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ABSTRACT 
 

Despite continuous advances in medicine, there is still a need for better 
diagnostics and therapeutics against various diseases including cancer. When 
a single system combines the diagnosis with the treatment of a disease, it is 
called a theranostic system. Additionally, the term nanoparticle refers to the 
size of a particle which exhibits in the nanoscale. Nanoparticles are currently 
found, for example, in food, cosmetics and medical industries. There are 
various types of nanoparticles that can serve as theranostic systems, and 
thus, they are called nanotheranostics. Hepatitis E virus nanoparticles 
(HEVNPs) are small (<30 nm in diameter), safe, biocompatible and are derived 
from the Hepatitis E virus, and therefore, they share all the physical 
characteristics with the virus. The main difference between the two is that 
HEVNPs lack the genetic material (RNA). HEVNPs have been studied 
regarding their potential use as nanotheranostic agents including their 
application in imaging modalities, such as in optical imaging.  

In this thesis, a highly promising nanosystem, HEVNP, was investigated as an 
imaging agent candidate for the high-performance molecular imaging 
modalities, positron emission tomography (PET) and single-photon emission 
computed tomography (SPECT). As a consequence, in this work various 
different radiolabeling methodologies were evaluated in order to successfully 
radiolabel HEVNPs with both PET- and SPECT-compliant radionuclides. 
Subsequently, the novel nanosystems were studied in vitro and in vivo. 
Specifically, two approaches of radiolabeling were explored; a direct and an 
indirect approach. The direct radiolabeling, in which the HEVNPs were 
functionalized with a radiometal coordinating chelator prior to the 
radiosynthesis, was found to be the most efficient approach, and thus, this 
method was used for the investigation of the HEVNP biodistribution in cells 
and animals.The radiosynthesis following the direct approach was done with 
both PET- and SPECT-compliant radionuclides (gallium-68 and indium-111, 