals in general, otherwise unstable in solution. With the 

advantages of lyophilization44, the growing market of biopharmaceuticals has shown an 

increased interest in employing such a method on products for medical use45-47. Due to the 

relatively low stability of sdAbs in solution, requiring storage at low temperature (- 20 °C) to 

obtain a reasonable shelf-life, lyophilization could also be applied to increase the stability. The 

success of lyophilization would be an important (and indispensable) achievement as a first 

step towards the development of a practical, easy-to-use and commercially viable kit. 

In this study, the anti-HER2 and the anti-MMR sdAbs were conjugated with p-SCN-Bn-

NOTA, a bifunctional chelator for 68Ga-labeling, and the lyophilization of the NOTA-sdAb 

precursors was evaluated in the context of developing a ‘cold’ diagnostic kit. Stability studies 

at 2–8 °C and in vivo experiments were conducted to assess the stability over time and the 

influence of the drying process on the in vivo behavior of the lyophilized precursor. 
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2. Materials & Methods 

All commercially obtained chemicals were of analytical grade. The recombinant anti-HER2 

‘2Rs15d/VHH1’ and anti-MMR ‘MMR3.49/VHH2’ sdAb-proteins were produced without 

terminal tags by the VIB Protein Service Facility in Pichia pastoris and were formulated in PBS 

during the final batch purification.   

p-SCN-Bn-NOTA was purchased from Macrocyclics (Macrocyclics, Inc., Plano, TX, USA). 

High purity water for trace analysis (TraceSELECTTM, Riedel-de-Haën, Honeywell Research 

Chemicals, Seelze, Germany) was used for the preparation of radiolabeling buffer. 68Ga was 

obtained from 68Ge/68Ga Galli EoTM generators (IRE ELiT, Fleurus, Belgium).  

The 68Ge/68Ga generators used in this project were typically 8 to 9 months upon retrieval, after 

serving in clinical routine, with activities ranging between 300 and 550 MBq.  

The generators have clinical expiry date of 12 months, however, they were used past their 

expiry date during this project. 

• Chromatographic Analysis 

Size exclusion chromatography (SEC) purification of NOTA-sdAb was conducted on an NGC 

Chromatography system (Bio-Rad Laboratories, USA) using a Superdex 30 preparatory grade 

(PG) HiLoad 16/600 column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) at a flow rate 

of 1 mL/min (injected mass > 6 mg) or a Superdex Peptide 10/300GL column (GE Healthcare 

Bio-Sciences AB, Uppsala, Sweden) at a flow rate of 0.5 mL/min (injected mass < 6 mg) with 

0.1 M NaOAc pH 7 (NaOAc trihydrate, VWR Chemicals, Leuven, Belgium) as mobile phase. 

The latter was also used for quality control and follow up of NOTA-sdAbs stability.  

Quality control (QC) of [68Ga]Ga-NOTA-sdAbs was performed on a Hitachi Chromaster 

Chromatography system (VWR, Leuven, Belgium) using SEC on a Superdex Peptide 3.2/300 

column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) at a flow rate of 0.15 mL/min with 

0.02 M PBS/0.28M NaCl pH 7.4 (PBS Tablets, Merck, Darmstadt, Germany) as mobile phase. 

QC was also assayed with binderless glass microfiber paper that was impregnated with silica 

gel (instant thin layer chromatography, iTLC-SG) (Agilent Technologies, Diegem, Belgium) 

with 0.1 M sodium citrate pH 5 (Citric acid, trisodium salt, dihydrate – Citric acid 

monohydrate, Acros Organics, part of Thermo Fisher Scientific, Geel, Belgium) as mobile 

phase. 

Examples of each chromatographic profile are provided in Sup. Fig. S1 to S4. 

• Conjugation of p-SCN-Bn-NOTA to sdAb proteins 

SdAb proteins (Anti-HER2: 3 – 13mg, 0.24 – 1.03 μmol; Anti-MMR: 10 – 16 mg, 0.79 – 1.26 

μmol) were buffer-exchanged to 0.05 M sodium carbonate/0.15 M NaCl buffer (Sodium 

carbonate anhydrous – Sodium hydrogen Carbonate – Sodium Chloride, VWR Chemicals, 

Leuven, Belgium), pH 8.7, using PD-10 size exclusion disposable columns (GE Healthcare, 

Buckinghamshire, UK). Protein solution (1.5 – 2 mg/mL) was added to a ten-fold (anti-HER2) 

or twenty-fold (anti-MMR) molar excess p-SCN-Bn-NOTA, pH adjusted to 8.5 – 8.7 with 0.2 

M Na2CO3. After 2 h incubation at room temperature (RT), the pH of the reaction mixture is 

lowered to pH 7.4 by adding 1 M HCl (Suprapur, Merck, Darmstadt, Germany). The NOTA-

sdAb protein solution was loaded on a SEC column.  
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The collected fractions containing the monomeric NOTA-sdAb protein were pooled and the 

solution was passed through a 0.22 m filter.  

The protein concentration is determined by UV absorption at 280 nm (NOTA-anti-HER2 

sdAb: ε = 49690 M-1.cm-1, MW = 13310 g/mol; NOTA-anti-MMR sdAb: ε = 40660 M-1.cm-1, MW 

= 13130 g/mol). 

• Formulation of the kit 

Before lyophilization, samples were prepared by mixing the NOTA-sdAb precursor with the 

compounds of the designed formulation. A stock solution was prepared for each formulation 

compound. For 500 mL of stock solution, 16.65 g of D-Mannitol (≥ 98%, Sigma-Aldrich, St. 

Louis, MO, USA) and 8.35 g Sucrose (≥ 99.5%, Sigma-Aldrich, St. Louis, MO, USA) were 

weighed and transferred to a 500 mL glass bottle (SCHOTT, Mainz, Germany) to which 450 

mL of highly pure water was added. Finally, 50 mg of Polysorbate 80 (Merck, Darmstadt, 

Germany) was added to the mixture and water was further added to reach a final volume of 

500 mL.  

A one mL stock solution was transferred in a glass vial (SCHOTT, type 1 Plus Glass Vial, ISO 

Standard, TopLine, Adelphi Healthcare Packaging, Haywards Heath, UK), to which the 

NOTA-sdAb precursor (100 µg, 50 – 100 µl) was added. The stopper (Westar, FluroTec® 

Laminated Freeze Dry Stopper, Bromobutyl 4023/50 Grey, Adelphi Healthcare Packaging, 

Haywards Heath, UK) was placed and samples were transferred to the freeze-dryer (Telstar, 

LyoBeta). 

• Freeze-drying process 

The freeze-drying cycle was initiated by freezing the samples down to -45 °C (-1 °C/min) and 

maintaining that temperature for 1h to solidify the samples. The temperature was then 

gradually increased (+1 °C/min) to -20 °C to initiate the annealing step, inducing the 

crystallization of mannitol. The samples were then returned to -45 °C for solidification for 1 

hour. After that, vacuum (100 µbar) was applied in the chamber and the temperature was 

gradually increased (+1 °C/min) to -30 °C, which marks the start of the primary drying. The 

primary drying was carried out for 15 h, after which a slow gradual temperature increase was 

performed (0.2 °C/min) up to 30 °C to initiate the secondary drying. The secondary drying 

was carried out for 8 h to obtain the desired residual moisture (RM) level of less than 1.5%. At 

the end of drying process, the vials are closed under controlled nitrogen conditions. 

• Modulated Digital Scanning Calorimetry (MDSC) 

The glass transition temperature of the lyophilized product was determined via Modulated 

Differential Scanning Calorimetry (MDSC) using a differential scanning calorimeter Q2000 

(TA instruments, Zellik, Belgium). Tzero pans (TA instruments, Zellik, Belgium) were filled 

with approximately 5 mg of the lyophilized material. The MDSC cell was constantly purged 

with dry nitrogen at a flow rate of 50 mL/min. The sample was initially cooled down to 0 °C. 

This temperature was maintained for 5 min. Subsequently the temperature was linearly 

increased until 175 °C at a heating rate of 5 °C/min. The modulation amplitude and period 

were set at 0.531 °C and 40 s, respectively. The analysis was conducted in duplicate. The 

thermograms were analyzed with TA Instruments Universal Analysis 2000 version 4.7A (TA 

Instruments, Zellik, Belgium). An example of analysis is provided in Sup. Fig. S5. 
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• Karl-Fischer (KF) titration 

The RM content of the lyophilized product was determined using Karl Fischer titration. The 

freeze-dried product was reconstituted with a known volume of dry methanol (Sigma-

Aldrich, St. Louis, MO, USA) and left to equilibrate for roughly 15 min. With the help of a 

syringe, a known volume of this solution was volumetrically removed from the vial, injected 

in the titration vessel of the Mettler Toledo V30 volumetric Karl Fischer titrator 

(Schwerzenbach, Switzerland) and titrated with Hydranal® titration solvent (Sigma-Aldrich, 

S. Louis, MO, USA).  

Prior to the measurement of the residual water, the moisture content of the dry methanol was 

determined in triplicate and subtracted from the result. The RM content of the freeze-dried 

product was determined on two vials.  

• SDS-PAGE 

SDS-PAGE was performed on NOVEX Wedgewell 16% 10-well gel (Thermo Fischer Scientific, 

Carlsbad, CA, USA), where 10 and 2 µg of NOTA-sdAb was loaded in both reducing and non-

reducing conditions.  

The gel was run at 150 V for 80 min, after which a Coomassie Blue staining was performed for 

detection. Gels were visualized with the Amersham 680RGB Imager (GE Healthcare Bio-

Sciences AB, Uppsala, Sweden) and analyzed via the GE ImageQuant TL 1D v 8.2.0 analysis 

software. An example of analysis is provided in Sup. Fig. S6. 

• Western Blot 

Western Blot (WB) was performed with 5 µg of NOTA-sdAb in both reducing and non-

reducing conditions. The blotting was performed on a nitrocellulose paper (Biorad) at 100 V 

for 60 min. The membrane was blocked in blocking buffer overnight in the fridge (1 g of 

powder milk in 50 mL PBS) (Nestlé, Nidal 2). 

The membrane was rinsed and incubated with a monospecific polyclonal primary rabbit anti-

2Rs15d or anti-MMR3.49 antibody (1 µg/mL) for 1 h, then washed and incubated with a 

secondary goat anti-rabbit-IRDye800CW (LI-COR, 926-32211) antibody (0.1 µg/mL) for 1 h. 

Membranes were scanned using the Odyssey Imaging system (LI-COR, Lincoln, NE, USA) 

with Odyssey Application software V3.0.21 at 700 nm with intensity of 5.0 and at 800 nm with 

an intensity of 1.5, with a resolution of 84 µm. An example is provided in Sup. Fig. S7. 

• Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) was performed on a Biacore T200 (GE Healthcare) system 

as described previously12,14. Briefly, a CM5 chip was coated with either recombinant HER2Fc 

or recombinant hMMR via 1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) chemistry. The affinity was determined by flowing different 

concentrations of precursor over the immobilized protein. The obtained curves were fitted 

with a 1:1 sdAb:antigen binding model to calculate the binding parameters. A reference 

sample containing anti-HER2-His6 or anti-MMR-His6 sdAb was added during each run. 

• Mass Spectrometry 

The number of conjugated NOTA-molecules to the sdAb was determined by ESI-Q-ToF-MS, 

which was performed by the GIGA Proteomics Facility of the University of Liège (Belgium).  
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Briefly, samples are ultrafiltrated using Amicon ultra filter (Millipore) with a 3 kDa cut-off 

membrane to remove salts and then re-diluted in a 30% ACN, 0.5% formic acid, 25 mM 

ammonium acetate solution. The analysis was performed on a Synapt G2 HDMS mass 

spectrometer (Waters) in positive ion mode. 

• Preparation of [68Ga]Ga-NOTA-sdAbs 

The 68Ge/68Ga generator was eluted at most 24 h prior to radiolabeling to minimize zinc 

contents. 

The lyophilized precursor (NOTA-sdAb) sample was first reconstituted with 1.1 mL 1 M 

NaOAc pH 5 (NaOAc trihydrate, VWR Chemicals, Leuven 3001, Belgium – Acetic acid, ≥ 

99.8%, puriss. p.a., Sigma-Aldrich, St. Louis 63103, MO, USA), after which the full 68Ga eluate 

(1 – 1.1 mL) was added. The sample was incubated for 10 min at RT and then analyzed for 

radiochemical purity by iTLC and SEC (radio-SEC: [68Ga]Ga-NOTA-sdAb tR= 9.04 min, σ = 

0.08 min; 68Ga-citrate tR= 13.25 min, σ = 0.08 min; radio-iTLC-SG: [68Ga]Ga-NOTA-sdAb Rf = 0, 
68Ga-citrate Rf = 1). 

Radiolabeling of the non-lyophilized precursor was performed in a similar way by diluting a 

NOTA-sdAb sample in 0.1 M NaOAc, with 1.1 mL 1 M NaOAc pH 5.   

Unless specified otherwise, the lyophilization excipients were dissolved in the corresponding 

amounts as the lyophilized samples prior to radiolabeling. 

• Cell culture 

The human ovarian cancer cell line SKOV3 (HER2+) was obtained from American Type 

Culture Collection (ATCC, Manassas, VA, USA) and the cells were cultured as described 

previously30. 

The murine lung adenocarcinoma cell line 3LL-R, a subclone of the LLC cell line48, was 

cultured in RPMI-based medium containing Pen/Strep (1%), L-Glu (1%), non-essential amino 

acids (1%) and 10% FBS (Gibco, Life Technologies). 

• Biodistribution and Tumor targeting study 

The mice were housed at 22 °C in 50-60% humidity with a light/dark cycle of 12h in filter 

cages. Food pellets and water were provided ad libitum. For animal handling and processing 

of data technicians and researchers were not blinded.  

All procedures followed the guidelines of the Belgian Council for Laboratory Animal Science 

under license LA1230272 and were approved by the Ethical Committee for Animal 

Experiments of the Vrije Universiteit Brussel (NOTA-anti-HER2-sdAb: license 18-272-2; 

NOTA-anti-MMR-sdAb: license 19-272-1) 

NOTA-anti-HER2-sdAb 

For the biodistribution study, six weeks old, healthy, female C57Bl/6 Jax strain were used from 

Charles-Rivers. For the experiment, mice (n = 3 per group) were injected with 11.0 MBq, σ = 

0.9 MBq of [68Ga]Ga-NOTA-anti-HER2-sdAb (5 µg), prepared from either lyophilized or non-

lyophilized precursor.  
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For the tumor targeting study, six weeks old, athymic, immune-deficient, female 

Crl:NU(NCr)-Foxn1nu mice were purchased from Charles-Rivers. The mice were inoculated 

subcutaneously in the intrascapular region with 107 HER2-expressing SKOV-3 cells. Tumors 

were grown for two months until a volume of 250 – 350 mm³ was reached.  

For the experiment, HER2+ tumor bearing mice (n = 6 per group) were injected with 17.8 MBq, 

σ = 0.8 MBq of [68Ga]Ga-NOTA-anti-HER2-sdAb (5 µg), prepared from either lyophilized or 

non-lyophilized precursor.  

NOTA-anti-MMR-sdAb 

For the biodistribution study, six weeks old, healthy, female C57Bl/6 Jax strain were 

purchased from Charles-Rivers. The mice were inoculated subcutaneously at the right flank 

with 5 x105 3LL-R cells. Tumors were grown for 13 days, reaching a tumor volume of 309.9 

mm3, σ = 170.0 mm3. 

For the experiment, 3LL-R tumor bearing mice were injected with 13.1 MBq, σ = 1.4 MBq of 

[68Ga]Ga-NOTA-anti-MMR-sdAb (5 µg), prepared with either lyophilized precursor (n = 4) or 

non-lyophilized precursor (n = 5). Mice were randomized in two groups based on tumor size, 

measured the day before the experiment. 

All mice were sacrificed 80 min post-injection (p.i.) for organ collection. The organs were 

weighed and measured for radioactivity in a gamma-counter (Cobra II, Packard). 

Tissue/organ uptake was calculated and expressed as a percentage injected activity per gram 

(%IA/g), corrected for decay. All procedures on living animals were performed while the 

animals were under anesthesia by isoflurane (ABBOTT, Ottignies-LLN Belgium) (5% 

induction in a box and 2.5% maintenance via a nose-cone). Mean results with standard 

deviations of ex vivo biodistribution data are available in Supplemental Table 1 to 3. 

Statistical analysis 

An unpaired student t-test was performed to compare the significance of uptakes in each 

organ between the lyophilized and non-lyophilized compounds. P < 0.05 was considered as 

significant. 

N.D. abbreviation stands for ‘Not determined’. 

3. Results 

• Lyophilization formulation 

The first step in the process of lyophilization is to design a suitable formulation of excipients. 

The designed formulation (Table III - 1) consists of a mix of sucrose and mannitol (5% 

w/wwater%, 1:2 ratio), where the sucrose acts as lyo- and cryoprotectant for the precursor and 

the mannitol acts as bulking agent to obtain a strong and elegant cake structure. A small 

amount of polysorbate 80 is present as well, which serves as surfactant to minimize vial wall 

interaction, reduce sheer stress and improve the recovery after reconstitution. The amount of 

0.1 M NaOAc depends on NOTA-sdAb concentration. 
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Table III - 1: Freeze-drying formulation 

Compound type Specific compound Amount 

API* NOTA-sdAb in 0.1 M NaOAc 
100 µg 

50 - 100 µl 

Lyo- and cryoprotectant Sucrose 16.7 mg /mL 

Bulking agent Mannitol 33.3 mg/mL 

Surfactant Polysorbate 80 0.1 mg/mL 

*API = active pharmaceutical ingredient 

• Lyophilization cycle development 

The freeze-drying cycle was designed starting from a base cycle (freezing, primary and 

secondary drying), from which eventually the final cycle was developed. The base cycle was 

conducted with conservative settings to assess the potential and feasibility of lyophilizing the 

NOTA-sdAb.  

The samples were frozen down to -45 °C for two hours. Subsequently, the pressure was 

lowered, and the shelf temperature was gradually increased to -30 °C, initiating primary 

drying. The primary drying time was set at 30 hours and was followed by a second gradual 

temperature increase to 20 °C to initiate the secondary drying. The secondary drying was set 

at nine hours. 

Due to a relatively low Tg of the dried samples using the base cycle (Tg ≈ 16 °C), we evaluated 

the possibility to add an annealing step.  

This annealing step is performed at the beginning of the drying process to induce 

crystallization of the mannitol. As such, a strong structure is created at the beginning of the 

process, which improved the drying process and increased the stability of the dried samples 

(Tg ≈ 30 °C). 

The base cycle was redesigned to incorporate the annealing step, to reduce the primary drying 

process, which had been monitored with in-process tools (comparative pressure 

measurement)49, and finally to increase the secondary drying temperature in an attempt to 

further reduce the RM content and so increase the Tg of the dried samples (Tg ≈ 70 °C), 

resulting in the final freeze-drying cycle (Table III - 2). 

Table III - 2: Final freeze-drying cycle 

Process step Shelf Temperature (°C) Pressure (mbar) Time (hh:mm) Speed 

Precooling shelves 3      

Freezing -45   00:48 -1 °C /min 

Freezing -45   1:00  

Freezing (Annealing) -20   0:25 1 °C/min 

Freezing (Annealing) -20   2:00  

Freezing (Annealing) -45   0:25 -1 °C /min 

Freezing -45   01:00  

Chamber vacuum -45 0.100    

Primary drying -30 0.100 00:17 1 °C/min 

Primary drying -30 0.100 15:00  

Secondary drying 30 0.100 05:00 0.2 °C/min 

Secondary drying 30 0.100 08:00  

Total time     33:55  
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• Dried product 

We set out to lyophilize the precursors in an all-in-one formulation. As such, we attempted to 

lyophilize the tracer in a formulation comprising the excipients (mannitol and sucrose) along 

with the NaOAc buffer required for the radiolabeling. By doing so, we hoped to obtain a true 

one-step labeling procedure, where the 68Ga eluate could directly be added into the 

lyophilized vial for reconstitution and radiolabeling. 

We tested different concentration of NaOAc (1 M, 0.6 M and 0.2 M); however, even for the 

lowest concentration, the lyophilization resulted in an unsatisfactory cake with a high RM 

content (> 4 %) and low long-term stability. Degradation of the precursor was observed within 

one month for the high concentration and within two months for the lowest, while stored at 2 

– 8 °C.  

Additional analysis of a 0.3 M NaOAc solution, containing 5% or 60% mannitol 

(wmannitol/wtotalexcipients%), via MDSC to assess mannitol crystallization revealed that even with 

60% mannitol no crystallization of this bulking agent occurred, which explains the collapsed 

cakes after freeze-drying of the previously lyophilized samples, as no crystal structure is 

present to provide support. 

From these first experiments it became clear that an all-in-one formulation was unlikely to be 

successful. As such, we opted to separate the buffer from the formulation, resulting in a two-

step preparation procedure: (i) reconstitution of the lyophilized precursor with 1 M NaOAc 

buffer pH 5 and (ii) addition of the 68Ga eluate to the reconstituted precursor to start the 

labeling reaction. 

From this point, the formulation and drying cycle were further developed, which included 

the addition of an annealing step, reduction of total processing time and temperature 

adaptations, leading to the final cycle described earlier. Although for each development and 

optimization step new batches were produced, only the stability data of final batches are 

presented here. 

Upon lyophilization, the obtained dried product was inspected visually and provided a white 

elegant cake in the vial that can withstand firm shaking (example provided in Sup. Fig. S8).  

To investigate the influence of variable amounts of NaOAc, which can vary depending on the 

NOTA-sdAb sample volume, on the dried product, different amounts of NaOAc were added 

to vials containing the formulation and the samples were lyophilized. The dried product was 

then analyzed for residual moisture content (RM) and glass transition temperature (Tg) in 

duplicate (Table III - 3). No difference in Tg and RM content was observed for amounts of 0.1 

M NaOAc ranging from 0-150 µL.  

Table III - 3: Influence of NaOAc on Tg and RM of dried product 

Volume of 0.1 M NaOAc Tg (°C) RM (%) 

0 µl  61.1 0.95 

25 µl 61.9 0.93 

50 µl 59.6 0.61 

75 µl 61.9 0.82 

100 µl 60.8 0.90 

150 µl 61.5 0.70 
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Dried samples were placed in a fridge at 2 – 8 °C for stability studies and reconstitution of a 

sample was performed at the timepoint of stability testing with either 200 µl Milli-Q water for 

non-radioactive tests or with 1.1 mL of radiolabeling buffer for the radioactive tests. 

When reconstituting a sample for labeling, the cake dissolved instantly upon addition of the 

radiolabeling buffer. After 10 seconds of gently swirling, no visible particles were present in 

the solution. 

The non-radioactive tests (SDS-PAGE, WB, SEC, SPR, UV/VIS, KF titration, MDSC) were 

performed to assess the characteristics of the dried product, such as Tg and RM content, as 

well as the functionality and the potential aggregation of the precursor, while the radioactive 

tests (iTLC, SEC, pH) were performed to assess the labeling potential and to assess the 

integrity of the precursor.  

The given specifications are requirements, which the future GMP product should meet and 

serve during this development phase as reference points to assess where further optimization 

is required. 

• Stability studies of the NOTA-anti-HER2 precursor 

In a first batch, the NOTA-anti-HER2 precursor remained stable up to at least 18 months at 2 

– 8 °C as no further aggregation could be observed (assessed via SEC and SDS-PAGE), the 

integrity as well as the radiolabeling potential was retained (assessed via radio-iTLC and 

radio-SEC after 68Ga-labeling) and the functionality was preserved (assessed via SPR) (Table 

III - 4 and III - 5). An increase in RM from 1.5% to 2.1% was observed from a freshly produced 

sample versus a sample stored at 2 – 8 °C for 18 months. This could well be within the 

measurement error; however, it is also likely that, over time, small amounts of moisture are 

attracted into the sample.  

The Tg decreased from 69 °C at T0 to 47 °C after 18 months. The increased RM over time is 

likely a contributing factor to the decreased Tg. The reduced RCP for T1m and T3m are most 

likely due to lower quality eluates, a potential combination of less frequent elution and the 

passing of the expiry date of the generator (for clinical use) (Table III - 5).  

Table III - 4: Stability analyses of the NOTA-anti-HER2 Batch 1 – Non-radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m T6m T9m T12m T15m T18m 

Protein 

concentration 

(mg/mL) 

UV 

absorbance 
Report result 0.43 0.47 0.47 0.48 0.47 0.45 0.46 0.45 

Profile by SDS-

PAGE and CBB 

staining 

SDS-PAGE 

Major band 

between 10 and 

15 kDa 

OK OK OK OK OK OK OK OK 

Protein profile by 

gel filtration (%) 

Analytical 

SEC 
≥ 95% 99.2 99.1 99.1 99.0 99.3 99.4 99.5 99.4 

Potency (nM)* SPR Report result ND 
3.6 

Ref: 3.1  

5.6  

Ref: 3.1 
ND ND 

6.3    

Ref: 5.1 

5.6   

Ref: 3.7 

7.4   

Ref: 4.7 

Residual Moisture 

(%) 
KF-titration Report result 1.5       2.1 

Tg (°C) MDSC Report result 69       47 

* Ref: anti-HER2-His6  
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Table III - 5: Stability analyses of the NOTA-anti-HER2 Batch 1 – Radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m T6m* T9m T12m T15m* T18m 

pH pH meter 4 to 5 4.69 4.66 4.65 4.41 4.72 4.65 4.61 4.64 

Radiochemical 

purity (%) 
iTLC ≥ 95% 94 91 93 97 95 96 97 96 

Radiochemical 

purity (%) 

Analytical 

SEC 
≥ 95% 95 93 95 ND ND 97 98 97 

*Depicts the timepoints when a recent 68Ga generator was received from the hospital 

A second batch was monitored for 12 months (Table III - 6 and III - 7) that remained stable for 

that period, supporting the stability data of the first batch. Surprisingly the measured Tg at 

T0 was considerably lower than the first batch (32 °C vs 69 °C). Although the RM also 

increased over time from 1.2% to 2.1%, the Tg increased from 32 °C to 43 °C at T0 and T12m, 

respectively.  

The low Tg at T0 could be attributed to moisture uptake during sample preparation, as the 

dried product is highly hygroscopic, and sample handling was not performed in a controlled 

environment. The reduced RCP for T6m is again most likely due to lower quality 68Ga eluates. 

Table III - 6: Stability analysis of the NOTA-anti-HER2 Batch 2 – Non-radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m T6m T9m T12m 

Protein 

concentration 

(mg/mL) 

UV 

absorban

ce 

Report result 0.51 0.54 0.52  0.53  0.52  0.50 

Profile by SDS-

PAGE and CBB 

staining 

SDS-

PAGE 

Major band 

between 10 

and 15 kDa 

OK OK OK  OK  OK  OK 

Identification 

by Western Blot 

Membra

ne 

blotting 

Major band 

between 10 

and 15 kDa ≥ 

95% 

OK      

Protein profile 

by gel filtration 

(%) 

Analytica

l SEC 
≥ 95% 99.5 99.6 99.7  99.5  99.6  99.6 

Potency (nM)* SPR Report result 

3.8  

Ref: 

4.1 

ND 
4.1  

Ref: 3.4 

5.0  

Ref: 5.1 
ND 

4.7   

Ref: 4.7 

Residual 

Moisture (%) 

KF-

titration 
Report result 1.2     2.1 

Tg (°C) MDSC Report result 32     43 

* Ref: anti-HER2-His6  

Table III - 7: Stability analysis of the NOTA-anti-HER2 Batch 2 – Radioactive tests 

Characterization 

test 
Method Specification T0* T1m T3m T6m T9m* T12m 

pH pH meter 4 to 5 4.55 4.62 4.65  4.57  4.64  4.67 

Radiochemical 

purity (%) 
iTLC ≥ 95% 99 97 96  91  98  93 

Radiochemical 

purity (%) 

Analytical 

SEC 
≥ 95% ND ND ND  93  99  97 

*Depicts the timepoints when a recent 68Ga generator was received from the hospital 
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A third batch was monitored for up to 18 months and confirms the stability data of the 

lyophilized NOTA-anti-HER2 samples (Table III – 8 and III – 9). A low RM content of 0.8% 

and Tg of 49 °C at T0 on this third batch already confirm the quality of the dried product. A 

high RCP was obtained even at T18m. In concordance with previous batches, after 12 months 

of storage an increase in RM from 0.8% to 2.6% occurred, while the Tg decreased from 49 °C 

to 40 °C. The reduced RCP at T1m was due to impurities, however, the strong difference in 

iTLC and SEC result is unclear. The lower RCP at T3m was probably due to radiolysis 

(degradation of the tracer by radioactivity-induced radicals), as that generator provided a 

relatively high activity of 620 MBq for the labeling at that timepoint. Radiolysis has clearly 

been observed during high activity radiolabelings (> 850MBq) and can be detected via iTLC 

and SEC with the observation of a peak with Rf = 0.73, σ = 0.08 (vs Rf =1.13, σ = 0.06 for 

unlabeled 68Ga (68Ga-citrate)) and Rt = 8.3 min, σ = 0.25 min (vs Rt = 7.6 min, σ = 0.34 min for 

unlabeled 68Ga (68Ga-citrate)), respectively.  

Table III - 8: Stability analysis of the NOTA-anti-HER2 Batch 3 – Non-radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m T6m T9m T12m T15m T18m 

Protein 

concentration 

(mg/mL) 

UV 

absorbance 
Report result 0.53 0.55 0.54  0.54  0.56  0.55 0.52 0.56 

Profile by SDS-

PAGE and CBB 

staining 

SDS-PAGE 

Major band 

between 10 

and 15 kDa 

OK OK OK  OK  OK  OK OK OK 

Identification by 

Western Blot 

Membrane 

blotting 

Major band 

between 10 

and 15 kDa ≥ 

95% 

OK        

Protein profile by 

gel filtration (%) 

Analytical 

SEC 
≥ 95% 99.8 99.6 99.7  99.8  99.7  99.7 99.7 99.9 

Potency (nM)* SPR Report result 
4.4  

Ref: 4.6 
ND 

4.2       

Ref: 

3.6 

3.9       

Ref: 3.2 

4.4           

Ref: 3.2 

3.4          

Ref: 3.2 
ND 

3.6      

Ref: 

2.7 

Residual 

Moisture (%) 
KF-titration Report result 0.8     2.6   

Tg (°C) MDSC Report result 49     40   

* Ref: anti-HER2-His6  

Table III - 9: Stability analysis of the NOTA-anti-HER2 Batch 3 – Radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m* T6m T9m* T12m T15m T18m 

pH pH meter 4 to 5 4.67 4.61 4.53  4.72  4.90  4.85 4.83 4.59 

Radiochemical 

purity (%) 
iTLC ≥ 95% 94 78 89  98  98  98 97 99 

Radiochemical 

purity (%) 

Analytical 

SEC 
≥ 95% 98 94 92  98  /  97 97 99 

*Depicts the timepoints when a recent 68Ga generator was received from the hospital 

• Stability studies of the NOTA-anti-MMR precursor 

One batch of NOTA-anti-MMR precursor was lyophilized and monitored for up to 15 months 

(Table III - 10 and III - 11) in parallel with NOTA-anti-HER2 Batch 1. The non-radioactive tests 

show consistent results for up to 15 months at 2 – 8 °C, with a high Tg (72 °C) and low RM 

content (1.7%) at T0.  
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The results of the radioactive tests, however, are inconsistent over time (ranging between 70% 

- 96%). Switching to ultra-pure water for the preparation of the radiolabeling buffer from T6m 

on increased the RCP. However, inconsistent RCP was still observed at later timepoints, 

which could indicate instability of the precursor. Unfortunately, no samples were available 

for Tg and RM analysis at T15m. 

Table III - 10: Stability analysis of the NOTA-anti-MMR Batch 1 – Non-radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m T6m T9m T11m T12m T15m 

Protein 

concentration 

(mg/mL) 

UV 

absorbance 
Report result 0.50 0.48 0.47 0.46 0.48 0.49 0.46 0.48 

Profile by SDS-

PAGE and CBB 

staining 

SDS-PAGE 

Major band 

between 10 and 

15 kDa 

ND OK OK OK OK OK OK OK 

Protein profile by 

gelfiltration (%) 

Analytical 

SEC 
≥ 95% 99.6 99.6 99.4 99.5 99.6 99.6 99.6 99.6 

Potency (nM)* SPR Report result ND ND 
1.0 

Ref: 0.7 
ND 

1.2 

Ref: 1.2 
ND 

1.1 

Ref: 1.1 
ND 

Residual Moisture 

(%) 
KF-titration Report result 1.7        

Tg (°C) MDSC Report result 72        

*Ref: anti-MMR3.49-His6  

Table III - 11: Stability analysis of the NOTA-anti-MMR Batch 1 – Radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m T6m* T9m T11m T12m T15m* 

pH pH meter 4 to 5 4.70 4.65 4.63  4.50  4.74 4.81   4.80 4.61 

Radiochemical 

purity (%) 
iTLC ≥ 95% 81 70 91  96  94  94  90 70 

Radiochemical 

purity (%) 

Analytical 

SEC 
≥ 95% 90 93 93  ND  ND  96  95 83 

*Depicts the timepoints when a recent 68Ga generator was received from the hospital 

A second batch of NOTA-anti-MMR was lyophilized and monitored for up to 18 months 

(Table III - 12 and III - 13) in parallel with NOTA-anti-HER2 Batch 3. This second batch shows 

more consistent RCP over time with a high RCP even at T18m along with a Tg of 40 °C and 

RM content of 1.1% at T0. After 12 months of storage, the RM increased from 1.1% to 2.5%, 

while the Tg remained at 40 °C. It is likely that again moisture uptake during sample 

preparation influenced the Tg at T0, resulting in a lower temperature. This batch, however, 

indicates that the lyophilized NOTA-anti-MMR is stable for up to 18 months and suggests 

that the lower RCPs in the previous batch are more likely due to impurities in samples and 

lower quality eluates rather than instability. In the production of this second batch, high purity 

water was also used for the preparation of all necessary solutions necessary involved in the 

process. 
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Table III - 12: Stability analysis of the NOTA-anti-MMR Batch 2 – Non-radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m T6m T9m T12m T15m T18m 

Protein 

concentration 

(mg/mL) 

UV 

absorbance 
Report result 0.45 0.46 0.41 0.39 0.43 0.41 0.41 0.46 

Profile by SDS-

PAGE and CBB 

staining 

SDS-PAGE 

Major band 

between 10 and 

15 kDa 

OK OK OK OK OK OK OK OK 

Identification by 

Western Blot 

Membrane 

blotting 

Major band 

between 10 and 

15 kDa ≥ 95% 

OK        

Protein profile by 

gelfiltration (%) 

Analytical 

SEC 
≥ 95% 99.6 98.7 99.6 99.6 99.5 99.8 99.7 99.6 

Potency (nM)* SPR Report result 
1.0 

Ref: 0.7 
ND 

1.5   

Ref: 1.5 

1.5   

Ref: 1.4 

1.3   

Ref: 1.4 

1.4   

Ref: 1.4 

1.3   

Ref: 1.4 

 0.7 

Ref: 1.3 

Residual Moisture 

(%) 
KF-titration Report result 1.1     2.5   

Tg (°C) MDSC Report result 40     40   

*Ref: anti-MMR3.49His6  

Table III - 13: Stability analysis NOTA-anti-MMR Batch 2 – Radioactive tests 

Characterization 

test 
Method Specification T0 T1m T3m* T6m T9m* T12m T15m T18m 

pH pH meter 4 to 5 4.64 4.59 4.63  4.72  4.85  4.87 4.83 4.56 

Radiochemical 

purity (%) 
iTLC ≥ 95% 98 98 93 98  99  98 99 99 

Radiochemical 

purity (%) 

Analytical 

SEC 
≥ 95% 99 99 97 98  /  97 99 99 

*Depicts the timepoints when a recent 68Ga generator was received from the hospital 

• In vivo studies 

In vivo evaluation of [68Ga]Ga-NOTA-anti-HER2 

A direct comparison of the biodistribution in naive mice between the [68Ga]Ga-NOTA-anti-

HER2, produced via the lyophilized kit or not, was performed (Fig. III - 1). Only the kidneys 

show a significantly higher (P < 0.05) retention of the tracer ([68Ga]Ga-NOTA-anti-HER2) 

prepared via the lyophilized precursor (43.44 %IA/g, σ = 3.42%) versus the non-lyophilized 

precursor (33.55 %IA/g, σ = 3.95%), while the lungs and liver show no significantly different 

uptake (lungs: 0.67 %IA/g, σ = 0.25% vs 0.61 %IA/g, σ = 0.26%, with P = 0.69; liver: 1.43 %IA/g, 

σ = 0.40% vs 0.67 %IA/g, σ = 0.26% with P = 0.053; lyophilized vs non-lyophilized, 

respectively). Organs below 0.5% IA/g were considered as background uptake. Importantly, 

the lyophilization excipients were not added to the non-lyophilized tracer in this study. 
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Fig. III - 1: Biodistribution profile of the [68Ga]Ga-NOTA-anti-HER2 tracer prepared from the 

lyophilized or non-lyophilized precursor, in healthy C57Bl/6 mice (N=3 per group). * P < 0.05 

A direct comparison on the functionality of the tracer, prepared from lyophilized or non-

lyophilized precursor, was conducted in tumor bearing mice (Fig. III - 2). The tumor uptake 

shows no significant difference (5.45 %IA/g, σ = 0.91% vs 5.66 %IA/g, σ = 2.48% with P = 0.85), 

while kidneys show a significantly lower (P < 0.001) uptake for the lyophilized tracer (28.91 

%IA/g, σ = 3.59%) versus the non-lyophilized tracer (42.92 %IA/g, σ = 4.98%). The lungs and 

liver did not show a significant different uptake (lungs: 0.49 %IA/g, σ = 0.13% vs 0.71 %IA/g, 

σ = 0.26%, with P = 0.09; liver: 0.98 %IA/g, σ = 0.21% vs 1.16 %IA/g, σ = 0.46%, with P = 0.40, 

lyophilized vs non-lyophilized, respectively). Organs below 0.5% IA/g were considered as 

background uptake. 
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Fig. III - 2: Biodistribution profile of the [68Ga]Ga-NOTA-anti-HER2 tracer prepared from the 

lyophilized or non-lyophilized precursor, in athymic tumor bearing NU-Foxn1nu mice (N=6 per 

group). *** P < 0.001, ns = non-significance 

In vivo evaluation of [68Ga]Ga-NOTA-anti-MMR 

In this study (Fig. III - 3), the tumor uptake shows no significant difference in uptake between 

the lyophilized (n = 4) and non-lyophilized (n = 5) NOTA-anti-MMR precursor (tumor: 2.49 

%IA/g, σ = 0.06% vs 2.84 %IA/g, σ = 0.52%, with P = 0.31, lyophilized vs non-lyophilized, 

respectively), while following organs did show a significantly different uptake: blood (0.71 

%IA/g, σ = 0.09 vs 0.58, σ = 0.05, with P < 0.05), lungs (1.28%, σ = 0.11% vs 1.72, σ = 0.17, with 

P < 0.01), liver (5.47%, σ = 0.32% vs 6.29%, σ = 0.35%, with P < 0.01), stomach (1.46%, σ = 0.09 

vs 2.43%, σ = 0.75, with P < 0.05), muscle (0.57%, σ = 0.08% vs 0.79%, σ = 0.09%, with P < 0.01), 

bone (1.25%, σ = 0.18% vs 1.58%, σ = 0.17%, with P < 0.05, lyophilized vs non-lyophilized, 

respectively). MMR is known to have expression in different organs, therefore higher uptake 

values such as liver, spleen and lymph nodes was expected. Specificity of the [68Ga]Ga-NOTA-

anti-MMR tracer has previously been shown in MMR knock-out (KO) mice33. 
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Fig. III - 3: Biodistribution profile of the [68Ga]Ga-NOTA-anti-MMR tracer prepared from the 

lyophilized or non-lyophilized precursor, in tumor bearing C57Bl/6 mice (N = 4 and 5 per group, 

respectively). * P < 0.05, ** P < 0.01, ns = non-significance 

4. Discussion 

To develop a kit for the preparation of 68Ga-labeled sdAb tracers, we investigated the 

possibility to lyophilize the NOTA-sdAb precursor in order to increase the stability and 

facilitate their usage. Developing kits brings important advantages regarding the Chemistry, 

Manufacturing and Controls (CMC) and economical aspects, as they allow standardized and 

simplified preparation protocols and the ability for any center with a 68Ge/68Ga generator to 

prepare the radiopharmaceutical with minimal GMP license. As such, they allow multi-center 

studies in development phase and international distribution and commercialization upon 

market approval.  

From the first lyophilization attempt, it became clear that adding high amounts of NaOAc to 

the formulation prevented crystallization of the bulking agent and led to an undesirable dried 

product. Therefore, the initial idea of an all-in-one formulation was reformed to a two-step 

‘reconstitution and labeling’ procedure, like other 68Ga kits, such as the SOMAKIT TOC® or 

the ILLUMET™ kit. To this date, to our knowledge, no real one-step labeling kit exists, due to 

the required buffer for the radiolabeling. 

The resulting formulation, which provides protection of the precursor during and after 

lyophilization, is a simple but potent mix of sucrose and mannitol with a small amount of 

polysorbate 80, while the drying cycle provides an elegant cake and strong structure in the 

vial with optimal features (high Tg and low RM content). The Tg remains high even after long 

periods of storage at 2 – 8 °C and, although variations in Tg between batches were measured, 

all measured Tg were still high (> 30 °C) compared to the intended long-term storage 

temperature of 2 – 8 °C.  
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Additionally, the presented freeze-drying cycle has been designed with conservative settings, 

allowing batch size upscaling with no or minimal alteration. For larger batches (> 1000 vials), 

depending on the freeze-dryer capacity, we expect increasing the primary drying for up to 5 

hours the most likely (and only) alteration to be made. 

The in vitro stability data of 3 batches shows that the lyophilized NOTA-anti-HER2 precursor 

is stable for at least 12 months, retaining full binding and labeling capacity, while stored at 2 

– 8 °C. At 12 months of storage, no additional aggregation could be observed, while usually 

an RCP > 95% was achieved upon radiolabeling, indicating that the precursor is still intact. 

Additionally, the first batch and third batch show a stable behavior up to even 18 months of 

storage. Over time, an increase in residual moisture is observed, paired with a decrease in Tg. 

Moisture is likely attracted into the vial, due to the slight under pressure combined with the 

dryness of the inner vial. Moisture attraction in the vial can potentially be reduced by drying 

the stoppers before use and/or by reducing the under pressure in the final closed vial. The 

lower Tg, however, is still vastly above the storage temperature, and so the increased RM does 

not seem to compromise stability of the lyophilized product in our testing studies. 

Additionally, to avoid influence of moisture for the Tg analysis, sample preparation, handling 

and measurement should be performed in a low humidity-controlled environment 

We observed important variances in RCP upon radiolabeling at different time points, which 

do not necessarily indicate instability of the product. Rather, we observed more variance after 

passing the clinical expiry date of the generator. It is important to note that with time the 

activity of 68Ga eluate decreases, meaning that the ratio of impurity/activity can increase. This, 

in turn, can have important effects on the kinetics of the radiolabeling reaction, which would 

reduce the RCP. Typically, we observed an increase in RCP upon using a more recent 

generator. Additionally, the occurrence of radiolysis at higher activities warrants 

investigation of further adjustments to the formulation with potential radioprotectants (e.g. 

ascorbic acid). 

In vivo data support the integrity and retention of functionality of the lyophilized precursor 

as a non-significant difference in tumor uptake in the tumor targeting study was obtained 

between the lyophilized and non-lyophilized tracer. A typical biodistribution profile for both 

conditions can be observed without main differences in profiles with exception of the kidneys. 

Excipients from the lyophilization formulation were thought to impact the kidney retention. 

For example, mannitol has been investigated as diuretic to reduce kidney retention of 

radiolabeled molecules, such as PSMA-targeting peptides, affibodies and DARPins, however, 

mannitol did not significantly alter kidney retention50-52. To rule out that the excipients from 

the herein developed formulation could influence the kidney retention, the same excipients 

were added to the tracer prepared from non-lyophilized precursor in the tumor targeting 

study. Overall, kidney retention in both studies were comparable or lower than previous 

results found during the development of the [68Ga]Ga-NOTA-anti-HER2 tracer27. In general, 

influencing factors for kidney retention are natural mice variability and execution of the 

experiment at different timepoints during the day (e.g. morning vs afternoon). 

The in vitro stability data of lyophilized NOTA-anti-MMR precursor shows a stability for up 

to at least 18 months. Although the first batch showed reduced RCP at 12 and 15 months, the 

non-radioactive tests of batch 1 suggest stability for up to 15 months, while stored at 2 – 8 °C.  
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At 15 months of storage, no additional aggregation could be observed, however, the RCP 

dropped greatly (taking into account that radiolabelings were performed with buffers using 

high purity water from T6m and on), which suggested degradation of the precursor. The 

second batch shows more consistent RCP over time, indicating increased stability for up to 18 

months, despite the reoccurring increase in RM. 

 The favorable results of batch 2 imply that the reduced RCP of batch 1 at T12m and T15m 

could be attributed to impurities reducing the RCP and not degradation of the precursor. This 

second batch also showed the importance of using high purity compounds/starting materials 

(including the use of high purity water). 

In vivo data of the [68Ga]Ga-NOTA-anti-MMR tracer shows no significant difference in tumor 

uptake between the lyophilized and non-lyophilized precursor, which suggests that, as for 

the NOTA-anti-HER2, the lyophilized precursor retains its in vivo functionality. MMR is 

known to be expressed not only on macrophages but also on endothelial cells53 and antigen-

presenting cells54 throughout the body, and on Kupffer cells in the liver55, which results in 

uptake in organs such as liver, spleen, pancreas, lungs, lymph nodes and bone marrow. 

Previous imaging and biodistribution studies of [68Ga]Ga-NOTA-anti-MMR and [18F]FB-anti-

MMR tracers have shown increased uptake in these organs, while specificity of the tracer was 

confirmed in MMR KO mice as the tracer uptake decreased to background or near 

background levels in all organs except kidneys12,33. The relatively low uptake values, along 

with small standard deviations, cause stringent conditions for the statistical t-test, which in 

turn results in a reported statistically significant difference in several organs.  

The clearance of the [68Ga]Ga-NOTA-anti-MMR tracer prepared from lyophilized or non-

lyophilized precursor is similar as no significant difference in kidney retention was observed. 

Overall the biodistribution of both [68Ga]Ga-NOTA-anti-HER2 and [68Ga]Ga-NOTA-anti-

MMR tracers prepared from lyophilized precursors show a typical biodistribution profile, 

without major differences with their non-lyophilized counterpart, which indicate that the 

formulation and freeze-drying cycle is compatible for at least these two NOTA-sdAb 

precursors and that the designed formulation and drying cycle is a promising foundation for 

the further development of GMP-grade ‘cold’ diagnostic kits. Increase in RM over time is not 

expected to affect stability, as a relatively high Tg (well above storage temperature) is 

maintained. 

Further development steps will comprise (1) adapting the mass of NOTA-sdAb per sample 

for radiolabeling with higher activity, to reduce inconsistent RCPs and to ensure a RCP > 95% 

upon each radiolabeling, (2) evaluating the addition of a radioprotectant to prevent radiolytic 

degradation of the tracers when using higher activities, (3) assessing the quality and choice of 

raw material based on purity, as it is imperative to use high purity products with low metal 

ion contents56, and (4) evaluating the compatibility of the kit with 68Ge/68Ga generators from 

other manufacturers, such as E&Z and ITG. Additionally, the avenue of continuous freeze-

dry manufacturing will be explored as well, as this can have important advantages compared 

to traditional batch freeze-drying57.  
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Spin-freezing58, a freezing technique that decreases layer thickness and increases drying 

surface, which in turn vastly decreases primary drying time, as well as the use of dual 

chamber cartridges (DCC) (a type of cartridge, where the reconstitution solution is filled in a 

second chamber before the drying process, allowing quick and easy reconstitution after 

freeze-drying), in a continuous freeze-drying process59, are both highly attractive factors that 

render the continuous drying process even more relevant and applicable for the kit 

production.  

The work here presented could additionally directly benefit other NOTA-sdAb-based tracers, 

which are currently in development, such as the [68Ga]Ga-NOTA-anti-CD20 tracer targeting 

CD20 for diagnosis in non-Hodgkin lymphoma15 and the [68Ga]Ga-NOTA-anti-PD-L1 tracer 

for PD-L1 immune checkpoint detection in developing tumors60. These tracers could be 

further developed in kit form as well before entering clinical translation. 

Finally, although the work presented here was focused on creating a kit for 68Ga-

radiochemistry, the developed methods could potentially be applied to other sdAb-based 

precursors/tracers with other chelators, such as DTPA/DOTA-coupled sdAbs, for 

radiolabeling with other radionuclides, or to fluorescently labeled sdAbs, or even to other 

protein-/peptide based tracer, such as affibodies, as the advantages of increased stability and 

ease of distribution, coming from lyophilizing the precursor/tracer, might also apply. This 

could, in turn, widen the application of the methods described here and lead to kit 

development for such products as well. 

5. Conclusion 

The designed formulation and freeze-drying cycle allow us to further develop a kit for the 

preparation of the [68Ga]Ga-NOTA-anti-HER2 and [68Ga]Ga-NOTA-anti-MMR sdAbs. In vivo, 

we observe a non-significant difference in tumor uptake between the lyophilized and non-

lyophilized compounds. This confirms that the lyophilized version of the [68Ga]Ga-NOTA-

sdAb tracer retains functionality after undergoing a stressful process. The next step is to 

optimize and finalize the complete kit product, followed by the preparations to produce the 

‘cold’ kits under GMP conditions to obtain a clinical grade product, which would allow us to 

integrate the lyophilized precursors in ongoing clinical trials. 
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CHAPTER III: SUPPLEMENTAL DATA 

Size Exclusion Chromatography 

Purification 

 

Supplemental figure S1: Purification of NOTA-sdAb via SEC on a Superdex 30 pg HiLoad 16/600 column. The 

NOTA-sdAb product (peak with retention time 58.9 min) is collected, while dimers (peak with retention time < 

50 min), impurities (peak with retention time around 100 min) and unconjugated NOTA (peak with retention 

time < 120 min) are discarded. 

Quality control of NOTA-sdAbs 

 

Supplemental figure S2. Quality Control of a NOTA-sdAbs via SEC. Approximately 50 µg of NOTA-sdAb is 

injected. Product purity is determined via integration of peak 1 at retention time 17.8 min (aggregates – %Area 

= 0.5%) vs peak 2 at retention time 20.6 min (NOTA-sdAb product – %Area = 99.5%). The peak at retention 

time 15 min corresponds to polysorbate 80, present in the lyophilized sample. 
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Quality control of [68Ga]Ga-NOTA-sdAb 

 

Supplemental figure S3. Quality control of the [68Ga]Ga-NOTA-sdAb via radio-SEC. A 50 µl sample 

containing 300 - 450 kBq is injected and the RCP is determined via integration of peak 1 at retention time 9 min 

([68Ga]Ga-NOTA-sdAb – %Area = 97.6% ) and peak 2 at retention time 13.14 min (‘free’ 68Ga – %Area = 2.3%).  

 

 

 

Supplemental figure S4. Quality control of the [68Ga]Ga-NOTA-sdAb via radio-iTLC. The RCP is determined 

via integration of peak ‘Region 1’([68Ga]Ga-NOTA-sdAb – %Area = 97.1%) and peak ‘Region 2’ (‘free’ 68Ga – 

%Area = 2.9%). 
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MDSC 

 

Supplemental figure S5. Tg analysis on a thermogram. Tzero pans were filled with approximately 5 mg of the 

lyophilized material. The sample was initially cooled until 0 °C. This temperature was maintained for 5 min. 

Subsequently the temperature was linearly increased until 175 °C. The thermograms were analyzed with TA 

Instruments Universal Analysis 2000 version 4.7A. 

 

SDS-PAGE 
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Supplemental figure S6. Precursor integrity and sample purity determination via SDS-PAGE. Coomassie blue 

staining is performed to visualize the protein and the gel is imaged via Amersham 680RGB imager, allowing 

signal quantification. 
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Western Blot 

 

Supplemental figure S7. Identification of the NOTA-sdAb precursor (green) via Western Blot. After blotting, 

the membrane is incubated with primary rabbit anti-sdAb monospecific polyclonal antibody, followed by 

incubation of an IRDye800CW-labeled goat anti-rabbit secondary polyclonal antibody. The membrane is then 

visualized via an Odyssey imager. 

 

Lyophilized product 

A      B 

 

 

 

 

 

 

 

Supplemental figure S8. Example of lyophilized NOTA-anti-MMR sdAb (A) and NOTA-anti-HER2 sdAb (B) 

products in their final, closed container. 
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In vivo data 

Supplemental Table 1: Biodistribution data [68Ga]Ga-NOTA-anti-HER2 lyophilized vs non-lyophilized in C57Bl/6 

mice, 80 min PI. Mice were injected with approximately 5 µg precursor. 

Organs Uptake (% IA/g, σ) 

 Lyophilized (n = 3) Non-lyophilized (n = 3) 

Blood 0.33, σ = 0.11 0.25, σ = 0.02 

Thymus 0.12, σ = 0.03 0.09, σ = 0.01 

Heart 0.18, σ = 0.05 0.16, σ = 0.02 

Lungs 0.67, σ = 0.25 0.61, σ = 0.07 

Liver 1.43, σ = 0.40 0.67, σ = 0.26 

Spleen 0.39, σ = 0.07 0.26, σ = 0.05 

Pancreas 0.20, σ = 0.06 0.20, σ = 0.10 

Kidneys 43.44, σ = 3.42 33.55, σ = 3.95 

Stomach 0.42, σ = 0.05 0.63, σ = 0.30 

Small Intestine 0.26, σ = 0.05 0.88, σ = 1.10 

Large Intestine 0.15, σ = 0.04 0.14, σ =0.01 

Muscle 0.11, σ = 0.07 0.06, σ =0.00 

Bone 0.15, σ = 0.03 0.09, σ = 0.02 

Lymph nodes 0.19, σ = 0.03 0.13, σ = 0.03 

 

Supplemental Table 2: Tumor targeting data [68Ga]Ga-NOTA-anti-HER-2 lyophilized vs non-lyophilized in HER2+ 

SKOV-3 tumor bearing athymic nude mice, 80 min PI. Mice were injected with approximately 5 µg precursor. 

Organs Uptake (% IA/g, σ) 

 Lyophilized (n = 6) Non-lyophilized (n = 6) 

Blood 0.33, σ = 0.02 0.33, σ = 0.10 

Thymus 0.19, σ = 0.05 0.24, σ = 0.08 

Heart 0.13, σ = 0.04 0.16, σ = 0.06 

Lungs 0.49, σ = 0.13 0.71, σ = 0.26 

Liver 0.98, σ = 0.21 1.16, σ = 0.46 

Spleen 0.37, σ = 0.08 0.33, σ = 0.08 

Pancreas 0.09, σ = 0.01 0.10, σ = 0.02 

Kidneys 28.91, σ = 3.59 42.92, σ = 4.98 

Stomach 0.10, σ = 0.03 0.16, σ = 0.11 

Small Intestine 0.14, σ = 0.07 0.24, σ = 0.07 

Large Intestine 0.13, σ = 0.02 0.12, σ =0.04 

Muscle 0.06, σ = 0.02 0.19, σ =0.16 

Tumor 5.45, σ = 0.91 5.66, σ = 2.48 

Bone 0.11, σ = 0.01 0.21, σ = 0.03 

Lymph nodes 0.20, σ = 0.09 0.30, σ = 0.15 
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Supplemental Table 3. Tumor targeting data [68Ga]Ga-NOTA-anti-MMR lyophilized vs non-lyophilized in 3-LLR 

tumor bearing C57Bl/6 mice, 80 min PI. Mice were injected with approximately 5 µg precursor. 

Organs Uptake (% IA/g, σ) 

 Lyophilized (n = 4) Non-lyophilized (n = 5) 

Blood 0.71, σ = 0.09 0.58, σ = 0.05 

Thymus 1.14, σ = 0.15 1.51, σ = 0.28 

Heart 1.36, σ = 0.17 1.55, σ = 0.19 

Lungs 1.28, σ = 0.11 1.72, σ = 0.17 

Liver 5.47, σ = 0.32 6.29, σ = 0.35 

Spleen 3.22, σ = 0.37 3.68, σ = 0.52 

Pancreas 1.26, σ = 0.17 1.45, σ = 0.13 

Kidneys 49.38, σ = 3.27 47.47, σ = 3.92 

Stomach 1.46, σ = 0.09 2.43, σ = 0.75 

Small Intestine 0.95, σ = 0.10 1.03, σ = 0.07 

Large Intestine 2.74, σ = 0.50 3.27, σ =0.22 

Muscle 0.57, σ = 0.08 0.79, σ =0.09 

Tumor 2.49, σ = 0.06 2.84, σ = 0.52 

Bone 1.25, σ = 0.18 1.58, σ = 0.17 

Lymph nodes 2.24, σ = 0.20 2.90, σ = 0.95 
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Abstract:  

Single domain antibodies (sdAbs) have proven to be valuable probes for molecular imaging. 

In order to produce such probes, one strategy is the functionalization of the reactive amine 

side chain of lysines with a chelator resulting in a mixture of compounds with a different 

degree of conjugation. In this study we implemented anion exchange chromatography (AEX) 

to separate the different compounds or fractions, that were further characterized and 

evaluated to study the impact of the conjugation degree on pharmacokinetic properties and 

functionality. Anti-HER2 and anti-MMR sdAbs were functionalized with NOTA or DTPA-

chelator. Anion exchange chromatography was performed using 0.02 mol/L Tris pH 7.5 as 

first solvent and 0.25 M or 0.4 M NaCl (in case of NOTA-chelator or DTPA-chelator, 

respectively), as second solvent applied as a gradient. The fractions were characterized via 

mass spectrometry (MS), surface plasmon resonance (SPR), and isoelectric focusing gel 

electrophoresis (IEF), while in vivo studies were performed, after radiolabeling with either 
68Ga (NOTA) or 111In (DTPA), to assess the impact of the conjugation degree on 

pharmacokinetics. AEX could successfully be applied to separate fractions of (chelator)n-anti-

HER2 and (chelator)n-anti-MMR sdAb constructs. MS confirmed the identity of different 

peaks obtained in the separation process. SPR measurement suggests a small loss of affinity 

for (chelator)3-anti-sdAb, while IEF revealed a correlated decrease in isoelectric point (pI) with 

the number of conjugated chelators. Interestingly, both the reduction in affinity and in pI was 

stronger with the DTPA-chelator than with NOTA for both sdAbs. In vivo data showed no 

significant differences in organ uptake for any construct, except for (DTPA)n-anti-MMR, 

which showed a significantly higher liver uptake for (DTPA)1-anti-MMR compared to 

(DTPA)2-anti-MMR and (DTPA)3-anti-MMR. For all constructs in general, high kidney uptake 

was observed, due to the typical renal clearance of sdAb-based tracers.  

The kidney uptake showed significant differences between fractions of a same construct and 

indicates that a higher conjugation degree improves kidney clearance. AEX allows separation 

of sdAbs with a different degree of conjugation and provides the opportunity to further 

characterize individual fractions.  
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Conjugation of a chelator to sdAbs can alter some properties of the tracers, such as pI, 

however, the impact on the general biodistribution profile and tumor targeting was minimal. 

Keywords: bioconjugation, ion exchange chromatography, molecular imaging, 

radiopharmaceutical, tracer optimization, kidney clearance 

1. Introduction 

 

Nuclear molecular imaging can be used for cancer diagnosis, staging and characterization. 

Although [18F]FDG is still the gold standard PET tracer, more and more targeted tracers are 

being developed, specifically directed against particular cancer markers.  

Due to the ease of their generation, and their wide availability, monoclonal antibodies (mAbs) 

were the basis for the design of several target-specific tracers1. However, due to their long 

blood retention - caused by their large size and the presence of an intact Fc-region, the optimal 

imaging timepoint for mAb-based tracers is typically several days after administration2. This 

requires the use of long-lived radionuclides and leads to complex logistics and non-negligible 

radiation doses to healthy tissues in patients3. Therefore, there has been a strong focus on the 

development of novel tracer molecules with faster kinetics, that allow an earlier imaging 

timepoint, reducing the radiation dose to healthy tissues and improving the overall imaging 

contrast. Antibody fragments4, scaffold proteins5, and peptides6, have all shown to be capable 

of this.  

One particular targeting vehicle of interest are the single-domain antibodies (sdAbs), also 

called VHHs or Nanobodies. SdAbs are the smallest antigen-binding domain usually derived 

from heavy chain-only antibodies found in Camelidea7 and can be generated against virtually 

any target via, for example, in vivo immunization8. Due to their natural occurrence without a 

corresponding light chain, sdAbs are stable in aqueous solutions, and retain a high binding 

affinity despite only possessing three complementarity-determining regions9. Additionally, 

sdAbs are small molecules (~15 kDa), rapidly cleared via the renal system, with appropriate 

pharmacokinetics for imaging which makes them attractive as a platform for the design of 

nuclear imaging tracers10-13. A variety of sdAb-based imaging tracers have been developed for 

imaging in oncology14-19, cardiovascular diseases20-22 and inflammation23. Beyond preclinical 

development, two sdAbs are currently being investigated as PET-tracers in clinical trials. The 

first tracer, targeting the human epidermal growth factor receptor 2 (HER2), [68Ga]Ga-NOTA-

anti-HER2 sdAb, is being investigated in two clinical studies for (1) diagnosis of HER2+ breast 

cancer24 (NCT03924466) and (2) detection of HER2+ brain metastasis (EudraCT 2015-002328-

24/NCT03331601), while the second tracer, targeting the macrophage mannose receptor 

(MMR), [68Ga]Ga-NOTA-anti-MMR sdAb, is being investigated in a Phase I/II study (EudraCT 

2017-001471-23), to image and detect MMR+ tumor associated macrophages25, in order to 

predict treatment responses based on the MMR+ macrophage content. 

Development of radiolabeled tracers for clinical applications in both imaging and therapy 

entails proper characterization and documentation of the product. MAbs are known to 

provide a range of variants upon conjugation with any effector molecule, as the conjugation 

is performed on the residue of a certain amino acid, typically the primary amine side-chain of 

lysines26. Because they are relatively large proteins, antibodies contain many different lysines 

in their structure26, making the conjugation an uncontrolled process for both the number of 

conjugated effector molecules as well as for the site of conjugation27. Random conjugation on 

lysine-residues of antibodies has been reported to generate over one million different 

species28.  
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As such, in case of conjugation with a chelator, a heterogenous mixture of conjugated mAbs 

with different chelator-to-protein ratios (C/P) and conjugated mAbs with a same C/P ratio but 

attached at different sites (regio-isomers) is obtained.  

This variety in conjugation can, in turn, lead to important differences in properties between 

the different variants, such as pI, hydrophobicity, solubility and antigen binding capacity29-31. 

These differences in properties can lead to important differences in parameters such as 

pharmacokinetics, toxicity and functionality27,32,33.  

Indeed, it has been shown that a higher C/P ratio can lead to for example increased liver 

uptake, increased spleen uptake and/or reduced tumor uptake34-36. Therefore, the degree of 

conjugation should be carefully evaluated. For antibody-based tracers, the number of 

obtained variants upon conjugation (different C/P, without taking regio-isomers into account) 

is high and investigating each fraction for its biodistribution and functionality is cumbersome.  

Single-domain antibody-based tracers, however, are much smaller (about 10 times) and 

therefore possess far fewer lysines. Consequently, the number of possible conjugated 

chelators per sdAb is limited and investigating sdAb-variants with different C/P ratios 

becomes feasible.  

Although the tracers discussed in this manuscript are not conjugated with a cytotoxic payload, 

the general rules for characterization of antibody-based compounds or fractions thereof, still 

apply. In that regard, we undertook steps to evaluate the impact of the chelator conjugation-

degree and to characterize each obtained fraction (with different C/P) individually. Obtaining 

this information on each fraction separately, not only accounts for a more complete medical 

dossier, but also allows a more thorough risk and safety assessment and could facilitate the 

process of registering a new Investigational Medicine Product (IMP).  

Therefore, with the intention of providing a better characterization of the clinically relevant 

sdAb-based tracers anti-HER2 (2Rs15d)24,37,38 and anti-MMR (MMR3.49)14,25, we aimed to 

investigate the effect of different C/P ratios of these two sdAbs, conjugated with NOTA for 
68Ga-labeling or DTPA for 111In-labeling. This was achieved by using AEX, which allows the 

separation of differently conjugated sdAb-chelator fractions, followed by in vitro and in vivo 

assessment of each fraction. 
 

All commercially obtained chemicals were of analytical grade. Recombinant sdAb-proteins 

were produced without terminal tags by the Vlaams Instituut voor Biotechnologie (VIB) 

Protein Service Facility (VIB, Gent) in Pichia pastoris and were formulated in phosphate 

buffered saline 1x (PBS) (0.01 M phosphate buffer/0.14 M NaCl) pH 7.4 during the final batch 

purification. p-SCN-Bn-NOTA and p-SCN-Bn-CHX-A”-DTPA were purchased from 

Macrocyclics (Macrocyclics, Inc., Plano, TX, USA). 68Ga was obtained from a 68Ge/68Ga Galli 

EoTM generator (IRE Elit, Fleurus, Belgium), indium chloride ([111In]InCl3) from Curium 

(Hertogenbosch, Netherlands). High purity water for trace analysis (TraceSELECT, Riedel-de-

Haën, Honeywell Research Chemicals, Seelze, Germany) was used for the preparation of 

radiolabeling buffer. 
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2. Materials & Methods 

• NOTA/DTPA-conjugation 

SdAbs (‘2Rs15d’ anti-HER2 sdAb: 10 mg, 0.79 μmol; ‘MMR3.49’ anti-MMR sdAb: 10 mg, 

0.79 μmol) were buffer-exchanged to 0.5 M sodium carbonate/0.15 M sodium chloride buffer 

(Sodium carbonate anhydrous – Sodium hydrogen carbonate – Sodium Chloride, VWR 

Chemicals, Leuven, Belgium), pH 8.7 (NOTA-conjugation) or pH 9.5 (DTPA-conjugation), 

using PD-10 size exclusion disposable columns (GE Healthcare, Buckinghamshire, UK). A 

thirty-fold molar excess of p-SCN-Bn-NOTA or p-SCN-Bn-CHX-A”-DTPA was added to the 

protein solution (2.2 – 2.4 mg/mL) and incubated for 2 – 2.5 h at room temperature (RT). 

SEC Purification 

Size exclusion chromatography (SEC) was performed using a Superdex Peptide 10/300GL (GE 

Healthcare Bio-Sciences AB, Uppsala, Sweden) column with 0.02 M Tris (Sigma-Aldrich, St.  

Louis, MO, USA) pH 7.5 as mobile phase (0.5 mL/min) for purification of the conjugated sdAb 

from excess chelator (detection of UV absorption at 280 nm). NOTA- or DTPA- conjugated 

sdAbs were injected and peaks corresponding to monomeric functionalized NOTA- or DTPA-

sdAb were collected and concentration determined by UV spectrometry. SEC was also used 

for quality control of the conjugated sdAb. 

AEX Purification 

Anion exchange chromatography (AEX) was performed using an ENrich Q 5*50 column (Bio-

Rad Laboratories, Inc, California, USA) with 0.02 M Tris (≥ 99.8%, Sigma-Aldrich Chemie, 

Steinhelm, Germany) adjusted to pH 7.5 with 0.1 M HCl (Hydrochloric acid, ≥ 37% puriss. 

p.a., Ph.Eur., Sigma-Aldrich Chemie, Steinhelm, Germany) as solvent A and 0.25 M or 0.4 M 

NaCl as solvent B for NOTA-sdAb and DTPA-sdAb, respectively, (1.5 mL/min). For NOTA-

anti-HER2, DTPA-anti-HER2 and DTPA-anti-MMR compounds, a gradient method was used 

starting with 100% solvent A and 0% solvent B, gradually increasing solvent B up to 100% 

over 60 mL. For the NOTA-anti-MMR compound, solvent B was gradually increased up to 

60% over 60 mL, followed by 3 mL of 100% solvent B. Samples of approximately 3 mg of 

NOTA- or DTPA- conjugated sdAb (after SEC purification) were injected and peaks absorbing 

over 75 mAU (detection at 280 nm) were collected.  

The collected peaks corresponding to either (chelator)1-sdAb, (chelator)2-sdAb or (chelator)3-

sdAb were pooled accordingly, providing fraction 1, fraction 2 and fraction 3, respectively. 

Each fraction was further buffer exchanged to pure water using a Vivaspin 2 concentrator 

(Sartorius Stedim Lab, Stonehouse, UK) with a molecular weight cut-off of 5 kDa, then, their 

concentration was determined by measuring the absorption at 280 nm using a Nanodrop One 

(Thermo Fisher Scientific). Parameters for each fraction are available in supplemental data 

(Supplemental Table. 1). 
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• Mass Spectrometry analysis 

The degree of NOTA or DTPA conjugation to the sdAb was determined by ESI-Q-ToF-MS, at 

the GIGA Proteomics Facility at the University of Liège.  

Briefly, samples were ultrafiltrated with a 3 kDa cut-off membrane to remove salts and then 

re-diluted in a 30% ACN, 0.5% formic acid, 25 mM ammonium acetate solution. The analysis 

was performed on a Synapt G2 HDMS mass spectrometer (Waters) in positive ion mode. 

• Surface Plasmon Resonance analysis 

Surface Plasmon Resonance (SPR) affinity determination was performed on a Biacore T200 

(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) system as described previously14,37. 

Briefly, a CM5 chip was coated with either recombinant HER2-Fc (Sino biological, Beijing, 

China) or recombinant hMMR (RnDSystems, Minneapolis, USA) protein via 1-ethyl-3-(-3-

dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) chemistry. 

The affinity was determined by flowing different concentrations of precursor over the 

immobilized protein.  

The obtained curves were fitted with a 1:1 sdAb:antigen binding model to calculate the 

binding parameters. A reference sample containing unconjugated anti-HER2-His6 or anti-

MMR-His6, stored at -20°C, was added during each run. 

• Iso-electric Focusing Electrophoresis 

Iso-electric focusing (IEF) electrophoresis was performed using a vertical precast gel with pH 

range from 3-10 (SERVAGel IEF 3 – 10, SERVA Electrophoresis GmbH, Heidelberg, 

Germany). Samples were prepared according to the manufacturer’s protocol. Briefly, 2 μg of 

conjugated sdAb was mixed at least 1:1 with IEF sample buffer (SERVA Electrophoresis 

GmbH, Heidelberg, Germany) to a max volume of 35 µl, after which the samples were loaded 

in the gel. The inner chamber of the electrophoresis chamber was filled with IEF cathode 

buffer (SERVA Electrophoresis GmbH, Heidelberg, Germany), while the outer chamber was 

filled with IEF anode buffer (SERVA Electrophoresis GmbH, Heidelberg, Germany). Gels 

were run using following program: 1h at 100 V, 2 h at 200 V and finally, 30 min at 500 V. 

Afterwards, the gel was fixated in a 20% Tricholoracetic acid (Acros Organics, Geel, Belgium) 

solution for 20 min, followed by staining in a crystal violet (SERVA Violet 17, SERVA 

Electrophoresis GmbH, Heidelberg, Germany) /20% phosphoric acid (Acros Organics, part of 

Thermo Fisher Scientific, Geel, Belgium) solution for 10 min. The gel was then destained in 

3% phosphoric acid solution, until a clear background was obtained. The gels were imaged 

using an Amersham 680RGB imager (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and 

analyzed via the GE ImageQuant TL 1D v 8.2.0 analysis software. 

• Radiolabeling 

For the 68Ga labeling, per fraction, 30 µg (NOTA)n-sdAb (n= 1 or 2 or 3) was diluted in 250 µl 

1 M NaOAc (Sodium acetate trihydrate, ≥ 99.5%, puriss. p.a., Ph.Eur., Sigma-Aldrich Chemie, 

Steinhelm, Germany – Acetic acid, ≥ 99.8%, puriss. p.a., Ph.Eur., Sigma-Aldrich Chemie, 

Steinhelm, Germany), pH 5.0 and 250 µl of [68Ga]GaCl3 eluate was added to the precursor. The 

solution was incubated at RT for 10 min.  
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The radiochemical purity (RCP) was assessed on binderless glass microfiber paper that was 

impregnated with silica gel (instant thin layer chromatography, iTLC-SG) (Agilent 

Technologies, Diegem, Belgium) with 0.1 M sodium citrate pH 5 (Citric acid, trisodium salt, 

dihydrate – Citric acid, monohydrate, Acros Organics, part of Thermo Fisher Scientific, Geel, 

Belgium) as mobile phase. 

Afterwards, the solution was purified via NAP-5 (GE Healthcare, Buckinghamshire, UK) and 

eluted in 1 mL PBS (0.01 M phosphate buffer/0.14 M NaCl) (PBS Tablets, Merck, Darmstadt, 

Germany). The final solution was filtered through 0.22 µm Millex filter (Merck Millipore Ltd, 

Carrigtwohill, Ireland) before preparation of the syringes. 

 

For the 111In-labeling, per fraction, 50 µg (DTPA)n-sdAb (n= 1 or 2 or 3) was diluted in 250 µl 

0.2 M NH4OAc (≥ 99.99% trace metal basis, Honeywell, Seelze, Germany), adjusted to pH 5.0 

with 0.1 M HCl and 250 µl [111In]InCl3 was added to the precursor. The solution was incubated 

at 37°C for 30 minutes. iTLC was performed to assess the RCP. Afterwards, the solution is 

purified via NAP-5 and collected in 1 mL PBS (0.01 M phosphate buffer/0.14 M NaCl). The 

final solution is filtered through 0.22 µm Millex filter. 

• Cell culturing 

The human ovarian cancer cell line SKOV3 (HER2+) was obtained from American Type 

Culture Collection (ATCC, Manassas, VA, USA) and the cells were cultured as described 

previously39.  

The murine lung adenocarcinoma cell line 3LL-R, a subclone of the Lewis Lung carcinoma 

(LLC) cell line40, a kind gift from Prof. Damya Laoui from the lab of Cellular and Molecular 

Immunology (CMIM, Vrije Universiteit Brussel, Brussels, Belgium), was cultured in RPMI 

containing Pen/Strep (1%), L-Glu (1%), non-essential amino acids (1%) and 10% FBS (Gibco, 

Life Technologies, Paisly, UK). 

• Biodistribution study 

The mice were housed at 22°C in 50-60% humidity with a light/dark cycle of 12 h in 

individually ventilated cages. Food pellets and water were provided ad libitum.  

For the tumor targeting study of anti-HER2 constructs, 6 weeks old, athymic, immune-

deficient, female Crl:NU(NCr)-Foxn1nu mice (Charles River, France) were inoculated 

subcutaneously at the right flank with 107 HER2-expressing SKOV-3 cells and tumors were 

grown for 6 - 8 weeks with tumor volumes ranging between 50 – 250 mm³. For the tumor 

targeting study of anti-MMR constructs, 6-week-old, healthy, female C57BL/6J mice (Charles 

River, France) were inoculated subcutaneously at the right flank with 106 3LL-R clone of LLC 

cells. Tumors were grown for 11 days with tumor volumes ranging between 150 - 250 mm³. 

For each construct, mice were equally and randomly distributed over three groups with n = 6 

per fraction. For the NOTA-anti-MMR construct, the mice were further divided into two 

separate cohorts (n = 3 per fraction per cohort). Unfortunately, due to experimental error, the 

first cohort of mice was injected with impure fractions. These mice were omitted from 

analysis, resulting in only n = 3 per fraction in the final analysis for this construct. 

For the specificity study of the NOTA-anti-MMR compounds, 4 – 7-month-old female 

C57BL/6 MMR knock-out (KO) mice were used, kindly provided by Prof. Damya Laoui from 

the CMIM lab (Vrije Universiteit Brussel, Brussels, Belgium). Thirteen mice were of suitable 

age for the study, while the breeding was being discontinued.   
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The MMR KO mice were randomly divided into three groups with n = 4, 5 and 4 for fraction 

1 (F1), fraction 2 (F2) and fraction 3 (F3), respectively. 

 

All mice were injected with ± 5 μg (0.37 nmol, σ = 0.01) of radiolabeled tracer (5 – 20 MBq) 

(Supplemental Table 2 and 3). Mice injected with an 111In-labeled compound were subjected 

to SPECT/CT imaging 1 h post injection (p.i.). All mice were sacrificed via neck dislocation 80 

min p.i. for organ collection.  

The organs were weighed and measured for radioactivity in a gamma-counter (Cobra II, 

Packard for anti-HER2 studies and Wizard2 Gamma Counter, Perkin Elmer for anti-MMR 

studies). Tissue/organ uptake was calculated and expressed as percentage injected activity per 

gram (%IA/g), corrected for decay. A %IA/g ≤ 0.5% is considered as background signal. All 

handlings on living animals were performed while the animals were under anesthesia by 

isoflurane (ABBOTT, Ottignies-LLN Belgium) (5% induction in a box and 2.5% maintenance 

via a nose cone). 

• SPECT/CT 

Mice were imaged 1 h p.i. of the tracer using a Vector+ SPECT/CT system (MIlabs, Utrecht, 

The Netherlands) equipped with a general-purpose rat/mouse 1.5 mm 75 pinhole collimator.  

SPECT imaging was performed in spiral mode with 6 bed positions and an acquisition time 

of 200 seconds per bed position. Images were reconstructed with 2 subsets and 4 iterations 

with a voxel size of 0.4 mm in MIlabs reconstruction software v. 8.00. A CT scan was 

performed in 1 bed position with a duration of 146 seconds at 60 kV and a pixel size of 80 µm. 

Reconstructed images were further processed via AMIDE software v1.0.5 (SourceForge), while 

3D images were made using OsirixMD software v11.0.0 (Pixmeo, Bernex, Switzerland).    

• Statistical analysis 

A power analysis was performed to determine the sample size, with a focus on measuring 

differences in kidney uptake, assuming a normal distribution. The results yielded a sample 

size of 6 animals per group. 

For statistical analysis on the ex vivo biodistribution data, a two-way anova statistical test 

with multiple comparisons was performed using Graphpad Prism v8.3.1 (Graphpad 

Software, LLC, California, USA). 

 

3. Results 

• AEX and product characterization 

After purification of the conjugated sdAb via SEC, the collected product was further subjected 

to AEX, which was able to separate various subpopulations present in the conjugated samples 

(Figure IV - 1). Clusters of peaks could be determined, which contained either (chelator)1-

sdAb (fraction 1, F1), (chelator)2-sdAb (fraction 2, F2) or (chelator)3-sdAb (fraction 3, F3), and 

within one cluster (or fraction) we identified amidated and deamidated forms, which have a 

different pI and already count for at least 2 peaks per cluster. Additionally, the presence of 

the other peaks within one fraction is likely a result of slightly altered column interactions by 

regio-isomers. 
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Fig. IV - 1. AEX purification profiles of (A) NOTA-anti-HER2, (B) DTPA-anti-HER2, (C) NOTA-

anti-MMR and (D) DTPA-anti-MMR. Clusters of peaks containing (chelator)1-sdAb (fraction 1), 

(chelator)2-sdAb (fraction 2) or (chelator)3-sdAb (fraction 3) are framed denoted with 1,2 and 3, 

respectively. Frames denoted with 0 correspond to unconjugated sdAb. Separation of fractions is 

achieved by an increasing salt gradient resulting in increasing conductivity. The clusters or fractions 

were defined by identification of each peak individually via MS. 

 

Mass spectrometry was used to confirm the identity of the fractions upon purification as 

exemplified for the NOTA-MMR construct (Figure IV - 2). On the deconvoluted spectrum 

data, for fraction 1, two main peaks with molecular weight 13128 and 13111 were observed, 

corresponding to the expected mass [M+H]+ of (NOTA)1-anti-MMR (theoretical MW= 

13128.1) and deamidated compound [M-NH2+H]+. A mass error of +/- 1 can arise due to the 

deconvolution.  

On fraction 2, three main peaks were observed, 13562, 13578, 13602, corresponding to [M-

NH2+H]+, [M+H]+ and [M+Na]+, and confirming the presence of (NOTA)2-anti-MMR 

(theoretical MW= 13578.1 Da). For fraction 3, main peaks were observed at 14029, 14051 and 

14073, corresponding to [M+H]+, [M+Na]+ and [M+2Na-H]+, confirming that the fraction 

corresponds to (NOTA)3-anti-MMR (theoretical MW= 14028.1). The corresponding 

deamidated form is present as minor peak at 14013. Full spectra of each construct for both the 

anti-HER2 and anti-MMR sdAb are available in supplemental data (Sup. Fig. 1.1 – 4.3). 
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Fig. IV - 2. Deconvoluted mass spectrometry data of (NOTA)1-anti-MMR (fraction 1), (NOTA)2-

anti-MMR (fraction 2) and (NOTA)3-anti-MMR (fraction 3). Theoretical molecular weights were 

calculated at 13128, 13578 and 14028, respectively.  

 

For each construct, the affinity was evaluated via SPR. (Table IV - 1). The affinity (a 

measurement strength of interaction) is represented as equilibrium dissociation constant KD 

(ratio of koff /kon), where a lower KD is correlated with a higher affinity and vice versa. It 

seems from this measurement that the conjugation degree can influence the affinity, most 

notably on fraction 3. 

 

Table IV - 1: Affinity measurement by SPR. Reference corresponds to the unconjugated sdAb, fractions 1, 2 and 3 

refer to sdAb with 1, 2 and 3 conjugated chelators, respectively. 

Compound  Affinity – KD (nM) 

 Reference* Mixture** Fraction 1 Fraction 2 Fraction 3 

NOTA-anti-HER2 3.7, σ = 0.7 4.8, σ = 1.6 4.1 5.0 7.4 

DTPA-anti-HER2 3.7, σ = 0.7 NA*** 3.3 6.2 10.0 

NOTA-anti-MMR 1.2, σ = 0.3 1.2, σ = 0.2 1.3 1.7 2.9 

DTPA-anti-MMR 1.2, σ = 0.3 NA*** 1.6 2.4 4.8 

*Reference compound is the respective unconjugated anti-HER2 or anti-MMR sdAb, the value is based on historical 

data 

**SPR analysis of the typical mixture obtained upon conjugation following the current clinical protocol25,40, the value is 

based on historical data 

***Not available 

 

An additional characterization of the fractions was performed via IEF electrophoresis, which 

allows measurement of the pI of each fraction (Table IV - 2). 
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Table IV - 2: Determination of isoelectric point by IEF gel. 

Compound pI 

 Reference* Fraction 1 Fraction 2 Fraction 3 

NOTA-anti-HER2 > 8.3 5.2, 5.0 5.0, 4.1, 3.5 3.5, 3.4 

DTPA-anti-HER2 > 8.3 5.0, 4.5 3.5, 3.3 3.1, 2.9 

NOTA-anti-MMR > 8.3 5.4, 5.2, 4.9 4.7, 3.7, 3.5 3.5, 3.2 

DTPA-anti-MMR > 8.3 5.0, 4.8, 3.8 3.4, 3.1 3.1, 2.8 

*Reference compound is the respective unconjugated anti-HER2 or anti-MMR sdAb 

 

Unconjugated sdAbs (reference) show a pI above the upper limit of the gel of 8.3, while a 

strong decrease in pI was observed upon conjugation of a chelator. The pI further decreased 

as the number of chelators increased. Additionally, the pI of DTPA-conjugated sdAbs is lower 

than the NOTA-counterpart. For each fraction two or more bands were observed, 

corresponding to intact or deamidated form and potentially due to regio-isomers having a 

small difference in pI or a different interaction with the gel. An important limitation of the IEF 

electrophoresis is the lower limit of pI 3.5, meaning that all measured pI’s below 3.5 are 

estimations calculated by the gel analysis software. An example of an IEF gel is available in 

supplemental data (Sup. Fig. – 5). 

• In vivo studies 

In vivo biodistribution studies were performed, for each construct, where the fractions were 

injected individually in tumor bearing mouse models to assess any difference in in vivo 

behavior. An additional study was performed for the NOTA-anti-MMR in an MMR KO model 

for a specific assessment on kidney uptake. Average uptake values per organ are available for 

each study in supplementary data (Sup. Table 5 – 9). 
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[68Ga]Ga-NOTA-anti-HER2 

The biodistribution of [68Ga]Ga-(NOTA)n-anti-HER2 shows background signal (%IA/g ≤ 0.5%) 

in most organs and tissues, with notable exception of the kidneys and tumor (Fig. IV - 3). The 

low background in most organs was expected, as the anti-HER2 sdAb is specific to human 

HER2 protein. The high kidney uptake is typical for sdAb-based tracers, as these tracers are 

filtered and cleared via the kidneys, with partial uptake of the tracer due to the protein 

reuptake mechanism in proximal tubuli. 

 

 
Fig. IV - 3. Biodistribution profile of [68Ga]Ga-(NOTA)n-anti-HER2 fractions in athymic nude mice (n = 

6 per group), with a human HER2 expressing SKOV-3 tumor. (****p < 0.001) 
 

Kidney uptake values of 53.1 %IA/g, σ = 6.4% (F1), 34.2 %IA/g, σ = 1.7% (F2) and 20.2 %IA/g, 

σ = 3.0% (F3) were obtained, respectively, with F1 showing a significantly higher uptake 

compared to F2 and F3, and F2 a significantly higher uptake than F3 (all p < 0.001). Tumor 

uptake values of 2.7 %IA/g, σ = 0.6% (F1), 2.4 %IA/g, σ = 1.6% (F2) and 4.3 %IA/g, σ = 2.1% 

(F3) were obtained, respectively. Previous specificity studies37,41 support the specific uptake of 

the fractions in the tumors, while the signal in stomach and large intestine of F3 is likely due 

to contamination of samples during experiment. 
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[111In]In-DTPA-anti-HER2 

 

Similarly to the NOTA-anti-HER2 study, biodistribution of [111In]In-(DTPA)n-anti-HER2 

fractions was assessed in athymic nude mice with human HER2 expressing tumors (Fig. IV - 

4). 

 

 

 
Fig. IV - 4. Biodistribution profile of [111In]In-(DTPA)n-anti-HER2 fractions in athymic nude mice (n 

= 6 per group), with a human HER2 expressing SKOV-3 tumor. (****p < 0.001) 
 

As expected, background signal (%IA/g ≤ 0.5%) is observable for most organs and tissues, 

except for the kidneys and tumor, which shows a clear uptake. Kidney uptake values of 87.9 

%IA/g (σ = 8.4%) (F1), 77.0 %IA/g (σ = 7.2%) (F2) and 48.0 %IA/g (σ = 6.2%) (F3) were obtained, 

respectively. Similarly, as the previous study, F1 showed a significantly higher kidney uptake 

compared to F2 and F3, while F2 showed a significantly higher uptake compared to F3 (all p 

< 0.001). The kidney uptake pattern is consistent with the previous observation, where it seems 

that a higher degree of conjugation is associated with reduced kidney uptake. Tumor uptake 

values of 9.6 %IA/g, σ = 3.4% (F1), 8.1 %IA/g, σ = 1.8% (F2) and 6.6 %IA/g, σ = 2.8% (F3) were 

obtained, respectively. 
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PECT/CT images of [111In]In-(DTPA)n-anti-HER2 fractions show a clear tumor uptake for all 

three fractions (Fig. IV - 5 – Upper panel), while kidney signal clearly reduces for F2 and even 

more for F3 (Fig. IV - 5 – Lower panel). 

 

 
 

Fig. IV - 5. SPECT/CT imaging of different [111In]In-(DTPA)n-anti-HER2 fractions 1h p.i. in SKOV3 

tumor bearing athymic nude mice. Scaling was adjusted depending on the tracer uptake values of the 

organ in focus. The upper panels are focused on the tumor (denoted by a red arrow). The lower panels 

are focused on the kidneys, which show a decrease in signal with increasing chelator substitution.  
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[68Ga]Ga-NOTA-anti-MMR 

 

The biodistribution of [68Ga]Ga-(NOTA)n-anti-MMR fractions shows uptake in several organs, 

such as thymus, heart, lungs, liver, spleen, pancreas, bone and lymph nodes (Fig. IV - 6), as 

expected as the anti-MMR sdAb is cross-reactive for murine and human MMR. 
 

 
Fig. IV - 6. Biodistribution profile of [68Ga]Ga-(NOTA)n-anti-MMR fractions in C57Bl/6 mice (n = 3 

per group), with a 3-LLR tumor. (****p < 0.001) 
 

Tumor uptake values of, respectively, 2.4 %IA/g, σ = 0.1% (F1), 2.3 %IA/g, σ = 1.0% (F2) and 

1.9 %IA/g, σ = 0.3% (F3) were obtained. The kidney uptake shows a different pattern compared 

to the anti-HER2 constructs, with uptake values of 36.9 %IA/g, σ = 4.4% (F1), 50.8 %IA/g, σ = 

9.5% (F2) and 43.9 %IA/g, σ = 2.2% (F3), respectively. Here, F1 showed a significantly lower 

kidney uptake compared to F2 and F3 (p < 0.001), while F2 shows a significantly higher kidney 

uptake compared to F3 (p < 0.001). Despite the omission of one cohort from analysis, a sample 

size of 3 mice per group was still sufficient to measure significant differences between the 

kidney uptake of the different fractions. 
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[111In]In-DTPA-anti-MMR 

 

The biodistribution of [111In]In-(DTPA)n-anti-MMR fractions shows, next to tumor and kidney 

uptake, uptake in several organs as well, as expected (Figure 7).  The liver showed uptake 

values of 12.2 %IA/g, σ = 2.1%)(F1), 5.8 %IA/g, σ = 0.9% (F2) and 3.9 %IA/g, σ = 0.6% (F3), 

respectively, with F1 being significantly higher than F2 (p < 0.05) and F3 (p < 0.01). Tumor 

uptake values of 3.4 %IA/g, σ = 1.9% (F1), 2.9 %IA/g, σ = 0.5% (F2) and 1.2 %IA/g, σ = 0.9% 

(F3) were obtained, while the kidneys showed an uptake of 121.4 %IA/g, σ = 12.5% (F1), 117.3 

%IA/g, σ = 16.3% (F2) and 167.7 %IA/g, σ = 16. 5 (F3), respectively. F3 is significantly higher 

than F1 and F2 (p < 0.001). 
 

 
Fig. IV - 7. Biodistribution profile of [111In]In-(DTPA)n-anti-MMR fractions in C57Bl/6 mice (n = 6 

per group), with a resistant LLC tumor variant. (*p < 0.05, **p < 0.01, ****p < 0.001) 
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SPECT/CT images were obtained (Fig. IV - 8), with the scaling focused on the liver. The images 

show a clear reduction in signal at the liver site going from fraction 1 to fraction 3, likely due 

to the reduced affinity of fraction 2 and 3. Tumors were not clearly visible at this scaling, while 

at a lower scaling, tumors were not distinguishable due to an overall body signal, 

corresponding to uptake of the tracer in several organs. 
 

 
Fig. IV - 8. SPECT/CT imaging of [111In]In-(DTPA)n-anti-MMR fractions at 1h (p.i.) in 3LLR tumor 

bearing C57Bl/6 mice provides congruent data as with the ex-vivo biodistribution data, where the liver 

(denoted by red arow) clearly shows lower signal in fraction 2 and 3 compared to fraction 1. Tumors 

were not visible at this scaling.  
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[68Ga]Ga-NOTA-anti-MMR in MMR KO mice 

 

A biodistribution study of [68Ga]Ga-(NOTA)n-anti-MMR was performed in naive MMR KO 

mice to assess the specificity of the tracer and to verify the kidney uptake when no organ 

uptake occurs (Fig. IV - 9). As expected, the overall uptake in organs decreased to background 

levels, confirming the specificity of each fraction.  

 

The kidneys showed uptake values of, respectively, 119.0 %IA/g, σ = 27.2% (F1), 111.3 %IA/g, 

σ = 10.0% (F2) and 91.2 %IA/g, σ = 7.4% (F3), with F1 being significantly higher compared to 

F2 (p < 0.05) and F3 and F2 being significantly higher than F3 (p < 0.001 for both comparisons). 

A comparable pattern to the anti-HER2 tracers occurs again for the kidney uptake. This is 

likely due to the different tracer biodistribution compared to wild-type C57BL/6 mice, which 

natively express the MMR target. This study in MMR KO mice suggests again that the overall 

kidney uptake is reduced as the number of chelators increases for the [68Ga]Ga-(NOTA)n-anti-

MMR. 
 

 
Fig. IV -9. Biodistribution profile of [68Ga]Ga-(NOTA)n-anti-MMR fractions in C57Bl/6 MMR KO 

mice (n = 4, 5 ,4 per group, respectively).  (*p < 0.05, ****p < 0.001) 

4. Discussion 

 

Chemical modifications of proteins in tracer development, such as conjugation to a chelator, 

can have a profound impact on physical and pharmacokinetic properties of the tracer. 

Characterization of such tracers is imperative for clinical usage. While for peptides – as only 

one compound is obtained at the end of the production process – the characterization of the 

tracer is relatively simple, this is usually not the case for larger protein-based tracers such as 

antibody tracers33. Lysine-conjugation on sdAbs can also give rise to a heterogenous mixture 

of sdAbs with a different degree of conjugation38. In the design of clinical tracers, random 

labeling to lysines remains one of the most straightforward techniques. Site-specific 

conjugation methods have been developed to obtain a homogenous mixture.  
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These conjugation methods, however, are usually more complex, require enzymes, such as 

the sortase A, and/or adaptations of the sdAb sequence, such as addition of linkers, to allow 

site-specific reactions42-44, resulting in a more challenging translation to GMP manufacturing. 

For this reason, the sdAbs evaluated in this study have entered clinical trials formulated as a 

randomly labeled mix of (NOTA)n-sdAb conjugates.  

However, questions may always arise as to the functionality and safety of such a tracer 

mixture. Indeed, should one of the contained fractions possess a biodistribution profile 

significantly different from the others, this may present as a problem to regulatory authorities.  

Therefore, the significance of this study lies in demonstrating that the different fractions 

contained within one tracer mixture, especially for the clinically relevant NOTA-conjugated 

sdAbs, overall maintain the expected biodistribution pattern associated with sdAbs. This 

specifically refers to the rapid renal clearance and fast uptake and accumulation into target-

expressing tumors. 

In this study, for the first time, the effect of the degree of chelator conjugation on 

physicochemical properties and in vivo biodistribution of two sdAbs was evaluated after 

NOTA or DTPA conjugation. By using an AEX method, the separation of different fractions 

of chelator conjugated sdAb protein could be achieved, allowing such an assessment. The 

separation of different fractions is based on interaction with the packing of an AEX column. 

This type of column has a positively charged packing which allows interaction with the 

negative charges of the chelators. To break the interaction between the compounds and the 

packing bed, counter ions (Cl-) are added in a gradient (solvent B). SdAbs with a higher 

number of chelators will have a stronger interaction with the packing bed and will therefore 

require more counter ions to detach and consequently a higher gradient of solvent B. As such, 

a separation of different fractions can be obtained.  

On first analysis, differences in several properties were observed for each of these fractions. 

As could be expected from the conjugation of strongly anionic complexes such as the NOTA 

and DTPA chelators to the cationic lysine side chain, there was a significant drop in the overall 

pI of the complexes. Logically, this effect increased with the degree of conjugation. 

Furthermore, we observed an unequal impact of the conjugation of either chelator on the pI, 

due to the stronger anionic character of DTPA compared to NOTA. SPR analysis seems to 

indicate a small impact of the conjugation degree on the affinity, where a higher degree of 

conjugation led to a decrease in affinity. Of note, for the anti-HER2 sdAb, a crystal structure 

is available, where it has been confirmed that none of the lysines are part of the paratope41. 

For the anti-MMR sdAb, no crystal structure is available and so no information is available 

about lysines being part of the paratope. But whether the lysines are in the paratope or in the 

sdAb framework regions, it seems that conjugated chelators can at least to some extent reduce 

the sdAb binding. Remarkably, a pertinent difference in impact of conjugation on the affinity 

is observed between the NOTA and DTPA-chelator, for both sdAbs. This could be explained 

by size differences between both chelators. The NOTA-chelator is smaller compared to CHX-

A”-DTPA and has one main rotation point at the nitrogen-ring structure. The CHX-A”-DTPA, 

however, has a more open structure and contains two main rotation points in structure, which 

makes the CHX-A”-DTPA more flexible and increases the potential space occupancy 

compared to NOTA. This results in a higher potential hindrance from CHX-A”-DTPA 

compared to NOTA, with consequently may explain the higher affinity loss.  

In vivo biodistribution studies for the anti-HER2 tracers shows background level signal in 

most organs and tissue. This is expected as the anti-HER2 tracers only bind to human HER2 

and not the murine HER2.  
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Tumors show a clear uptake of all fractions of both [68Ga]Ga-(NOTA)n-anti-HER2 and [111In]In-

(DTPA)n-anti-HER2 constructs. The selectivity of the anti-HER2 tracer to human HER2, 

however, limits a more profound assessment of the impact of conjugation on the affinity. For 

both [68Ga]Ga-(NOTA)n-anti-HER2 and the [111In]In-(DTPA)n-anti-HER2 fractions, a 

significant difference in kidney uptake was observed, whereby a higher degree of conjugation 

correlated with a decreased kidney uptake.  

The kidneys possess a protein reabsorption mechanism to prevent protein loss via the urine45. 

The impact of the conjugation degree on kidney uptake could be caused by altered interaction 

between the filtered sdAb-conjugates and endocytic receptors in the proximal tubule, which 

are part of the reabsorption mechanism. These receptors – primarily megalin and cubilin - are 

known to possess cationic binding motifs46, which could explain why the more anionic 

compounds show less uptake. Additionally, the lumen in the proximal tubili is typically 

rendered negatively charged via active anion secretion47. This might repulse more negatively 

charged compounds (compounds with a lower pI) from the vessel walls and further reduce 

interaction with reabsorption receptors, leading to a more fluid clearance, than compounds 

with a higher pI. In line with this hypothesis that the reduced kidney uptake for fraction 2, 

and more so for fraction 3, is most likely due to a reduced interaction with the re-uptake 

mechanism in the proximal tubuli, whereby these fractions are more easily flushed out of the 

kidneys via the urine, not more tracer is available in the rest of the body when reduced kidney 

accumulation occurs, as can be concluded by the obtained uptake values (especially blood 

values) which are comparable for all fractions. 

The anti-MMR tracers showed uptake in several organs, as these tracers bind to both human 

and murine MMR. MMR is known to be expressed not only on macrophages but also on 

endothelial cells48 and antigen-presenting cells49 throughout the body, and on Kupffer cells in 

the liver50, which results in uptake in organs such as liver, spleen, pancreas, lungs, lymph 

nodes and bone marrow. Previous imaging and biodistribution studies of [68Ga]Ga-NOTA-

anti-MMR and [18F]FB-anti-MMR tracers have shown increased uptake in these organs, while 

specificity of the tracer was confirmed in MMR KO mice as the tracer uptake decreased to 

background or near background levels in all organs14,25. The [68Ga]Ga-(NOTA)n-anti-MMR 

fractions did not show a significant difference in organ uptake, while significant differences 

occurred in kidney uptake. It seems, however, that F3 consistently shows a lower uptake in 

organs expressing constitutively MMR compared to F1 and F2, which would correspond with 

the reduced affinity, measured via SPR. The kidney uptake was the highest for F2, followed 

by F3 and then F1, with significant difference between each fraction. The [111In]In-DTPA-anti-

MMR fractions showed a significant reduction in liver uptake for F2 and F3 compared to F1, 

in concordance with a reduced affinity measured via SPR for F2 and F3. The kidney uptake 

was the highest for F3, with a significant difference compared to F1 and F2. No difference was 

obtained between F1 and F2. 

The kidney uptake pattern of the anti-MMR tracers in C57BL/6 mice was highly different than 

that of the anti-HER2 tracers (athymic nude mice) and did not correspond with the trend that 

a higher conjugation degree leads to a lower kidney uptake. We hypothesized that the 

difference in mass distribution of the anti-MMR tracers influenced the kidney uptake. Due to 

variations in organ uptake between the fractions, different amounts are filtered in the kidneys 

in the same period. For example, F3 of DTPA-anti-MMR showed a consistently lower organ 

uptake, leading to a higher amount being filtered through the kidneys compared to F1 and 

F2, which could cause the observed increased kidney uptake.  
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To verify this hypothesis and to confirm the specificity of the tracer, an additional in vivo 

study of the [68Ga]Ga-(NOTA)n-anti-MMR fractions was performed in C57Bl/6 MMR KO mice. 

In this study, the organ uptake was reduced to background levels, confirming the specificity 

of each fraction, while for the kidney uptake the same pattern re-emerged as for the anti-HER2 

tracers, where a higher degree of conjugation leads to reduced kidney uptake.  

This seems to confirm our hypothesis that reduced affinity leads to a reduced uptake in 

different MMR expressing organs and so to more unbound tracer, which will be filtered by 

the kidneys, leading to higher kidney uptake.  

To further investigate the observed differences in kidney uptake, an additional in vivo study 

could be performed comparing the kidney uptake of (chelator)n-sdAb fractions where the 

chelators have been saturated with the cold isotope after radiolabeling. Complexation of the 

chelator with a positive metal ion neutralizes (partially) the negative charges.  

During radiolabeling, the amount of radionuclide is typically far inferior to the number of 

available chelators, leaving the majority of chelators uncomplexed and negatively charged. 

After saturation, and coinciding neutralization of the chelator’s negative charges, however, 

the kidney uptake should increase according to previous explanation about altered interaction 

with the reabsorption mechanism described above, at least for (chelator)2-sdAb and 

(chelator)3-sdAb fractions, provided that the ‘free’ chelators do not saturate in vivo by 

endogenous metals, such as iron or zinc. 

Despite the observed differences between fractions (mainly on kidney uptake), in this study, 

we could not detect a significant impact of the conjugation degree on tumor targeting of any 

evaluated tracer. While this is supported by what is conventionally expected for small ligands, 

where an ideal affinity range is defined as 1-10 nM for optimal tumor uptake and intratumoral 

distribution, it is also known that a decreased pI can cause diminished tumor uptake, at least 

in the case of antibodies31,32. However, this effect was thus not observed here for the sdAbs. 

To assess more in-depth the impact of the conjugation degree on the in vivo targeting and on 

pharmacokinetics, follow-up studies could be performed, where the sample size 

determination is focused on measuring differences in target organs, such as the tumor, and 

where the biodistribution is evaluated at different timepoints. 

 

To summarize, the ability to separate and investigate the different conjugated fractions of a 

sdAb, can be valuable to analyse whether the biodistribution or targeting is affected. In this 

study, we show that for both the anti-HER2 and anti-MMR sdAb up to 3 NOTA-chelators can 

be conjugated to one sdAb without majorly affecting the biodistribution and impeding their 

usage. The current clinical manufacturing protocol of the NOTA-sdAbs yields a mixture, 

respectively for the anti-HER2 sdAb38, of (NOTA)0-, (NOTA)1-, (NOTA)2-anti-HER2, with a 

low amount of (NOTA)3-anti-HER2, and for the anti-MMR sdAb25 of (NOTA)0- and (NOTA)1-

anti-MMR. The obtained results on the different fractions in this study support the further use 

of these mixtures in clinical setting. For future sdAbs, the AEX separation method can be 

applied in preclinical development to characterize fractions so that conjugation conditions can 

be adjusted, if necessary, to obtain the desired mixture of fractions. Importantly, depending 

on the native presence of the antigen and on the influence of the conjugation on the affinity, 

the kidney uptake can vary, due to a different mass distribution, as was the case for the anti-

MMR constructs. A factor to take into account would be the target-to-kidney ratio, which is 

ideally as high as possible.  
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Particularly in a therapeutic setting, the decreased kidney uptake associated with a higher 

degree of conjugation can be valuable to reduce the absorbed dose of the kidneys, which is 

often the dose-limiting organ for sdAb tracers41,51,52, as long as the target-to-kidney ratio and 

therapeutic index remain optimal. Finally, the separation method described here could also 

be applied as purification method to obtain a single fraction as final product with the goal to 

obtain a more homogeneous product. This could, for example, be valuable for sdAbs that are 

more affected by random conjugation than those evaluated in this study. 

5. Conclusion 

Anion exchange chromatography has shown to be a viable method for the separation of sdAb-

based tracers with different degrees of chelator conjugation. This allows further 

characterization of a tracer and optimization of the conjugation conditions to obtain a desired 

final mixture.  

Here, we evaluated two sdAbs that are currently undergoing clinical translation, and have 

demonstrated, that, while the affinity is mildly impacted by increasing degrees of conjugation, 

it remains within the low nanomolar range, with minimal effect on tumor targeting and 

overall biodistribution profile. 

Interestingly, a higher degree of conjugation also reduces the degree of renal uptake, which 

can only be considered positive in the context of radiopharmaceuticals. These findings 

indicate that random conjugation can be an appropriate design strategy for clinical sdAb 

tracers. 
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CHAPTER IV: SUPPLEMENTAL DATA 

 
Compound characteristics and injected amounts for biodistribution studies 

 

Supplemental Table 1: Parameters for concentration measurement via UV spectrophotometry 

Compound Chelator # of Chelator/sdAb Extinction coefficient (M-1cm-1) at 280 nm Molecular weight (kDa) 

Anti-HER2 NOTA 1 41.44 13.08 

  2 57.44 13.53 

  3 73.44 13.98 

 DTPA 1 42.44 13.23 

  2 59.44 13.83 

  3 76.44 14.43 

Anti-MMR NOTA 1 40.66 13.13 

  2 56.66 13.58 

  3 72.66 14.03 

 DTPA 1 41.66 13.28 

  2 58.66 13.88 

  3 75.66 14.48 

 

Supplemental Table 2: Number of moles of compound use for radiolabeling and injection 

Compound Chelator # of Chelator/sdAb Moles used for radiolabeling (nmol) Moles injected per mouse (nmol) 

Anti-HER2 NOTA 1 2.29 0.38 

  2 2.22 0.37 

  3 2.15 0.36 

 DTPA 1 3.78 0.38 

  2 3.62 0.36 

  3 3.47 0.35 

Anti-MMR NOTA 1 2.28 0.38 

  2 2.21 0.37 

  3 2.14 0.36 

 DTPA 1 3.77 0.38 

  2 3.60 0.36 

  3 3.45 0.35 

 

Supplemental Table 3: Injected activities of each fraction per mouse 

Compound N/group 1 chelator-fraction 2 chelator-fraction 3 chelator-fraction 

[68Ga]Ga-(NOTA)n-anti-HER2-sdAb 3 12.6 MBq, σ = 0.7 MBq 12.4 MBq, σ = 0.4 MBq 11.6 MBq, σ = 0.4 MBq 

[111In]In-(DTPA)n-anti-HER2-sdAb 6 9.3 MBq, σ = 0.4 MBq 9.4 MBq, σ = 0.6 MBq 10.0 MBq, σ = 0.7 MBq 

[68Ga]Ga-(NOTA)n-anti-MMR-sdAb 6 17.3 MBq, σ = 0.1 MBq 13.5 MBq, σ = 0.2 MBq 11.7 MBq, σ = 0.3 MBq 

[111In]In-(DTPA)n-anti-MMR-sdAb 6 9.7 MBq, σ = 0.3 Mbq 10.1 MBq, σ = 0.3 MBq 8.9 MBq, σ = 0.3 MBq 

[68Ga]Ga-(NOTA)n-anti-MMR-sdAb 

KO mice 
4/5/4 9.0 MBq, σ =0.3 MBq 7.2 MBq, σ = 0.2 MBq 5.9 Mbq, σ = 0.2 Mbq 
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Mass spectrometry data of different fractions per compound 

1. NOTA-anti-HER2 

 

Supplemental Figure 1.1. Deconvoluted mass spectrometry data of (NOTA)1-anti-HER2 (theoretical mass: 

13078). 

 

 

Supplemental Figure 1.2. Deconvoluted mass spectrometry data of (NOTA)2-anti-HER2 (theoretical mass: 

13528). 

 

 

Supplemental Figure 1.3. Deconvoluted mass spectrometry data of (NOTA)3-anti-HER2 (theoretical mass: 

13978). 
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2. DTPA-anti-HER2 

 

Supplemental Figure 2.1. Deconvoluted mass spectrometry data of (DTPA)1-anti-HER2 (theoretical mass: 

13228). 

 

Supplemental Figure 2.2. Deconvoluted mass spectrometry data of (DTPA)2-anti-HER2 (theoretical mass: 

13828). 

 

 

Supplemental Figure 2.3. Deconvoluted mass spectrometry data of (DTPA)3-anti-HER2 (theoretical mass: 

14428). 
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3. NOTA-anti-MMR 

 

Supplemental Figure 3.1. Deconvoluted mass spectrometry data of (NOTA)1-anti-MMR (theoretical mass: 

13128). 

 

 

Supplemental Figure 3.2. Deconvoluted mass spectrometry data of (NOTA)2-anti-MMR (theoretical mass: 

13578). 

 

 

Supplemental Figure 3.3. Deconvoluted mass spectrometry data of (NOTA)3-anti-MMR (theoretical mass: 

14028). 
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4. DTPA-anti-MMR 

 

Supplemental Figure 4.1. Deconvoluted mass spectrometry data of (DTPA)1-anti-MMR (theoretical mass: 

13278). 

 

Supplemental Figure 4.2. Deconvoluted mass spectrometry data of (DTPA)2-anti-MMR (theoretical mass: 

13878). 

 

 

Supplemental Figure 4.3. Deconvoluted mass spectrometry data of (DTPA)3-anti-MMR (theoretical mass: 

14478). 
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Isoelectric focusing 

Supplemental Table 4: Setup Iso-electric focusing gel electrophoresis 

Lane 1 2 3 4 5 

Setup Gel A Ladder (NOTA)1-anti-HER2 (NOTA)2-anti- HER2 (NOTA)3-anti- HER2 Ladder 

Setup Gel B Ladder (DTPA)1-anti- HER2 (DTPA)2-anti- HER2 (DTPA)3-anti- HER2 Ladder 

Setup Gel C Ladder (NOTA)1-anti-MMR (NOTA)2-anti-MMR (NOTA)3-anti-MMR Ladder 

Setup Gel D Ladder (DTPA)1-anti-MMR (DTPA)2-anti-MMR (DTPA)3-anti-MMR Ladder 

 

 

Supplemental Figure 5. Imaging Iso-electric focusing gel electrophoresis 
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Ex vivo biodistribution data 

Supplemental Table 5: Ex vivo biodistribution data [68Ga]Ga-NOTA-anti-HER2 

Organs [68Ga]Ga-NOTA-anti-HER2 

 %IA/g %IA 

 F1 F2 F3 F1 F2 F3 

Blood 0.10, σ = 0.04 0.17, σ = 0.14 0.11, σ = 0.05 0.06, σ = 0.02 0.13, σ = 0.17 0.08, σ = 0.07 

Heart 0.07, σ = 0.02 0.08, σ = 0.06 0.07, σ = 0.01 0.01, σ = 0.00 0.01, σ = 0.01 0.01, σ = 0.00 

Lungs 0.33, σ = 0.04 0.21, σ = 0.08 0.24, σ = 0.11 0.06, σ = 0.01 0.04, σ = 0.02 0.04, σ = 0.01 

Liver 0.30, σ = 0.10 0.19, σ = 0.04 0.29, σ = 0.09 0.44, σ = 0.12 0.30, σ = 0.07 0.42, σ = 0.13 

Spleen 0.14, σ = 0.06 0.09, σ = 0.02 0.12, σ = 0.05 0.03, σ = 0.01 0.02, σ = 0.00 0.02, σ = 0.01 

Pancreas 0.15, σ = 0.04 0.12, σ = 0.05 0.11, σ = 0.04 0.03, σ = 0.01 0.02, σ = 0.00 0.02, σ = 0.01 

Kidneys 53.07, σ = 6.31 34.21, σ = 1.56 20.19, σ = 2.58 11.76, σ = 1.16 7.62, σ = 0.44 4.95, σ = 0.33 

Stomach 0.18, σ = 0.04 0.22, σ = 0.14 0.63, σ = 1.12 0.05, σ = 0.01 0.04, σ = 0.02 0.19, σ = 0.34 

Small Intestine 0.10, σ = 0.02 0.13, σ = 0.07 0.43, σ = 0.74 0.02, σ = 0.00 0.03, σ = 0.02 0.08, σ = 0.15 

Large Intestine 0.11, σ = 0.02 0.11, σ = 0.06 0.99, σ = 1.94 0.01, σ = 0.01 0.02, σ = 0.01 0.24, σ = 0.50 

Muscle 0.07, σ = 0.02 0.07, σ = 0.05 0.10, σ = 0.12 0.01, σ = 0.00 0.01, σ = 0.00 0.02, σ = 0.02 

Tumor 2.68, σ = 0.61 2.39, σ = 1.57 4.30, σ = 2.13 0.97, σ = 0.90 0.06, σ = 0.08 0.36, σ = 0.30 

Bone 0.17, σ = 0.06 0.13, σ = 0.08 0.13, σ = 0.05 0.01, σ = 0.01 0.00, σ = 0.00 0.00, σ = 0.00 

Lymph nodes 0.35, σ = 0.23 0.29, σ = 0.24 0.27, σ = 0.14 0.01, σ = 0.00 0.00, σ = 0.00 0.01, σ = 0.00 

 

Supplemental Table 6: Ex vivo biodistribution data [111In]In-DTPA-anti-HER2 

Organs [111In]In-DTPA-anti-HER2 
 %IA/g %IA 
 F1 F2 F3 F1 F2 F3 

Blood 0.45, σ = 0.43 0.39, σ = 0.13 0.43, σ = 0.10 0.04, σ = 0.02 0.11, σ = 0.09 0.09, σ = 0.05 

Heart 0.21, σ = 0.15 0.21, σ = 0.04 0.24, σ = 0.05 0.02, σ = 0.00 0.03, σ = 0.00 0.03, σ = 0.01 

Lungs 0.72, σ = 0.33 0.64, σ = 0.15 0.81, σ = 0.22 0.08, σ =0.02 0.10, σ =0.03 0.14, σ = 0.06 

Liver 0.36, σ = 0.09 0.45, σ = 0.09 0.73, σ = 0.09 0.37, σ = 0.06 0.49, σ = 0.09 0.83, σ = 0.12 

Spleen 0.18, σ = 0.06 0.24, σ = 0.06 0.34, σ = 0.07 0.02, σ = 0.00 0.03, σ = 0.01 0.05, σ = 0.01 

Pancreas 0.13, σ = 0.07 0.14, σ = 0.06 0.21, σ = 0.09 0.01, σ = 0.01 0.01, σ = 0.01 0.03, σ = 0.01 

Kidneys 87.94, σ = 8.37 76.96, σ = 7.22 47.66, σ = 7.78 13.24, σ = 0.36 10.55, σ = 4.69 8.01, σ = 0.97 

Stomach 0.26, σ = 0.16 0.22, σ = 0.05 0.25, σ = 0.07 0.07, σ = 0.06 0.04, σ =0.01 0.05, σ = 0.01 

Small intestine 0.26, σ = 0.16 0.21, σ = 0.09 0.38, σ = 0.24 0.02, σ = 0.01 0.02, σ = 0.01 0.04, σ = 0.04 

Large intestine 0.34, σ = 0.18 0.21, σ = 0.10 0.21, σ = 0.03 0.06, σ = 0.05 0.02, σ = 0.01 0.04, σ = 0.02 

Muscle 0.23, σ = 0.24 0.14, σ = 0.05 0.30, σ = 0.13 0.02, σ = 0.02 0.02, σ = 0.01 0.03, σ = 0.02 

Tumor 9.61, σ = 3.23 8.07, σ = 1.76 6.58, σ = 2.85 0.34, σ = 0.44 0.29, σ = 0.20 0.34, σ = 0.43 

Bone 0.19, σ = 0.05 0.33, σ = 0.10 0.40, σ = 0.11 0.01, σ = 0.01 0.01, σ = 0.01 0.02, σ = 0.01 

Lymph nodes 0.35, σ = 0.20 0.19, σ = 0.05 0.84, σ = 0.47 0.01, σ = 0.00 0.01, σ = 0.00 0.01, σ = 0.01 
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Supplemental Table 7: Ex vivo biodistribution data [68Ga]Ga-NOTA-anti-MMR 

Organs [68Ga]Ga-NOTA-anti-MMR 

 %IA/g %IA 

 F1 F2 F3 F1 F2 F3 

Blood 0.64, σ = 0.05 0.51, σ = 0.04 0.61, σ = 0.1 0.12, σ = 0.02 0.14, σ = 0.07 0.19, σ = 0.16 

Thymus 1.68, σ = 0.18 1.29, σ = 0.22 0.72, σ = 0.1 0.11, σ = 0.01 0.05, σ = 0.00 0.06, σ = 0.03 

Heart 2.14, σ = 0.20 1.92, σ = 0.20 1.14, σ = 0.3 0.27, σ = 0.05 0.20, σ = 0.03 0.13, σ = 0.03 

Lungs 1.75, σ = 0.26 1.58, σ = 0.13 1.36, σ = 0.5 0.23, σ = 0.03 0.22, σ = 0.04 0.20, σ = 0.07 

Liver 6.15, σ = 1.85 6.70, σ = 1.05 3.62, σ = 0.5 5.19, σ = 0.55 4.32, σ = 0.82 2.87, σ = 0.92 

Spleen 4.88, σ = 0.76 3.27, σ = 0.58 1.72, σ = 0.0 0.43, σ = 0.16 0.33, σ = 0.12 0.15, σ = 0.02 

Pancreas 1.90, σ = 0.06 1.63, σ = 0.16 0.80, σ = 0.0 0.17, σ = 0.03 0.20, σ = 0.06 0.08, σ = 0.01 

Kidneys 36.86, σ = 4.41 50.83, σ = 9.48 43.85, σ = 2.2 5.35, σ = 0.41 7.22, σ = 0.59 5.95, σ = 0.56 

Stomach 0.92, σ = 0.30 1.26, σ = 0.71 1.44, σ = 0.1 0.44, σ = 0.02 0.57, σ = 0.26 0.53, σ = 0.14 

Small Intestine 0.99, σ = 0.26 0.84, σ = 0.34 0.63, σ = 0.3 0.21, σ = 0.07 0.13, σ = 0.02 0.12, σ = 0.05 

Large Intestine 1.09, σ = 0.66 1.53, σ = 0.46 0.76, σ = 0.4 0.40, σ = 0.26 0.50, σ = 0.02 0.18, σ = 0.08 

Muscle 0.76, σ = 0.06 0.71, σ = 0.09 0.60, σ = 0.1 0.09, σ = 0.05 0.06, σ = 0.02 0.11, σ = 0.06 

Tumor 2.41, σ = 0.09 2.29, σ = 1.04 1.88, σ = 0.3 0.79, σ = 0.74 0.44, σ = 0.32 0.23, σ = 0.15 

Bone 2.19, σ = 0.37 1.57, σ = 0.21 0.94, σ = 0.3 0.05, σ = 0.02 0.02, σ = 0.01 0.03, σ = 0.02 

Lymph nodes 2.59, σ = 0.35 2.38, σ = 0.16 2.19, σ = 0.8 0.08, σ = 0.02 0.05, σ = 0.02 0.06, σ = 0.03 

 

Supplemental Table 8: Ex vivo biodistribution data [111In]In-DTPA-anti-MMR 

Organs [111In]In-DTPA-anti-MMR 
 %IA/g %IA 
 F1 F2 F3 F1 F2 F3 

Blood 0.48, σ = 0.04 0.56, σ = 0.13 0.63, σ = 0.07 0.20, σ = 0.02 0.22, σ = 0.09 0.11, σ = 0.03 

Thymus 1.62, σ = 0.24 1.17, σ = 0.15 0.75, σ = 0.10 0.06, σ = 0.02 0.06, σ = 0.04 0.05, σ = 0.01 

Heart 2.09, σ = 0.33 1.36, σ = 0.15 0.96, σ = 0.07 0.24, σ =0.02 0.16, σ =0.01 0.10, σ = 0.01 

Lungs 1.64, σ = 0.17 1.18, σ = 0.14 1.05, σ = 0.04 0.27, σ = 0.04 0.20, σ = 0.04 0.19, σ = 0.01 

Liver 12.16, σ = 2.12 5.78, σ = 0.88 3.91, σ = 0.59 9.90, σ = 2.94 4.73, σ = 0.92 2.78, σ = 0.64 

Spleen 6.26, σ = 0.73 2.89, σ = 0.90 1.87, σ = 0.16 0.61, σ = 0.10 0.30, σ = 0.12 0.20, σ = 0.4 

Pancreas 1.99, σ = 0.27 1.48, σ = 1.07 0.79, σ = 0.08 0.14, σ = 0.07 0.12, σ = 0.09 0.05, σ = 0.02 

Kidneys 121.44, σ = 12.50 117.28, σ = 16.26 167.75, σ = 16.52 16.04, σ = 1.40 15.24, σ =0.98 21.20, σ = 1.07 

Stomach 2.39, σ = 0.30 1.87, σ = 0.27 1.16, σ = 0.06 0.39, σ = 0.03 0.29, σ = 0.04 0.16, σ = 0.04 

Small intestine 1.35, σ = 0.21 0.94, σ = 0.18 0.61, σ = 0.07 0.14, σ = 0.02 0.09, σ = 0.07 0.08, σ = 0.03 

Large intestine 3.41, σ = 2.05 2.08, σ = 1.32 1.38, σ = 0.55 0.33, σ = 0.21 0.18, σ = 0.09 0.16, σ = 0.02 

Muscle 0.95, σ = 0.41 0.80, σ = 0.19 0.47, σ = 0.08 0.11, σ = 0.05 0.10, σ = 0.03 0.06, σ = 0.04 

Tumor 3.38, σ = 1.90 2.87, σ = 0.47 1.24, σ = 0.95 0.42, σ = 0.21 0.68, σ = 0.39 0.56, σ = 0.38 

Bone 2.17, σ = 0.32 1.44, σ = 0.31 1.45, σ = 0.28 0.05, σ = 0.02 0.02, σ = 0.02 0.02, σ = 0.01 

Lymph nodes 3.22, σ = 2.56 2.75, σ = 2.19 0.62, σ = 0.41 0.04, σ = 0.02 0.02, σ = 0.01 0.01, σ = 0.00 
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Supplemental Table 9: Ex vivo biodistribution data [68Ga]Ga-NOTA-anti-MMR in KO mice 

Organs [68Ga]Ga-NOTA-anti-MMR in KO mice 
 %IA/g %IA 
 F1 F2 F3 F1 F2 F3 

Blood 0.51, σ = 0.13 0.51, σ = 0.06 0.52, σ = 0.03 0.17, σ = 0.06 0.08, σ = 0.01 0.14, σ = 0.07 

Thymus 0.16, σ = 0.05 0.19, σ = 0.04 0.21, σ = 0.07 0.01, σ = 0.01 0.01, σ = 0.01 0.01, σ = 0.01 

Heart 0.22, σ = 0.06 0.20, σ = 0.01 0.21, σ = 0.05 0.03, σ = 0.01 0.02, σ = 0.00 0.02, σ = 0.01 

Lungs 0.38, σ = 0.08 0.40, σ = 0.04 0.53, σ = 0.27 0.08, σ = 0.03 0.07, σ = 0.03 0.09, σ = 0.05 

Liver 0.30, σ = 0.03 0.31, σ = 0.02 0.39, σ = 0.05 0.34, σ = 0.11 0.35, σ = 0.09 0.46, σ = 0.07 

Spleen 0.19, σ = 0.05 0.20, σ = 0.02 0.23, σ = 0.03 0.02, σ = 0.01 0.02, σ = 0.00 0.02, σ = 0.00 

Pancreas 0.12, σ = 0.03 0.16, σ = 0.03 0.16, σ = 0.03 0.02, σ = 0.00 0.01, σ = 0.00 0.02, σ = 0.01 

Kidneys 118.97, σ = 27.18 111.33, σ = 10.02 91.22, σ = 7.44 18.68, σ = 3.84 15.36, σ = 1.91 11.95, σ = 1.33 

Stomach 0.21, σ = 0.09 0.52, σ = 0.35 0.46, σ = 0.20 0.05, σ = 0.02 0.11, σ = 0.08 0.25, σ = 0.33 

Small intestine 0.19, σ = 0.05 0.28, σ = 0.05 0.24, σ = 0.07 0.04, σ = 0.02 0.04, σ = 0.02 0.03, σ = 0.01 

Large intestine 0.34, σ = 0.25 0.28, σ = 0.06 0.37, σ = 0.19 0.04, σ = 0.02 0.03, σ = 0.01 0.04, σ = 0.02 

Muscle 0.14, σ = 0.06 0.14, σ = 0.03 0.13, σ = 0.04 0.02, σ = 0.01 0.02, σ = 0.01 0.02, σ = 0.01 

Bone 0.13, σ = 0.06 0.15, σ = 0.05 0.21, σ = 0.16 0.01, σ = 0.01 0.01, σ = 0.00 0.01, σ = 0.01 

Lymph nodes 0.21, σ = 0.07 0.30, σ = 0.04 0.37, σ = 0.20 0.00, σ = 0.00 0.00, σ = 0.00 0.00, σ = 0.00 
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Abstract 

During the preparation of [68Ga]Ga-NOTA-sdAb at high activity, degradation of the tracers 

was observed, impacting the radiochemical purity (RCP). Increasing starting activities in 

radiolabelings is often paired with increased degradation of the tracer due to the formation of 

free radical species, a process known as radiolysis. Radical scavengers and antioxidants can 

act as radioprotectant due to their fast interaction with formed radicals and can therefore 

reduce the degree of radiolysis. This study aims to optimize a formulation to prevent 

radiolysis during the labeling of NOTA derivatized single domain antibody (sdAbs) with 
68Ga. Gentisic acid, ascorbic acid, ethanol and polyvinylpyrrolidone were tested individually 

or in combination to find an optimal mix able to prevent radiolysis without adversely 

influencing the radiochemical purity (RCP) or the functionality of the tracer. RCP and degree 

of radiolysis were assessed via thin layer chromatography and size exclusion chromatography 

for up to three hours after radiolabeling. Individually, the radioprotectants showed 

insufficient efficacy in reducing radiolysis when using high activities of 68Ga, while being 

limited in amount due to negative impact on radiolabeling of the tracer. A combination of 20% 

ethanol (VEtOH/VBuffer%) and 5 mg ascorbic acid proved successful in preventing radiolysis 

during labeling with starting activities up to 1–1.2 GBq of 68Ga and is able to keep the tracer 

stable for up to at least 3 h after labeling at room temperature. The prevention of radiolysis by 

the combination of ethanol and ascorbic acid potentially allows radiolabeling compatibility of 

NOTA-sdAbs with all currently available 68Ge/68Ga generators. Additionally, a design is 

proposed to allow the incorporation of the radioprotectant in an ongoing diagnostic kit 

development for 68Ga labeling of NOTA-sdAbs. 

Keywords: gallium-68; NOTA-sdAb; radiolysis; antioxidant; radioprotectant 

1. Introduction 

The success of molecular imaging relies on the availability of adequate radiopharmaceuticals, 

which are targeting vehicles labeled with a radionuclide to target a specific site in the body. 

Single-domain antibodies (sdAbs) have shown to be ideal targeting vehicles and have so been 

at the basis of several radiopharmaceuticals, both for imaging 1-4 and therapy 5,6.  
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SdAbs, usually derived from heavy-chain only antibodies 7, can easily be conjugated with a 

NOTA-chelator for 68Ga-labeling in their development as PET tracers 8,9.  

Such sdAb-based PET tracers show a rapid and favorable biodistribution and can provide 

enough contrast in humans for imaging already at 60–90 min post injection 8. Two [68Ga]Ga-

NOTA-sdAb tracers are currently in clinical investigation as PET tracer: the [68Ga]Ga-NOTA-

anti-HER2 tracer 8, for HER2 positive metastatic breast cancer diagnosis, including brain 

metastases, (EudraCT 2016-002164-13—NCT03924466; EudraCT 2015-002328-24—

NCT03331601) and the [68Ga]Ga-NOTA-anti-MMR tracer 9, targeting the Macrophage 

Mannose Receptor (MMR), for detection and imaging of Tumor Associated Macrophages 

(TAM’s) (EudraCT 2017-001471-23—NCT04168528). 

The correct preparation of these tracers, especially in clinical setting, is critical and could be 

facilitated by the development of a kit, such as it has been the case for 68Ga-PSMA (Illumet, 

Telix), 68Ga-DOTATATE (NETSPOT, AAA) and 68Ga-DOTATOC (SomaKit TOC, AAA). Not 

only can a kit simplify the labeling procedure by omitting a final purification and filtration 

step and by reducing the quality control (QC) to a minimal quality check of radiochemical 

purity, it can also facilitate transport and distribution of the precursor, in a convenient all-in-

one package, comprising all additional (except the radionuclide) required solutions, 

compounds and/or accessories for a successful radiolabeling. Additionally, a kit has the 

advantage of having a standardized preparation procedure, while no specific GMP license is 

required for the preparation of a radiopharmaceutical according to a kit as it is no longer 

considered as an in-house preparation. For the purpose of developing such a kit, NOTA-sdAb 

precursors were previously lyophilized to improve their stability and increase the storage 

temperature from −20 °C to 2—8 °C. The formulation consists mainly of a mixture of sucrose 

and mannitol, which provides an elegant cake in the vial. However, degradation of the tracer 

was observed upon labeling at high activities. Degradation of compounds due to 

radioactivity, or radiolysis, is a well-known phenomenon for radiopharmaceuticals, one 

which also affects the [68Ga]Ga-NOTA-sdAb tracers. Radionuclides can, to a low extent, 

induce direct damage due to direct ionization of the radiopharmaceutical by the emitted 

ionizing radiation 10. Indirectly, and much more prominent, the ionizing radiation (including 

γ-radiation) can induce damage by the formation of a variety of free radicals such as hydroxyl 

radicals (HO•), aqueous electron (eaq-), superoxide (O2•−) or other highly reactive species 

(H2O+, H2O− or H2O2), mainly by interaction with water molecules, abundantly present in 

aqueous solutions 10-14. Such highly reactive compounds tend to degrade organic compounds, 

such as peptides, proteins, DNA-sequences etc. Especially protein-based targeting vehicles, 

such as antibodies or fragments thereof, are particularly sensitive to such radiolytic 

degradation or radiolysis, with consequently potential loss of immunoreactivity or binding 

capability 15-17. This can render the radiotracer unusable and can cause increased radiation 

toxicity to certain organs when injected, as these degraded radioactive species might 

accumulate more easily in non-target organs 18. Additionally, this can lead to reduced image 

quality, due to increased non-specific signal. The degree of radiolysis becomes an increasingly 

important factor with increasing activities, activity concentrations and specific activities 19-22. 

Additionally, the degree of radiolysis is also influenced by the type of radiation emitted by 

the chosen radionuclide and the dose rates 12. It is evident that radiolysis is an undesired 

occurrence, which can be prevented or diminished by adding antioxidants or scavenger 

molecules in the reaction mixture. Such molecules will interact with and neutralize the formed 

radicals, thereby protecting the targeting vehicle. 

It has, in that regard, become common to develop anti-radiolytic formulations comprising a 

radioprotectant (RP) when carrying out a radiolabeling 12, whereby several factors should be 

taken into account.  
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Firstly, the RP should not interact with or cause detrimental effects on the 

radiopharmaceutical or on the radiolabeling (in case the RP is added prior to radiolabeling). 

Secondly, depending on the formed radicals, one RP might be more efficient over another to 

protect a particular Active Pharmaceutical Ingredient (API). Proven efficacy of a RP for one 

radiopharmaceutical does not guarantee the same efficiency for another 23.  

Thirdly, the radioprotectant should be fit for human use and should remain in acceptable 

amounts to be injected. A variety of molecules have so been investigated as potential RPs, 

including, but not limited to, gentisic acid (GA) 18,24, ascorbic acid (AA) 18,25,26, methionine 25, 

melatonin 27-29, ethanol (EtOH) 30,31, selenomethionin 25,32, and human serum albumin (HSA) 33. 

Since radiolysis also occurs during 68Ga-labeling of NOTA-sdAbs, the aim is to develop a 

suitable anti-radiolytic formulation for these tracers. With the recent market approvals of 

several 68Ge/68Ga generators (E&Z—2014, IRE—2019 and ITG—2019), 68Ga is gaining 

important traction in nuclear medicine for radiopharmaceutical PET tracers 34. These 

generators can deliver up to 1.3GBq of effective activity (approximately 70% from the 

registered maximum activity of 1.85GBq), when first used in clinical practice. To guarantee 

compatibility of [68Ga]Ga-NOTA-sdAbs with these generators, finding a suitable anti-

radiolytic formulation is necessary. This is especially true for [68Ga]Ga-NOTA-sdAb in kit 

form, where the preparation of the final radiopharmaceutical should be as simple as possible, 

and where a final purification, intended to remove uncomplexed 68Ga and potential radiolytic 

product, is omitted. 

In this study, GA, AA, EtOH and polyvinylpyrrolidone (PVP) K12 are investigated for their 

potential interference with 68Ga labeling, their radioprotective capabilities and their 

compatibility with the [68Ga]Ga-NOTA-anti-HER2 and [68Ga]Ga-NOTA-anti-MMR sdAb, to 

develop an optimized anti-radiolytic formulation, without adversely affecting the 

radiolabeling or the functionality of the radiotracer and which can be integrated in an ongoing 

kit development. 

 

2. Material and Methods 

All commercially obtained chemicals were of analytic grade. The recombinant anti-HER2 

(molecular weight = 12,628 Da) and anti-MMR sdAb-proteins (molecular weight = 12,678 Da) 

were produced without terminal tags by the VIB Protein Service Facility in Pichia pastoris and 

were formulated in PBS during the final batch purification. p-SCN-Bn-NOTA was purchased 

from Macrocyclics (Macrocyclics, Inc., Plano, TX, USA). 68Ga was obtained from a 68Ge/68Ga 

Galli EoTM generator (IRE, Belgium). High purity water (TraceSELECT™, for trace analysis, 

Riedel-de Haën, Honeywell Research Chemicals, Seelze, Germany) and ethanol (Ethanol 

EMSURE®, Ph..Eur., Merck, Darmstadt, Germany) were used in the preparation of any buffer 

or solution. High grade ascorbic acid (99.7–100.5%, puriss. p.a., Ph.Eur., Sigma-Aldrich, St. 

Louis 63103, MO, USA), gentisic acid (99%, Acros Organics, part of Thermo Fisher Scientific, 

Geel, Belgium), Polyvinylpyrrolidone (average MW 10,000 g/mol, Sigma-Aldrich, St. Louis, 

MO, USA) sucrose (≥99.5%, Sigma-Aldrich, St. Louis, MO, USA), D-mannitol (≥98%, Sigma-

Aldrich, St. Louis, MO, USA) and polysorbate 80 (Ph.Eur., Aca Pharma, Nazareth, Belgium) 

were used in the respective buffer/solution preparation. 
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• Conjugation of p-SCN-Bn-NOTA to sdAb Protein 

SdAb proteins (Anti-HER2: 3–13mg, 0.24–1.03 μmol; Anti-MMR: 10–16 mg, 0.79–1.26 μmol) 

were buffer-exchanged to 0.5M sodium carbonate/0.15M NaCl buffer (Sodium carbonate 

anhydrous—Sodium hydrogen carbonate—Sodium Chloride, VWR Chemicals, Leuven, 

Belgium), pH 8.8–8.9, using PD-10 size exclusion disposable columns (GE Healthcare, 

Buckinghamshire, UK).  

Protein solution (2.2–2.4 mg/mL) was added to a twenty-fold (anti-HER2 sdAb) or thirty-fold 

(anti-MMR sdAb) molar excess p-SCN-Bn-NOTA. After 2 h incubation at room temperature 

(RT), the NOTA-sdAb protein solution was concentrated, if necessary, with Vivaspin 2 

concentrator (MW cut-off 5kDa) (Sartorius Stedim Lab, Stonehouse, UK) and loaded on a SEC 

column.  

The collected fractions containing the monomeric NOTA-sdAb protein were pooled and the 

solution was passed through a 0.22 μm–13mm filter (Millex, Merck Millipore, Tullagreen 

Carrigtwohill County Cork, Ireland).  

The protein concentration is determined by UV absorption at 280 nm (NOTA-anti-HER2 

sdAb: ε = 49,690 M−1.cm−1, MW = 13,310 g/mol; NOTA-anti-MMR sdAb: ε = 40,660 M−1.cm−1, 

MW = 13,130 g/mol). 

• Preparation of [68Ga]Ga-NOTA-sdAb 

The NOTA-sdAb precursor sample (100 µg or 200 µg, as specified) was first diluted or 

reconstituted with 1.1 mL of the respective 1M NaOAc buffer (Sodium acetate trihydrate, 

≥99.5%, puriss. p.a., Ph.Eur., Sigma-Aldrich Chemie, Steinhelm, Germany—Acetic acid, 

≥99.8%, puriss. p.a., Ph.Eur., Sigma-Aldrich Chemie, Steinhelm, Germany) pH 5, after which 

the full 68Ga eluate (1–1.1 mL) was added. The sample was incubated for 10 min at RT, filtered, 

where specified, and then analyzed for radiochemical purity by iTLC and SEC (SEC: [68Ga]Ga-

NOTA-sdAb Rt = 4.6 min, σ = 0.10 min; 68Ga-citrate Rt = 7.6 min, σ = 0.34 min; Radiolytic 

product Rt = 8.3 min, σ = 0.25 min; iTLC-SG: [68Ga]Ga-NOTA-sdAb Rf = 0.05 σ = 0.01, Radiolytic 

product Rf = 0.72, σ = 0.08 68Ga-citrate Rf = 1.13, σ = 0.06). Where specified, after 3h, a second 

QC via iTLC and SEC was performed. Examples of chromatographic analysis are provided in 

Supplemental Figure S3. 

In some studies, a higher radiolabeling volume is tested. In these cases, the 68Ga eluate was 

further diluted accordingly with 0.1 M HCl (Hydrochloric acid, ≥37% puriss. p.a., Ph.Eur., 

Sigma-Aldrich Chemie, Steinhelm, Germany) to retain a 1:1 ratio of buffer to eluate. 

In the study to test the effiency of EtOH as RP, the [68Ga]Ga-NOTA-sdAb was prepared using 

a 1M NaOAc/20% EtOH radiolabeling buffer. 

In the RP combination studies, the corresponding amount of PVP, AA or GA were weighed 

and added during the preparation of a 1 M NaOAc/20% EtOH radiolabeling buffer to obtain 

the desired concentration (50 or 100 mg/mL for PVP and 1 or 5 mg/mL for AA/GA). 

In the final combination study of EtOH and AA, a fixed amount of 5 mg AA was weighed and 

dissolved in the corresponding volume (1.1 mL, 2.5 mL, 3.5 mL or 5 mL) of 1 M NaOAc/20% 

EtOH radiolabeling buffer. The solution was then stored at 2–8 °C in an interval between 20 

and 28h before carrying out a radiolabeling. 

 

 

 

 

 

 



157 

 

• Chromatographic Analysis 

Size exclusion chromatography (SEC) purification of NOTA-sdAb was conducted on an NGC 

Chromatography system (Bio-Rad Laboratories, USA) using a Superdex 30 pg HiLoad 16/600 

column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) at a flow rate of 1 mL/min flow 

rate (mass > 6 mg) or a Superdex Peptide 10/300GL column (GE Healthcare Bio-Sciences AB, 

Uppsala, Sweden) at a flow rate of 0.5 mL/min (mass < 6 mg) and 0.1 M sodium acetate pH 7 

(Sodium acetate trihydrate, ≥99.5%, puriss. p.a., Ph.Eur., Sigma-Aldrich Chemie, Steinhelm, 

Germany) as mobile phase. The latter was also used for quality control of NOTA-sdAbs. 

Quality control (QC) of [68Ga]Ga-NOTA-sdAbs was performed on a Hitachi Chromaster 

Chromatography system (VWR, Leuven, Belgium) using SEC on a custom size Superdex 30 

Increase 5/150 column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) at a flow rate of 0.3 

mL/min flow rate and 0.02 M PBS/0.28M NaCl pH 7.4 (PBS Tablets, Merck, Darmstadt, 

Germany) as mobile phase.  

 

QC was also assayed with binderless glass microfiber paper that was impregnated with silica 

gel (instant thin layer chromatography, iTLC-SG) (Agilent Technologies, Diegem, Belgium) 

with 0.1 M sodium citrate pH 5 (Citric acid, trisodium salt, dihydrate—Citric acid 

monohydrate, Acros Organics, part of Thermo Fisher Scientific, Geel, Belgium) as mobile 

phase. The iTLC strips were measured via a miniGita Single TLC-scanner (Elysia-Raytest, 

Belgium). 

• pH 

The pH of solution was measured with a pH electrode Blueline 14 on a Lab 855 digital pH 

meter (SI Analytics, Mainz, Germany). Measurement of radiolabeling solutions was measured 

after decay (typically the next day). 

• Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) was performed on a Biacore T200 (GE Healthcare) system 

as described previously 3,4. Briefly, a CM5 chip was coated with either recombinant HER2Fc 

or recombinant hMMR via 1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide (EDC) and N-

hydroxy succinimide (NHS) chemistry. The affinity was determined by flowing different 

concentrations of precursor over the immobilized protein. The obtained curves were fitted 

with a 1:1 sdAb:antigen binding model to calculate the binding parameters. A reference 

sample containing anti-HER2-(HIS)6 or anti-MMR-(HIS)6 sdAb, stored at −20 °C, was added 

during each run. 

To assess the effect of EtOH on the affinity of NOTA-sdAbs, the NOTA-sdAbs were 

transferred to a 20% EtOH/0.1M NaOAc solution, placed overnight in the fridge and then 

stored at −20 °C for several weeks until SPR measurement. 

• SDS-PAGE 

SDS-PAGE was performed on NOVEX Wedgewell 16% 10-well gel (Thermo Fischer Scientific, 

Carlsbad, CA, USA), where 10 and 2 µg of NOTA-sdAb was loaded in both reducing and non-

reducing conditions. The gel was run at 80V for 10 min, then at 150V for 65, after which a 

Coomassie Blue staining was performed for detection. Gels were visualized with the 

Amersham 680RGB Imager (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and analyzed 

via the GE ImageQuant TL 1D v 8.2.0 analysis software. 
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• Osmolality 

The osmolality of the formulations was measured using an Advanced® Micro-Osmometer 

(Model 3300, Advanced Instruments Inc., Norwood, MA, USA) based upon the freezing point 

depression method. Calibration of the device was performed using Clinitrol™ 290 reference 

solution (Advanced Instruments Inc., Norwood, MA, USA). As the osmolality of some 

formulations was higher than the upper range value of 2000 mOsm/kg, all measured samples 

were diluted (1:1) with milliQ water and the result was multiplied by two. The measurements 

were conducted in triplicate (on 20-µL aliquots) and mean values were reported. 

Following conditions were analyzed: 

• Reference: 0.5 M NaOAc pH 5 buffer 

• Basic condition: 0.5 M NaOAc pH 5 buffer + excipients lyophilization 

• Intermediate condition: 0.5 M NaOAc/10% Ethanol pH 5 buffer + excipients 

lyophilization 

• Final condition: 0.5 M NaOAc/10% Ethanol pH 5 buffer + excipients lyophilization + 5 

mg VitC 

Additionally, the final condition was tested in a concentrated and diluted form, simulating 

the 2.2- and 10-mL radiolabeling volume. 

• Particle Size Analysis 

Dynamic Light Scattering (DLS) was applied to evaluate the presence of particles in the 

formulations. Measurements were conducted in triplicate at 25 °C using a Zetasizer Nano ZS 

apparatus (Malvern Instruments Ltd., Mavern, UK) with attenuator index 11, i.e., 100% 

transmission of the light through the sample. 

 

3. Results 

Both NOTA-anti-HER2 and NOTA-anti-MMR precursors were used in the development of an 

anti-radiolytic formulation. However, due to fluctuation in availability of both precursors, 

some tests were performed only with one or the other. Critical confirmation experiments were 

carried out on both precursors, and on lyophilized precursor, if relevant. 

• Compatibility Testing of Different RPs with 68Ga Labeling 

Each potential RP was tested individually as first assessment for their compatibility with 68Ga-

labeling (Table V - 1). Different concentrations of GA and AA were tested, while PVP and 

ethanol were only tested at 50 mg/mL and 20% (V(EtOH)/V(buffer)%), respectively. The RPs were 

dissolved in 1M NaOAc pH5 radiolabeling buffer, while the 68Ga-activities were limited and 

ranged between 300 and 500 MBq to not induce radiolysis in any condition. The radiochemical 

purity (RCP) was analyzed 10 min and 3h (GA and AA only) post-labeling. 
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Table V - 1. Compatibility test of different radioprotectants for the 68Ga labeling of NOTA-sdAb. 

Compound RP Concentration (mg/mL or %) Method RCP (%) 

NOTA-anti-HER2    10 min 3 h 

 GA 0 iTLC 94 94 

   SEC 93 91 

  1 iTLC 87 89 

   SEC 89 87 

  5 iTLC 46 83 

   SEC 50 84 

 AA 0 iTLC 98 97 

   SEC 98 96 

  1 iTLC 97 94 

   SEC 98 99 

  5 iTLC 96 98 

   SEC 97 98 

 PVP K12 50 iTLC 96 / 

 EtOH 0% iTLC 99 / 

  20% iTLC 99 / 

RP = Radioprotectant; RCP = Radiochemical Purity; iTLC = instant Thin Layer Chromatography; SEC = Size Exclusion 

Chromatography;  

Radioactivity ranged between 300 and 500 MBq;  
Mass precursor used per labeling = 100 µg;  

GA = gentisic acid; AA = ascorbic acid; PVP K12 = polyvinylpyrrolidone K12; EtOH = ethanol;  

% EtOH = the percentage in the labeling buffer, before addition of 68Ga eluate 

GA shows a decrease in RCP with increasing concentration, suggesting an interaction of GA 

with 68Ga ions, while AA shows high and comparable RCP with increasing concentrations, 

suggesting a good compatibility of AA with the 68Ga radiolabeling. PVP and ethanol were 

both tested at only one concentration and showed a high RCP after 10 min of incubation. 

Based on the positive outcome of the AA compatibility test, we additionally assessed the 

potential of using AA as alternative buffer system to the acetate buffer. AA could be co-

lyophilized and could allow for a direct elution of the 68Ga eluate into the lyophilized vial, 

omitting the usage of a sodium acetate buffer.  

To this purpose, a freshly prepared 0.5 M ascorbic acid—sodium ascorbate pH 5 solution was 

tested for 68Ga radiolabeling and the RCP was analyzed 10 min post labeling (Supplemental 

Table S1). An end pH of approximately 4.5 was obtained, showing that the 0.5 M AA pH 5 

(equivalent to 88 mg/mL AA) is a suitable buffer system. However, the RCP decreased 

significantly, suggesting that AA at such a concentration competes with the NOTA chelator 

for 68Ga complexation. Additional experiments were performed to verify the potential 

interference of AA with the 68Ga-labeling (Supplemental Table S2). 

• Ethanol 

A more in-depth compatibility assessment was performed for EtOH to verify the potency of 

EtOH as RP and its impact on the protein and functionality and to assess a maximum tolerable 

amount. 

In order to study the effect of ethanol on aggregation and precipitation of the unconjugated 

sdAbs, anti-MMR and anti-HER2 sdAb were exposed to different amounts of EtOH (0% up 

to 60% v/v%) in a 0.1M NaOAc buffer pH ~7. These samples were visually inspected and 

analyzed via SDS-PAGE 30 min after sample preparation or after storing the samples 

overnight in the fridge at 2–8 °C (Supplemental Figure S1). 

Upon visual inspection no precipitation was observed in any of the fresh samples, but visible 

precipitation was observed for the anti-HER2 sdAb in the presence of 60% EtOH and for the 

anti-MMR sdAb starting at 50% EtOH in sample stored overnight.  
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SDS-PAGE analysis showed no formation of aggregates nor signal at high molecular weight 

as only a single major band was detected between 10 and 15 kDa, corresponding with 

monomeric sdAb. It is possible that the precipitation and potential aggregation was reversed 

during sample preparation, which consists of a dilution with sample buffer and a heating step 

at 95 °C. 

After this first evaluation, the effect of EtOH, up to 40%, during radiolabeling was studied 

(Table V - 2). This study was performed on lyophilized samples to also have an indication of 

compatibility with the existing lyophilization excipients, sucrose, mannitol and polysorbate 

80. After radiolabeling the solutions were filtered (0.22 µm filter) to assess the formation of 

precipitate. 

Table V - 2. Effect of EtOH on 68Ga labeling of lyophilized NOTA-sdAb. 

Compound EtOH (%) Activity (MBq) Activity Filter (%) * Method RCP (%) pH 

NOTA-anti-MMR Lyo     10 min  

 0 549.0, σ = 19.6 3.0, σ = 0.2 iTLC 95.9, σ = 0.7 4.65, σ = 0.00 

 20 542.3, σ = 9.1 3.3, σ = 0.3 iTLC 92.5, σ = 4.5 4.52, σ = 0.02 

 30 522.0, σ = 15.3 6.4, σ = 0.9 iTLC 82.9, σ = 2.4 4.55, σ = 0.00 

 40 536.7, σ = 14.3 66.9, σ = 26.1 iTLC 89.5, σ = 2.4 4.41 ** 

NOTA-anti-HER2 Lyo       

 0 498.0, σ = 13.0 2.9, σ = 0.4 iTLC 94.8, σ = 5.4 4.66, σ = 0.04 

 20 483.7, σ = 2.6 2.4, σ = 0.7 iTLC 94.5, σ = 4.8 4.56, σ = 0.05 

 30 476.0, σ = 14.3 4.9, σ = 0.4 iTLC 93.6, σ = 5.0 4.52, σ = 0.01 

 40 481.3, σ = 15.1 42.5, σ = 3.5 iTLC 85.2, σ = 7.1 4.44, σ = 0.05 

The experiment was repeated in triplicate for each condition;  
RCP = Radiochemical Purity; iTLC = instant Thin Layer Chromatography;  

Mass precursor used per labeling = 100 µg;  

% EtOH = % ethanol in the labeling buffer, before addition of 68Ga eluate;  

* The remaining activity on filters is presented as % compared to the initial activity in the vial minus the remaining activity 
in the vial after uptake of the solution, all decay corrected to timepoint of activity measurement of the solution after 10 

min of incubation.  

** Only two measurements. 

Upon filtration of the labeling solution without EtOH, about 3% of activity remains on the 

filter. It can be expected that a minimal residual amount of liquid remains on the filter due to 

the adhesion force of aqueous solutions. Carrying out a radiolabeling with 20% EtOH in the 

buffer did not result in additional remaining activity on the filter.  

With 30% EtOH in the buffer, a slight increase in remaining activity (6.4% for the [68Ga]Ga-

NOTA-anti-MMR and 4.9% for the [68Ga]Ga-anti-HER2) occurred, suggesting a minimal 

precipitation of the tracer, while at 40% EtOH more than 65% of the [68Ga]Ga-NOTA-anti-

MMR tracer and more than 40% of the [68Ga]Ga-NOTA-anti-HER2 tracer remained on the 

filter, suggesting a high precipitation of the tracer. As such, the EtOH content was set to 20% 

v(EtOH)/v(buffer)% in the 1M NaOAc radiolabeling buffer (which results in 10% ethanol content 

upon radiolabeling) for further development and testing. 

A first high activity test (> 1GBq) was performed to have an indication of the potency of 20% 

EtOH in the labeling buffer to reduce radiolysis (Table V - 3). 
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Table V -3. Effect of EtOH on radiolysis during high activity 68Ga labeling of lyophilized NOTA-sdAb. 

Compound EtOH (%) Activity (GBq) Method RCP (%) pH 

    10 min 3 h  

NOTA-anti-MMR Lyo    1 2 3 1 2 3  

 0 1.06 iTLC 69 17 14 65 26 9 4.82 

 20 1.17 iTLC 80 13 7 82 16 2 4.59 

The iTLC strips were scanned and three main peaks were observed. 1 = Rf = 0 [68Ga]Ga-NOTA-sdAb; 2 = Rf = 0.7 radiolysis 

compound; 3 = Rf = 1 unlabeled 68Ga (68Ga-citrate);  

RCP = Radiochemical Purity; iTLC = instant Thin Layer Chromatography;  

Mass precursor used per labeling = 100 µg;  

% EtOH = % ethanol in the labeling buffer, before addition of 68Ga eluate. 

When performing a labeling in the presence of 20% EtOH, RCP was higher compared to the 

condition where no EtOH was used. Moreover, the peak corresponding to radiolysis 

compounds (peak 2 on iTLC) was lower at 10 min after labeling and only increased slightly 

3h after labeling (Table 3). These results show that EtOH is capable of reducing radiolysis, 

especially for long term stability, however, 20% EtOH in the labeling buffer is not sufficient to 

prevent radiolysis. 

To investigate the effect of EtOH on the functionality of the precursors, the NOTA-sdAbs, 

exposed to 20% EtOH, were tested for affinity via Surface Plasmon Resonance (SPR) (Table 4). 

Table 4. Effect of pre-incubation of NOTA-sdAbs with EtOH on precursor affinity, as measured via SPR. 

Compound EtOH (%) KD (nM) 

NOTA-anti-MMR Lyo 20 1.6 

NOTA-anti-MMR Lyo 0 1.2, σ = 0.3 

NOTA-anti-MMR 20 1.6 

NOTA-anti-MMR 0 1.2, σ = 0.2 

anti-MMR Reference 0 1.2, σ = 0.3 

NOTA-anti-HER2 Lyo 20 4.3 

NOTA-anti-HER2 Lyo 0 4.7, σ = 1.1 

NOTA-anti-HER2 20 6.1 

NOTA-anti-HER2 0 4.8, σ = 1.6 

Anti-HER2 Reference 0 3.7, σ = 0.7 

The affinity (a measurement for strength of interaction with the antigen) is represented as 

equilibrium dissociation constant KD (koff rate/kon rate), where a lower KD is correlated with a 

higher affinity and vice versa. No difference in affinity was observed either between the 

lyophilized and non-lyophilized NOTA-anti-MMR precursor, suggesting that 20% EtOH does 

not affect functionality even in the presence of the lyophilization excipients. Comparable 

results were obtained for the NOTA-anti-HER2 precursor, confirming the compatibility of 

these precursors with this ethanol content. The increased KD of the NOTA-anti-HER2 exposed 

to 20% EtOH can be considered within the margin of error of the measurement rather than 

loss of affinity. 

• Effect of Combining Radioprotectants 

The first high activity experiments showed that 20% EtOH as stand-alone was not potent 

enough to minimize radiolysis to acceptable levels. In order to decrease the radiolysis effect 

we evaluated the effect of combining EtOH with other RP. 

Firstly, we evaluated the combination of EtOH with PVP K12 (Supplemental Table S3). The 

combination of 50 mg PVP K12 with 20% EtOH was not potent enough to prevent radiolysis 

(5% after 10 min and 12% after 3h). Additionally, since the solubilizing properties of PVP 

could potentially counteract the precipitation that occurs at higher concentrations of EtOH, a 

labeling with 50 mg PVP K12 and 40% EtOH was also performed.  
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Although the degree of radiolysis reduced to acceptable levels (2% after 10 min and 3% after 

3h), it could be that precipitation of the radiolytic product still occurred and a false analysis 

of the product integrity is made. Surprisingly, the amount of unlabeled 68Ga increased (31%), 

which could be due to increased chelating capacity of PVP in presence of ethanol or due to 

reduced 68Ga complexation capability of precipitated precursor or a combination thereof. A 

third labeling was performed with 100 mg of PVP K12 without EtOH to assess the chelating 

capacity of PVP towards 68Ga and its potency as stand-alone RP. Despite the higher amount 

used, this labeling showed an improved labeling reaction as the amount of uncomplexed 68Ga 

(7% after 10 min and 1% after 3h) was lower, compared to any of the PVP/EtOH combination. 

However, the protection against radiolysis was minimal, as 13% of radiolysis occurred after 

10 min and 24% after 3h. 

Due to poor results of PVP as stand-alone RP and in combination with EtOH, additional 

studies were performed to assess the potential of combining 20% EtOH with AA and GA in 

different amounts (Supplemental Table S4). To overcome the interference of these compounds 

with 68Ga, resulting in lower RCP, the mass of NOTA-sdAb was increased from 100 µg to 200 

µg per labeling condition. This increase in mass resulted in RCP > 99% after 10 min even at 5 

mg/mL of AA or GA. 

• Design and Optimization of Anti-Radiolytic Formulation 

In the first step towards a final formulation, the combination of 20% EtOH—5 mg/mL AA in 

buffer was tested in increasing radiolabeling volumes (2.2, 5, 7.5 and 10 mL total labeling 

volume). This was performed to verify the potential of using different 68Ga generators, which 

yield different elution volumes, such as Eckert & Ziegler’s GalliaPharm (0.1 N HCl—5 mL 

elution volume) or ITG’s 68Ga generator (0.05 N HCl—4 mL elution volume). 

For each condition, three labelings were performed and tested for RCP 10 min and 3 h after 

radiolabeling (Table V - 5). 

Table V - 5. Exploratory study of combining 20%EtOH with 5 mg/mL AA in increasing radiolabeling volumes. 

Compound 
Volume 

(mL) * 

Activity 

(MBq) 

Activity Filter 

(%) ** 
Method RCP (%) pH 

     10 min 3 h  

NOTA-anti-MMR 2.2 447.3, σ = 6.9 1.5, σ = 0.1 iTLC 99.8, σ = 0.1 99.8, σ = 0.1 4.50, σ = 0.03 

    SEC 99.5, σ = 0.2 99.6, σ = 0.3  

 5 437.3, σ = 12.4 2.2, σ = 0.5 iTLC 97.3, σ = 1.5 98.9, σ = 0.5 4.40, σ = 0.04 

    SEC 99.2, σ = 0.4 99.5, σ = 0.4  

 7.5 461.0, σ = 1.6 1.3, σ = 0.1 iTLC 91.4, σ = 6.4 98.7, σ = 1.1 4.51, σ = 0.18 

    SEC 93.9 *** 99.4, σ = 0.2  

 10 467.3, σ = 12.7 1.0, σ = 0.1 iTLC 84.0, σ = 3.8 99.2, σ = 0.2 4.52, σ = 0.02 

    SEC 93.3, σ = 1.3 99.4, σ = 0.2  

RCP = Radiochemical Purity; iTLC = instant Thin Layer Chromatography; SEC = Size Exclusion Chromatography;  

Mass precursor used per labeling = 200 µg;  

* total volume of reaction = 1:1 ratio of buffer/68Ga eluate; 

** The remaining activity on filters is presented as % compared to the initial activity in the vial minus the remaining 

activity in the vial after uptake of the solution, all decay corrected to timepoint of activity measurement of the solution 

after 10 min of incubation; 

*** Only two measurements. 

Increasing the total labeling volume to 7.5 and 10 mL resulted in a decreasing RCP after 10 

min incubation. This is related to the increasing mass of AA in the reaction, since the buffer 

composition is 5 mg/mL AA, and the fact that NOTA-sdAb precursor is present is a lower 

concentration (due to the dilution factor). After three hours an RCP > 99% is obtained, 

suggesting that AA is a weak chelating agent, that has an impact on the 68Ga-NOTA 

complexation rate. 
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In order to avoid that AA has an impact on RCP in the different reaction volume conditions, 

a fixed amount of 5 mg AA for each labeling volume was tested (Table V - 6). This resulted in 

an increase in RCP, reaching > 99% even at 10 mL, the highest radiolabeling volume tested.  

The 20% EtOH—5 mg AA (fixed) formulation was also evaluated at high activities in both the 

2.2 mL and 10 mL final radiolabeling volumes for both NOTA-sdAb, which showed that an 

RCP > 95% could still be achieved with no radiolysis, even 3 h after labeling. 

Table V - 6. Exploratory and confirmation study of combining 20%EtOH with 5 mg AA (fixed) in increasing 

radiolabeling volumes. 

Compound 
Volume 

(mL) 
Activity (MBq) 

Activity Filter 

(%) * 
Method RCP (%) pH 

     10 min 3 h  

NOTA-anti-MMR 2.2 536.7, σ = 16.1 1.7, σ = 0.0 iTLC 99.7, σ = 0.5 98.5, σ = 1.7 4.49, σ = 0.02 

    SEC 99.6, σ = 0.1 99.7, σ = 0.2  

 5 372.0, σ = 8.8 2.1, σ = 0.3 iTLC 99.5, σ = 0.3 99.8, σ = 0.3 4.52, σ = 0.04 

    SEC 99.0, σ = 0.4 99.1, σ = 0.2  

 7.5 443.7, σ = 2.4 1.7, σ = 0.3 iTLC 99.7, σ = 0.2 99.5, σ = 0.3 4.79, σ = 0.00 

    SEC 99.4, σ = 0.2 99.3, σ = 0.3  

 10 447.0, σ = 7.8 1.6, σ = 0.2 iTLC 99.6, σ = 0.4 99.8, σ = 0.4 4.71, σ = 0.13 

    SEC 99.1, σ = 0.2 99.2, σ = 1.2  

 2.2 1237.0, σ = 31.8 2.9, σ = 1.6 iTLC 99.8, σ = 0.2 99.9, σ = 0.1 4.42, σ = 0.06 

    SEC 99.3, σ = 0.1 99.6, σ = 0.2  

 10 1174.7, σ = 18.6 1.6, σ = 0.6 iTLC 98.4, σ = 0.6 99.7, σ = 0.2 4.44, σ = 0.00 

    SEC 98.5, σ = 0.2 99.7, σ = 0.2  

NOTA-anti-HER2        

 2.2 1060.3, σ = 29.0 1.8, σ = 0.4 iTLC 99.8, σ = 0.1 99.8, σ = 0.1 4.56, σ = 0.02 

    SEC 99.2, σ = 0.2 99.4, σ = 0.5  

 10 1075.0, σ = 27.8 1.7, σ = 0.1 iTLC 98.5, σ = 0.4 99.6, σ = 0.4 4.55, σ = 0.12 

    SEC 98.5, σ = 0.2 99.5, σ = 0.1  

RCP = Radiochemical Purity; iTLC = instant Thin Layer Chromatography; SEC = Size Exclusion Chromatography;  

Mass precursor used per labeling = 200 µg; 

* The remaining activity on filters is presented as % compared to the initial activity in the vial minus the remaining activity 

in the vial after uptake of the solution, all decay corrected to timepoint of activity measurement of the solution after 10 

min of incubation. 

• Osmolality and Dynamic Light Scattering Studies 

The osmolality of different solutions, containing either no excipients, the lyophilization 

excipients or a combination with the radioprotectants, was analyzed to investigate the impact 

of different compounds on the osmolality, while mimicking the conditions as if the solution 

would be injected as final solution after radiolabeling. For each solution, the consistency and 

osmolality are presented in Table V - 7. 

Table V - 7. Osmolality of different conditions. 

Sample 
Volume 

(ml) 

NOTA-

sdAb 

(mg/mL) 

Buffer Final 

Concentration 

Kit 

Excipients * 
EtOH (%) 

AA 

(mg/mL) 

Osmolality 

(mOsm/kg) ½ 

Diluted 

Osmolality 

(mOsm/kg) 

Reference 2.2 0.09 0.5M NaOAc pH 5 / / / 405, σ = 3.8 811, σ = 7.6 

Solution 1 2.2 0.09 0.5M NaOAc pH 5 Yes / / 460, σ = 3.5 921, σ = 7.0 

Solution 2 2.2 0.09 0.5M NaOAc pH 5 Yes 10% / 1248, σ = 2.9 2495, σ = 5.8 

Solution 3 2.2 0.09 0.5M NaOAc pH 5 Yes 10% 2.27 1349, σ = 13.5 2698, σ = 27.1 

  10 0.02 0.5M NaOAc pH 5 Yes 10% 0.5 1343, σ = 10.1 2685, σ = 20.2 

Solution 3 (1:3 

dilution with WFI) 
30 0.007 0.017M NaoAc pH 5 Yes 3.33% 0.17 / 1088, σ = 5.44 

* kit excipients: sucrose, mannitol and polysorbate 80. 
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The reference solution, containing solely sodium acetate and precursor, already shows a 

relatively high osmolality of 811 mOsm/kg (a solution of 300 mOsm/kg is considered isotonic). 

The addition of the excipients for lyophilization in solution 1 has a minor impact on the 

osmolality, while ethanol in solution 2 greatly increases the osmolality to nearly 2500 

mOsm/kg. Addition of AA in solution 3 further increases the osmolality slightly to nearly 2700 

mOsm/kg. As expected, no major difference is observed between solution 3 in a 2.2 mL and 

10 mL volume. This, however, confirms the strong influence of ethanol on the osmolality of 

the solutions.  

 

A 1:3 dilution of solution 3 with water for injection (WFI) was tested as well to verify if an 

osmolality of approximately 1000 mOsm/kg could be achieved, as this has been proposed as 

recommended upper limit by Wang et al.35, while retaining a reasonable injection volume, as 

this would translate to a maximum total injection volume of 30 mL. 

Particle size analysis was performed via Dynamic Light Scattering on solution 3 in a 2.2 mL 

labeling volume to analyze the distribution of particles in the solution. The solution was tested 

in triplicate. The mean hydrodynamic diameter (Dh) for each run is 0.78, 1.11 and 0.82 nm, 

respectively, resulting in an overall average of 0.90 nm with σ = 0.15 (Supplemental Figure 

S2). No particles above 3 nm Dh were measured, which suggests a clear and pure solution 

and no microprecipitation of any of the compounds nor aggregation of the tracer. 
 

4. Discussion 

In this study, we set out to develop an anti-radiolytic formulation to prevent radiolysis during 

and after preparation of [68Ga]Ga-NOTA-sdAbs. Four different potential radioprotectant 

candidates were investigated for this purpose based on their background in the literature. 

- Gentisic acid has long been used as radio stabilizer, initially for 99mTc labeled tracers 36,37. 

GA is a strong anti-oxidant and free-radical scavenger 24, with a low toxicity profile. 

Preliminary studies have shown even potential health benefits regarding cardio protection 

and antitumor activities 38. GA, however, showed interference with the labeling at a 

concentration of 1 mg/mL in the radiolabeling buffer when using 100 µg of NOTA-sdAb and 

even more so with 5 mg/mL.  

- Ascorbic acid, also known as Vitamin C, is a well-known and potent natural antioxidant 

and has the ability to protect other molecules (e.g., DNA, proteins) from highly reactive or 

oxidizing agents, such as free radicals. Hence, Vitamin C has proven to be an attractive 

candidate as additive during reactions with radioactive compounds 26. Additionally, ascorbic 

acid has also been proposed as alternative buffer system for metalloradiopharmaceuticals 26,39. 

The use of an AA buffer system did not seem to be compatible with 68Ga, as the labeling of the 

NOTA-sdAbs was severely impacted when using a 0.5M AA buffer pH 5. This shows that 

AA, as well as GA, has chelating capacity towards 68Ga-ions. 

 

- Ethanol has since long been used as co-solvent in the production of [18F]FDG for anti-

radiolytic purposes. Recently, it has also been integrated in automated 68Ga radiolabeling 

synthesis 40,41. The maximum tolerable amount for the NOTA-sdAbs was 20%, as precipitation 

occurs at higher amounts. At this amount, EtOH showed some efficiency as radioprotectant 

during the 68Ga radiolabeling but was not able to reduce radiolysis to acceptable levels. 

Exposing the NOTA-sdAbs to 20% EtOH did not affect the affinity. Interestingly, EtOH has 

shown the ability to significantly improve the complexation reaction of radiometals, including 
68Ga 33,40,42,43.  
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- PVP, also known as Povidone, is obtained via polymerization of monomer N-

vinylpyrrolidone. Different chain-lengths can be polymerized with different molecular 

weights which, consequently, have different viscosities and physical properties (denoted with 

a K-value). An unusual property of PVP is its good solubility in both aqueous and organic 

solvents, facilitating or broadening the usage of PVP 44. Although little information is 

available, a granted US patent (5961955) describes the usage of PVP as excipient in 

radiopharmaceutical preparations to reduce radiolysis. In the 68Ga studies presented here, 

addition of 100 mg PVP K12 during radiolabeling showed little efficiency to reduce radiolysis. 

Additionally, the combination of PVP and ethanol has an impact on the 68Ga complexation 

reaction most likely due to increased chelating capacity of PVP in presence of EtOH, a 

phenomenon studied and shown by Liu et al. 45. 

Finding a suitable radioprotectant or a combination thereof to prevent radiolysis during 68Ga-

radiolabeling was quite challenging. The main causes of difficulty were the undesired effects 

of radioprotectants on the tracer or on the radiolabeling which limit the usable amount of a 

particular RP.  

Therefore, a combination of different RP’s had to be found to minimize/prevent their negative 

effects and maximize their anti-radiolitic effect. Although working with the DOTA chelator, 

Velikyan et al. stumbled upon the same effect of decreased RCP upon addition of GA and AA 

during 68Ga radiolabeling in the development of an anti-radiolytic formulation for a glucagon 

like peptide-1 analogue, which resulted in a mixture of 10% EtOH in the reaction volume and 

3.5 mmol/L of GA and AA 41. To ensure an optimal labeling efficiency and to overcome the 

interference of GA and AA with the labeling, the mass of NOTA-sdAb was increased to 200 

µg. Additionally, due to the described benefits of increased complexation rate with EtOH and 

inherent stability of this compound, EtOH was chosen as first excipient in a potential 

combination. At low activity, the combination of EtOH with GA and AA provided RCP > 99%. 

The combination of 20% EtOH and AA at 5 mg/mL in the buffer was further tested in varying 

radiolabeling volumes to assess the potential compatibility with different 68Ga generators. 

Here, we found that at higher labeling volumes, the labeling efficiency decreased, a 

combination of the higher labeling volume and the presence of a higher mass of AA. As such, 

we opted to fix the amount of AA to 5 mg irrespective of the buffer volume used. This resulted 

in an RCP > 99% even with the largest labeling volume of 10 mL. The combination of 

20%EtOH—5 mg AA was tested at high activity for both NOTA-sdAb precursors in a small 

(2.2 mL) and large (10 mL) labeling volume, which yielded an RCP > 98% after 10 min and 

>99% after 3h, showing an efficient protection against radiolysis up to 3h after labeling. A 

benefit of combining different RPs, is a broader protection towards different types of radicals 

that might be formed, as each RP will provide optimal protection against a particular radical. 

EtOH is a well-known strong hydroxyl radical scavenger 46, while ascorbic acid can provide 

protection against different radicals 47. 

With the development of a cold kit for 68Ga labeling of NOTA-sdAbs, the anti-radiolytic 

compounds should be incorporated in this design. The kit consists of one vial containing 

lyophilized NOTA-sdAb precursor and one vial of 1 M NaOAc buffer pH 5.  

The ethanol can easily be added to the buffer vial yielding a 1 M NaOAc/20% EtOH pH 5 

buffer solution, while 5 mg of AA can be added to the current existing lyophilization 

formulation. This should allow a long-term stability of the AA, as it is highly unstable in 

solution. 

Regarding patient concern and safety, two points can be addressed. Firstly, the osmolality of 

the final solution is relatively high. However, no upper limit for osmolality is specified in the 

European Pharmacopeia.  
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To keep discomfort to a minimum upon injection, it is recommended to remain below 1000 

mOsm/kg for intravenous injection of small volumes (≤100 mL) in adults 35. A three times 

dilution of the final solution with injection water resulted in an osmolality of approximately 

1100 mOsm/kg, therefore an osmolality < 1000 mOsm/kg could easily be reached with a 3.5 to 

4 times dilution. Secondly, the presence of ethanol in the final solution could be a concern. 

However, the amount is relatively limited. The maximum amount of ethanol that would 

potentially be injected using the kit is only 1 mL (10% of 10 mL), resulting in a 0.16 g/L blood 

concentration, considering a relatively low total blood volume of 5L. This is well below the 

0.5 g/l limit set for drivers in Belgium. Additionally, it should be noted that the injected 

activity for imaging is typically relatively low (approximately 185 MBq for 68Ga[Ga]-NOTA-

sdAbs) compared to the starting activity (which can go up to 1.3GBq for the current market 

approved generators). As such, it is unlikely that the total radiolabeling solution will be 

injected in one patient, rather the volume corresponding to approximately 185 MBq will be 

retrieved in a syringe and only this will be injected in a patient. 

 

Despite that only 185 MBq is sufficient for imaging, and that the kit is being developed as a 

single-patient product, being able to radiolabel at higher activities would be an advantage as 

this allows shipment of the final radiolabeled product. 68Ga has a relatively low half-life of 68 

min, but with starting activities of approximately 1.3 GBq or up to 4 GBq in the future, it is 

feasible to have centralized productions and shipment to clinical centers, as it is often the case 

for fluor-18 labeled compounds. 

Especially in America the concept of centralized productions is well-established and is being 

used for gallium-68 compounds as well. With this in mind, it is also crucial that the final 

radiolabeled product is stable for several hours after labeling. Moreover, even though we 

intend to develop the kit as a single-patient product, the ability to be able to use high activities 

for labeling, leaves open the option for also offering a kit that can be used for multiple patients. 

Based on our results that with 100µg of lyophilized NOTA-sdAb precursor, even at lower 

activities, an RCP of at least 95% could not always be achieved in combination with some 

radioprotectants, we currently foresee that even in case of a kit as a single-patient product, a 

mass of 200µg of lyophilized NOTA-sdAb will be included in the kit to always guarantee an 

RCP ≥ 95% with high activity in different labeling volumes. Radiopharmacies which 

manufacture the final product for local use can adjust the starting activity, so that the mass 

corresponding to 185 MBq remains within a specified range. In the current clinical trials 100 

µg is the upper limit for the mass that can be injected into patients. The injected mass can vary 

depending on the specific activity and in practice typically between 50 and 75 µg is currently 

injected. While no lower limit has been set, the upper limit might be increased to 200 µg for 

the kit, the total mass that would be present, as to allow a complete injection of the final 

solution and to maximize the shipping radius. 

Lower amounts of ethanol (e.g., 0%, 5%, 10% or 15%) in combination with 5 mg AA were not 

tested at high activity. Such combinations might prove adequate as well in preventing 

radiolysis, with the additional advantage of a lower osmolality, improving the injectability of 

the final solution. This refinement of the formulation still remains to be investigated and was 

not performed yet due to limited access to a generator with relevant activity to perform this 

study.  

Additionally, with the development of more powerful, 4GBq 68Ga-generators, which provide 

up to double or even more starting activities compared to the 1.85GBq generators, the anti-

radiolytic formulation will have to be stress-tested with such activities, and adjusted 

accordingly if necessary, to allow compatibility of a NOTA-sdAb 48 labeling kit with these next 

generation generators. 
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5. Conclusions 

A formulation, preventing radiolysis of the tracer during 68Ga-radiolabeling, has successfully 

been developed. The additional excipients, ethanol and ascorbic acid, showed strong 

protection against radiolysis at the highest activity available from current commercially 

available 68Ga generators. The formulation provides protection for up to 3 h after 

radiolabeling, while these anti-radiolytic excipients can easily be integrated in a kit for 68Ga-

labeling of NOTA-sdAbs. All the used components (ethanol, ascorbic acid, sodium acetate, 

sucrose, mannitol and polysorbate 80) are well-known EMA/FDA approved excipients, 

frequently used in a variety of pharmaceutical drugs and the amount of each component in 

the final product would be considered below their maximum acceptable limit for patient 

injection. 
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CHAPTER V: SUPPLEMENTAL DATA 

Ascorbic acid compatibility studies 

Supplemental Table 1: Preparation of [68Ga]Ga-NOTA-sdAb using ascorbic acid buffer system 

Compound Buffer Method RCP (%) 

NOTA-anti-HER2   10 min 

 1M NaAcetate pH5 iTLC 92 

  SEC 97 

 0.5M NaAscorbate pH5 iTLC 1 

  SEC 14 

Mass precursor used per labeling = 100 µg 

 

Supplemental Table 2: Verification study AA 

Compound AA (mg/mL) Incubation time AA Method RCP (%) 

NOTA-anti-HER2    10 min 

 5 Not verified iTLC 68 

 5 Not verified iTLC 93 

 5 Not verified iTLC 84 

 5 < 10 minutes iTLC 96 

 5 Overnight iTLC 44 

Mass precursor used per labeling = 100 µg 

 

Effect of EtOH on sdAb aggregation via SDS-PAGE 

 

Supplemental Fig. - 1: Effect of EtOH on protein aggregation via SDS-PAGE. Protein were exposed to an 

increasing amount of EtOH, from 0 – 60 from left to right. (A) Analysis of anti-HER2 protein exposed to EtOH 

and analyzed withing 30 minutes, (B) Analysis of anti-HER2 exposed to EtOH and incubated overnight at 2 – 

8°, (C) Analysis of anti-MMR protein exposed to EtOH and analyzed withing 30 minutes, (D) Analysis of 

anti-MMR exposed to EtOH and incubated overnight at 2 – 8°. 
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Radioprotectant combination studies 

 

Supplemental Table 4: Preparation of [68Ga]Ga-NOTA-sdAb in combination with EtOH and PVP 

Compound RP 
Amount (mg 

/%) 

Activity 

(GBq) 
Method RCP (%) pH 

NOTA-anti-

MMR lyo 
    10 min 3 hours  

     1 2 3 1 2 3  

 PVP 100 1.10 iTLC 81 13 7 76 24 1 4.65 

 PVP/EtOH 50/20 1.10 iTLC 83 5 12 82 12 6 4.53 

 PVP/EtOH 50/40 1.07 iTLC 68 2 31 80 3 18 4.36 

1 = RCP; 2 = radiolysis; 3 = unlabeled 68Ga 

Mass precursor used per labeling  = 100 µg 
The given concentration of PVP = concentration of PVP in the radiolabeling buffer 
% EtOH = % ethanol in the labeling buffer, before addition of 68Ga eluate 

 

Supplemental Table 5: Preparation of [68Ga]Ga-NOTA-sdAb in combination with EtOH and AA or GA 

Compound RP 
Amount 

((mg/mL)/%) 

Activity 

(MBq) 

pH 

buffer 

Activity 

Filter (%) 
Method RCP (%) pH 

NOTA-anti-

MMR 
      10 min  

 / / 458 5 3.3 iTLC 99 4.65 

      SEC 99  

 AA/EtOH 5/20 489 5 2.0 iTLC 99 4.60 

      SEC /  

 AA/ EtOH 1/20 476 5 2.2 iTLC 99 4.58 

      SEC 100  

 GA/ EtOH 5/20 470 5 2.1 iTLC 98 4.47 

      SEC 99  

 GA/ EtOH 1/20 459 5 2.0 iTLC 99 4.56 

      SEC 99  

Mass precursor used per labeling = 200 µg 

The given concentration of AA/GA = concentration of AA/GA in the radiolabeling buffer 
% EtOH = % ethanol in the labeling buffer, before addition of 68Ga eluate 

Particle Size Analysis via Dynamic Light Scattering 

 

Supplemental Fig. – 2: Graphical representation of the distribution of sized particles in the final concentrated 

formulation. Panel 2A shows that the majority of particles has a maximum hydrodynamic diameter of 3 nm. 

Panel 2B shows the complete measurement spectrum and confirms that no other, larger, particle sizes are 

present in the solution. 
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Radio iTLC/SEC 

 

Supplemental Fig. – 3: Chromatographic analysis of 68Ga[Ga]NOTA-sdAb, RCP and radiolysis. Panel A 

shows SEC analysis of 68Ga[Ga]-NOTA-sdAb (Rt: 4.65 min) and non-incorporated 68Ga[Ga]citrate (Rt: 7.40 

min), while Panel B shows 68Ga[Ga]-NOTA-sdAb (Rt: 4.60 min) with radiolytic degradation (Rt: 7.90 min – 

8.57 min). Panel C and D show the corresponding iTLC analysis, where Panel C shows 68Ga[Ga]-NOTA-sdAb 

(Rf: 0.04 (28.7 mm)) and non-incorporated 68Ga[Ga]citrate (Rf: 0.98 (107.8 mm)), while Panel D shows 
68Ga[Ga]-NOTA-sdAb (Rf: 0.07 (30.0 mm)) and radiolytic degration (Rf: 0.73 (87.1 mm)). 
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CHAPTER VI:  DISCUSSION AND FUTURE PERSPECTIVES 
 

This chapter summarizes the key contributions of the thesis. In addition, we propose a 

development and manufacturing process for the cold kit based on the data that was presented 

in chapters III, IV and V. We conclude with a discussion on upscaling and GMP 

manufacturing to allow clinical development and ultimately market authorization. 
 

Contributions of the thesis 
 

Single-domain antibody fragments have proven to be suitable targeting vehicles for molecular 

imaging probes. As such, clinical trials have been undertaken to confirm their strength and to 

unlock their potential as imaging tool in humans. However, with the anticipation of multi-

center collaboration during the clinical trials, it was evident that the current way of storing 

the precursor and preparing the final radiolabeled product was not suitable for such 

endeavors. A new product form is required which takes into account not only an increase in 

stability for the precursor, but also an optimization and simplification of the manufacturing 

process of the final product. This can be achieved by designing a radiolabeling kit that meets 

the requirements which allow broad distribution and usage in many centers. 

 

The aim of this thesis is to deliver the necessary methods, components and knowledge to 

manufacture a sdAb-based 68Ga-radiolabeling kit that can be integrated in on-going clinical 

trials for multi-center studies and that can ultimately be manufactured for commercial 

purpose, allowing as such commercialization of the [68Ga]Ga-NOTA-sdAbs in an 

economically and practically feasible way. Different endpoints should be considered to obtain 

a successful kit: 
• The kit should have a high stability that allows for long-term storage (> 12 months) at 

an appropriate temperature (e.g. 2 – 8°C or room temperature). 
• The kit should be simple and easy to use for the preparation of the final radiolabeled 

product. 
• The kit should be used according to an established standardized radiolabeling 

procedure. 
• All components inside the kit, that are used in the preparation of the final product, 

should be sterile and suitable for patient injection. 
• Radiolabeling according to the kit procedure should always provide a high RCP. A 

high robustness should ensure a high RCP is always obtained even in varying 
conditions, such as for example different activities or radiolabeling volumes. 

• The usage of the kit should be compatible with different market approved 68Ga 
generators to ensure the broadest use-case. 

 

Such methods, components and knowledge comprise the development of a lyophilization 

method for sdAb-based precursors, the optimization of a random-conjugation method, 

preceded by the separation and characterization of different conjugated fractions, the 

constitution of a potent mix of radioprotectants to prevent radiolysis during 68Ga-labeling and 

generic development process designs for NOTA-sdAbs and the integration of NOTA-sdAbs 

in kit form. 
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The central goal or condition for the kit is to obtain a 68Ga-NOTA-sdAb product with an RCP 

≥95%, within a few steps and short period of time, and with minimal QC for product release. 

This high RCP should be maintained for at least 4 hours after labeling. 

 

The complexity of optimizing the kit for radiolabeling lies in having to take into account 

different factors which can influence the quality of the final radiolabeled product (Table VI - 

1). A successful kit should yield a high-quality product upon each preparation, in varying 

conditions.  

 

Variable conditions can be the radiolabeling volume, due to different elution volumes of 

different 68Ga generators, variable starting radioactivity of 68Ga, due to the initial source of the 

generator and due to decay over time and the incubation time, as the time between 

radiolabeling and patient injection can vary. Metal impurities, such as Zn, can vary depending 

on the age of the generator and on the time before last elution. It is imperative that the kit is 

robust enough to provide a final quality product despite these variations that can occur. And 

so, the challenge lies in finding a balance of mass of precursor (NOTA-sdAb), conjugation 

degree and radioprotectant(s), which provides a high RCP in all conditions, and designing a 

suitable kit formulation with a well-defined preparation method of the final 

radiopharmaceutical, while minimizing the cost of manufacturing and of the product.  
 

Table VI - 1: Effect of different factors on RCP and/or radiolysis and/or precursor mass. 

Factor Condition Effect on 

Volume Small (1) ↑ 

  (2) ↑ 

 Large (1) ↓ 

  (2) ↓ 

Mass Low (1) ↓ 

  (2) ↑ 

 High (1) ↑ 

  (2) ↓ 

Conjugation degree Low (1) ↓ 

 High (1) ↑ 

Metal impurity Low 

High 

(1) ↑  

(1) ↓  

Incubation time Low (1) ↓ 

  (2) ↓ 

 High (1) ↑ 

  (2) ↑ 

Activity Low (1) ↑ 

  (2) ↓ 

 High (1) ↓ 

  (2) ↑ 

Radioprotectant Low  

 

(1) ↑* 

(2) ↑ 

 High (1) ↓* 

  (2) ↓ 

Radiolysis Low (1) ↑ 

 High (1) ↓ 

(1) 68Ga complexation reaction 

(2) Radiolysis 

*  Depending on the ability of the radioprotectant to interact with 68Ga ions 
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In our first contribution (chapter III) we tested the feasibility of lyophilizing different sdAbs, 

conjugated with a NOTA-chelator, with a sucrose – mannitol formulation providing satisfying 

results. Lyophilized samples could be stored for long-term at 2 – 8°C. In vitro assessment 

showed that the functionality of the tracers was retained after lyophilization and no impact 

on the protein profile or integrity could be observed.  

In vivo analysis showed comparable biodistribution profiles and a long-term stability was 

obtained at a higher storage temperature (2 – 8°C) compared to the liquid variant (-20°C), with 

strong stability data reaching at least 18 months. 

 

In chapter IV an anion exchange method was developed to separate different conjugated 

fractions, allowing purification and further characterization of each fraction. It was found that 

the conjugation degree can affect the pI, the affinity and the kidney retention and that, 

consequently, the biodistribution can be influenced.  

With the further investigation of individual (NOTA)n-sdAb (n = 1, 2 or 3) fractions of the anti-

HER2 and anti-MMR sdAb, the NOTA-conjugation can be optimized as to obtain a mix with 

a more favorable biodistribution profile. 

 

The third contribution (chapter V) is the development of an anti-radiolytic formulation, that 

could successfully reduce radiolysis, allowing radiolabeling at high activity and increasing 

generator compatibility. Ascorbic acid, gentisic acid, ethanol and polyvinylpyrrolidone were 

tested as potential radioprotectant and for their compatibility with 68Ga labeling of the sdAb 

tracers. With high activity labelings, it was found that a combination of ethanol and ascorbic 

acid was potent to prevent radiolysis with activities from a fresh 1.85GBq 68Ga generator. The 

specific combination of 10% ethanol and 5 mg ascorbic acid during radiolabeling was 

determined as an optimal combination to allow a high radiochemical purity, while preventing 

radiolysis, in different volumes. 

 

As a last step to finalize the kit formulation, all these components should be integrated in a 

final kit formulation, taking the endpoints of the kit in mind. These mainly include the long-

term stability and simple and standardized preparation procedure of the radioactive tracer. 

The ethanol, part of the anti-radiolytic formulation, can be combined with the radiolabeling 

buffer, as both solutions are compatible with each other and should not provide any issue 

regarding stability. The ascorbic acid, however, has a very low stability in solution and should 

therefore be integrated in dry form. To do so, we opt to co-lyophilize the ascorbic acid with 

the NOTA-sdAb precursor in the currently developed freeze-dry formulation. 

This allows us to design the kit in the following way: 
• Vial 1 contains the lyophilized NOTA-sdAb, including the lyophilization excipients 

(sucrose – mannitol – polysorbate) and ascorbic acid. 
• Vial 2 contains the 1M sodium acetate/20% ethanol pH 5 radiolabeling buffer. 

Vial 1 can be reconstituted with the solution from vial 2, after which the 68Ga eluate can be 

added to the reconstituted vial, which would then contain both the ascorbic acid and ethanol 

to prevent potential radiolysis. The co-lyophilization of the ascorbic acid with the current 

formulation will be confirmed with new stability studies and a first accelerated stability study. 

 

For preclinical validation and in preparation of the integration of the NOTA-anti-HER2 and 

NOTA-anti-MMR kit in clinical trials, additional experiments will have to be performed. 
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These data will have to be included in regulatory documents such as the IMPD, for regulatory 

approval of the use of the kit in clinical trials.  

 

Regarding preclinical validation of the kit product itself, additional experiments are 

required. Firstly, an in vivo evaluation of the tracer prepared according to the kit design 

described hereabove should be performed to assess the biodistribution and confirm that the 

tracer in kit form is still suitable for imaging. Secondly, additional stability studies to define a 

shelf-life will have to be performed according to the ICH guidelines, a set of well-defined 

conditions to which one must adhere for the results to be valid. Stability studies for both the 

lyophilized NOTA-sdAb precursor and the labeling buffer will have to be performed.  

Additionally, forced degradation studies and accelerated studies will have to be performed to 

further characterize the product. Lastly, a dosimetry study should be performed to assess the 

radiation burden of an imaging procedure. 

 

Regarding analytical methods used during this project will have to be revised and validated 

under GMP license to allow GMP batch release. Furthermore, a list of analytical methods will 

have to be defined and applied on the different components during the manufacturing of the 

kit. A first set of tests should be defined to analyse the sdAb after fermentation to verify the 

purity, quality and similarity of the sdAb per batch. For example, protein modifications could 

potentially occur and vary batch-per-batch leading to a different product. As such, it is 

important to be able to detect these potential modifications and to ensure that the produced 

protein is indeed the same as the expected protein. Another example is to ensure the absence 

of other unwanted proteins, derived from the host, also known as host cell proteins (HCP). A 

second list should be defined for the NOTA-conjugated sdAb. Here for example, it is 

important to show that the conjugation was successful and that the NOTA-sdAb precursor is 

still functional. A third set of methods should be defined for the lyophilized product, on one 

hand to verify the integrity and functionality of the NOTA-sdAb after lyophilization but also 

to verify the quality of the dried product itself. Lastly, a final list of methods should be defined 

for the radiolabeling buffer.  

Some of the methods might be suitable to test the different products or can also be used to 

measure stability indicating factors, such degradation, aggregation and potency, and can as 

such be used as analytical method in the stability studies. 

 

Regarding the manufacturing processes, the processes will have to be finalized, translated 

and validated for GMP manufacturing.  
 

Toxicology study 
 

In view of increasing the efficiency and yields of the manufacturing processes of the existing 

tracers, some fundamental changes in the production of the sdAb and conjugation process are 

envisaged. Such changes might include development a new cell host for the production of the 

sdAbs, with the establishment of a new research and master cell banks, and changes in the 

conjugation conditions, such as pH, sdAb concentration, molar excess of NOTA and 

incubation time, to adjust the conjugation degree. It is likely that therefore new toxicity studies 

will have to be performed. Toxicity studies are typically performed with the active 

pharmaceutical ingredient (API), which is the NOTA-sdAb precursor in this case, to assess 

any potential unwanted side-effects due to injection of the tracer.  
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The non-clinical toxicology studies may include a GLP single dose or repeated dose study in 

rodents and a tissue cross reactivity study (TCR) on human tissues. In some cases, a toxicity 

study in a non-rodent species is also required. 

 

Development and manufacturing process 
 

For the development of future NOTA-sdAb based tracers, general development processes can 

be designed based on the current developed methods and processes, which served to 

characterize, optimize and lyophilize the NOTA-anti-HER2 and NOTA-anti-MMR precursor. 

These processes can then be applied on new sdAbs for their development into a kit for 68Ga 

labeling. A first development process can be designed for the development of new NOTA-

sdAbs, while a second development process can be established for the development of a kit 

for these new NOTA-sdAbs. 

 

• NOTA-sdAb development  

Having developed the IEX purification method and, consequently, being able to optimize the 

NOTA-sdAb conjugation method allows us to design a complete non-GMP pre-clinical 

development process that can be applied to any sdAb we wish to use for PET imaging, 

including new sdAbs that will be generated. The development process, outlined in the flow 

chart below (Figure VI - 1), consists of performing a first NOTA-conjugation of the new sdAb 

entering the development process with the current ‘standard’ conditions.  

 

 

 

 
Figure VI - 1: Process outline for the preclinical development of new NOTA-sdAb -based PET 

tracers. 

This first conjugation allows a first in vitro characterization of the NOTA-sdAb precursor and 

first in vivo evaluation. As such, information on potential affinity loss, due to the conjugation 

and biodistribution can be obtained. Suppose the in vivo evaluation shows a highly 

unfavorable biodistribution profile, the further development of that particular sdAb can be 

stopped. In case of favorable results, in a next step, an IEX purification method can be 

established to purify different NOTA-conjugated fractions of this particular NOTA-sdAb. 

Once the method is established, the different fractions can be further characterized and 

evaluated individually, to investigate the influence of the conjugation degree on this sdAb. 

Based on the results, the NOTA-conjugation conditions can be adapted to obtain the desired 

conjugation degree. Once the NOTA-sdAb precursor has been optimized, the optimization of 

the radiolabeling can be performed, meaning confirming the compatibility of the precursor 

with the anti-radiolytic formulation and defining the minimal required mass of precursor for 

high activity labelings in different volumes, simulating the different available 68Ga generators, 
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while confirming the efficacy of the anti-radiolytic compounds. Finally, the precursor/tracer 

can be preclinically validated with the adequate in vivo/in vitro experiments. 

This process line is the first process a new sdAb should go through in the attempt to develop 

it as a PET tracer. The process line should be applicable to any sdAb entering the process, due 

to the built-in optimization steps, which provide some flexibility in the process and allow 

tailoring of each individual NOTA-sdAb precursor, while maintaining same overall methods. 

This means that no major redevelopment should be necessary for new sdAbs. 

 

• Kit development 

Once a precursor has been optimized, the NOTA-sdAb can be integrated in the kit 

formulation, to manufacture this precursor in kit form, which would so allow further clinical 

investigation of the tracer. The aim is to establish a second process line, specifically to this 

purpose, which is outlined in the following flow chart (Figure VI - 2). 

 

 
Figure VI - 2: Process outline for integration of NOTA-sdAb precursor in kit form. 

The process begins with lyophilizing the NOTA-sdAb precursor with the kit freeze-dry 

formulation, that is, the formulation containing sucrose, mannitol, polysorbate and ascorbic 

acid. Once lyophilized, a stability study can be performed to assess the long-term stability of 

the dried precursor and an in vivo comparability study, with the lyophilized tracer prepared 

according to the kit procedure, can be performed to verify if the lyophilization has any impact 

on the precursor which could lead to differences in in vivo behavior of the tracer.  

In a next step, high activity labelings should be performed again now with the lyophilized 

precursor, while being prepared according to the kit procedure, and this in the different 

volumes, to confirm that a quality product is still obtained.  

 

This process line is the second process a new sdAb should go through, although now in 

NOTA-sdAb form and should serve simply to integrate the previously optimized NOTA-

sdAb precursor in the kit formulation, without alteration for different NOTA-sdAb 

precursors, as it is the goal to develop a ‘generic’ kit formulation for NOTA-sdAbs. This would 

allow us to develop a single kit manufacturing process which is independent of the NOTA-

sdAb precursor, and which can, therefore, be applied to any NOTA-sdAb without any change 

in the process. Different steps in the development process should serve as a confirmation that 

the precursor/tracer is still performing as intended, and not for inducing changes. 

 

An advantage of having a generic kit is that the GMP manufacturing process can be validated 

once independently of the NOTA-sdAb. 

 

GMP manufacturing and upscaling 
 

The previous two outlined process lines are non-GMP compliant preclinical development 

processes to develop a new NOTA-sdAb precursor in kit form for 68Ga radiolabeling. Up to 
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this point, the tracer cannot be used in clinical setting yet, as it should be manufactured 

according to the GMP guidelines. To do so, requires a translation of these non-GMP preclinical 

manufacturing processes to a GMP compliant manufacturing process.  

A first general outline of the GMP manufacturing process should be designed, as some steps 

can differ from the development processes. During the development phase, GMP-compliancy 

can already be taken into account to facilitate process transfer, such as the usage of excipients 

of a certain grade or substituting a method, which is not recommended in a GMP setting, with 

a more GMP compliant method. In the case of NOTA-sdAb kits, the GMP production of the 

final product can be divided in three subprocesses:  

(1) the production of the sdAb protein; 

(2) NOTA-conjugation of the sdAb to form the NOTA-sdAb precursor; 

(3) lyophilization of the precursor, production of the radiolabeling buffer and kit 

assembly (fill and finish).  

 

Typically, an engineering batch is produced firstly to test a new GMP process. This batch is 

produced under the same conditions as a real GMP batch but will typically not be released as 

such. Therefore, the engineering batch often provides suitable material for toxicology studies 

or others. For example, in our case, an engineering batch for the sdAb production, will provide 

material which can be used to finalize and confirm in non-GMP setting the designed GMP 

compliant NOTA-conjugation process (i.e., by using the correct grade of excipients/chemicals 

and/or methods).  

The actual GMP manufacturing process is usually simpler than the corresponding 

development process as at this stage the process and final product is usually well-defined, 

and no more development or optimization of the precursor should be performed. However, 

the next challenge will lie in the upscaling and in the subsequent validation of the 

manufacturing process. 

 

Upscaling of the production process will be required, since up to now only small-scale 

productions were performed for preclinical development and so the current developed 

methods and used equipment are not suited for larger-scale productions. Typically, it is the 

used methods/equipment (e.g. buffer exchange columns, chromatography columns, filters 

etc) that does not allow larger productions due to physical limitations (such as protein mass 

or volumes), and so upscaling of the process will require a revision of the equipment and 

methods and adaptations thereof will have to be made to meet the desired production scale.  

This can mean the introduction of new methods as alternatives to allow large-scale 

productions. Productions up till now were performed starting with up to 20 mg of sdAb 

protein. Intermediate upscaling starting with a 5- to 10-fold increase in mass of sdAb is 

envisaged, providing samples for planned clinical trials, while commercial productions might 

require an additional 10-fold increase scale-up (i.e. a 50- to 100-fold increase compared to 

current small-scale productions). 

 

An important aspect to keep in mind for the final product is sterility. Especially for a product 

that will in the be injected, sterility is crucial. To avoid having to filter the final radioactive 

solution for sterility, not only does the reconstitution method have to be performed in a sterile 

way, but all the components/products which are involved in the final step have to be sterile 

as well. As such it will be important to take the aspect of sterility into account already during 
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manufacturing. Typically, sterility is achieved via autoclaving, however, for heat sensitive 

products, such as our NOTA-sdAb, autoclaving is not a suitable method.  

 

As such, sterile filtration at the end of manufacturing or just before vial filling, in case of the 

lyophilization step, is a valid alternative. To claim sterility after manufacturing, necessary 

testing is required, such as membrane filtration sterility testing or direct inoculation sterility 

testing. 

 

Once the commercial process has been established, validation of the process can take place. 

Process validation will require stability studies and preclinical validation of three 

independent productions of the clinical grade kit. Validation of the radiolabeling or 

manufacturing of the final drug product will allow validation of the NOTA-sdAb kit. Once 

these processes are validated, the NOTA-sdAb kit is one step closer to market approval. It is 

at this point that the concept of the generic kit could facilitate the process, as the actual kit 

production part should not be re-validated when applied to a new NOTA-sdAb.  

In-process control, a set of tests that are performed during the manufacturing, are performed 

to ensure the correct execution of the production. It is possible to perform the different steps 

at different manufacturing sites. In this case, however, a full QC, comprising of both release 

and characterization, will have to be performed for each step, performed at a different 

manufacturing site, with an official batch release by a QP. 

 

Clinical trials directed at showing the value of the diagnostic product for a specific indication 

are required for the marketing authorization. For the 68Ga-NOTA-anti-HER2 tracer clinical 

development will be initiated by ABSCINT, a recent VUB diagnostic spin-off company 

(www.abscint.com), for the detection and monitoring of HER2 positive brain metastasis. The 
68Ga-NOTA-anti-MMR tracer, also in-licensed by ABSCINT, is being investigated for the 

diagnosis of cardiac sarcoidosis.  

 

As summary, this thesis outlines the development of a kit design for an easy and simple 68Ga 

radiolabeling of NOTA-sdAbs as PET tracers, which can be used in the foreseen multi-centric 

clinical trials. Ultimately, this kit should allow for wider distribution and commercialization 

of these tracers, bringing them closer to patients for improved diagnostic and monitoring 

capability. 
 

 

 

 

____ THE END 
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SUMMARY 

 

Molecular imaging is an important tool for disease detection and following disease 

progression. The success of molecular imaging is based on the development of relevant 

tracers. 

Single-domain antibodies have interesting characteristics, such as a high specificity and rapid 

body clearance, to perform molecular imaging. As such, sdAbs have been developed as basis 

for molecular imaging tracers. Particularly, sdAbs have been conjugated with a chelator for 

labeling with radiometals, such as gallium-68 for PET imaging. 

Today, the current labeling process to couple the sdAbs with gallium-68 for clinical use 

remains a relatively complex process, encompassing several steps, including a purification 

and sterilization step. This limits the potential and clinical validation of these tracers, as the 

current way of working is not suitable for widespread use, such as in multi-center trials or in 

case of commercialization. 

The solution to this issue is to have a rapid and simple labeling process, which can be achieved 

by working with a radiopharmaceutical kit. Such a kit ensures that all aspects concerning 

product quality are managed prior to performing the labeling process, so that this process can 

be as simple as possible with minimal steps. This, however, requires an extensive optimization 

of the labeling process, a high robustness and ideally, a high stability of the kit, allowing long-

term storage. 

To achieve these requirements, lyophilization of sdAb precursors was investigated to increase 

the stability, precursors were further characterized and optimized regarding the conjugation 

with the chelator, allowing the optimization of the labeling process to ensure a high 

robustness and quality product, and lastly, an anti-radiolytic formulation was designed to 

prevent degradation of the tracer during and after labeling, allowing so a labeling with high 

starting activities.  

The success in each of the points enables the kit concept for sdAb-based tracers and warrants 

the GMP-translation of manufacturing processes to obtain a clinical grade product, which can 

be used in clinical trials. As part of the translation process, optimization and upscaling of the 

manufacturing processes will be critical to obtain an economically viable product in case of 

commercialization and to allow global distribution of the kit to improve patient management 

around the world. 
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SAMENVATTING 

 

Moleculaire beeldvorming is een belangrijk hulpmiddel in het opsporen en het opvolgen van 

ziektes. Het succes van moleculaire beeldvorming is gebaseerd op de ontwikkeling van 

relevante tracers. 

Enkelvoudig-domein antilichamen hebben interessante karakteristieken, zoals een hoge 

specificiteit en een snelle klaring uit het lichaam, om moleculaire beeldvorming te kunnen 

uitvoeren. Als zodanig zijn enkelvoudig-domein antilichamen ontwikkeld geweest als basis 

voor moleculaire beeldvorming tracers. In bijzonder, enkelvoudig-domein antilichamen zijn 

geconjugeerd geweest met een chelator voor merking met radiometalen, zoals gallium-68 

voor PET beeldvorming. 

Op heden blijft het huidig proces van merking om de enkelvoudig-domein antilichamen te 

binden met gallium-68 voor klinisch gebruik een relatief complex proces, die verschillende 

stappen omvat, inclusief een zuivering en sterilisatie stap. Dit limiteert de potentieel en 

klinisch validatie van deze tracers, gezien de huidige manier van werking niet geschikt is voor 

wijd gebruikt, zoals in multicentrische klinische studies of in geval van commercialisatie. 

De oplossing voor deze kwestie is om een snel en simpel proces van merking te hebben, 

hetgeen behaald kan worden door met een radio farmaceutische kit te werken. Zo’n kit 

verzekert dat alle aspecten over de kwaliteit van het product beheerd worden vooraleer het 

proces van merking uitgevoerd wordt, zodat het proces zo simpel as mogelijk kan zijn met 

een minimaal aantal stappen. Dit vereist echter een uitgebreide optimalisatie van het 

merkingsproces, een hoge robuustheid en, ideaal, een hoge stabiliteit van de kit, die lange-

termijn opslag toelaat. 

Om deze vereisten te behalen, werd het vriesdrogen van de precursors onderzocht om de 

stabiliteit te verhogen, werden precursoren verder gekarakteriseerd en geoptimaliseerd 

omtrent de conjugatie met de chelator, hetgeen optimalisatie van het merkingsproces toelaat 

om een hoge robuustheid en product van goede kwaliteit te verzekeren, en als laats, werd er 

een anti-radiolytische formulatie ontworpen om degradatie van de tracer tijdens en na het 

merkingsproces te vermijden, hetgeen zo een merking met hoge start activiteit toelaat. 

Het succes van elke van deze punten stelt in staat om het kit concept toe te passen op tracers 

gebaseerd op enkelvoudig domein antilichamen en rechtvaardigt de GMP-translatie van de 

productieprocessen om een kit van klinische graad te bekomen, die gebruikt kan worden in 

klinische studies. Als deel van het translatieproces, zullen optimalisatie en opschaling van de 

productieprocessen kritisch zijn om een economisch haalbaar product te bekomen in geval 

van commercialisatie en om globale distributie van de kit toe te laten om de patiëntenbehering 

te verbeteren over de wereld.  
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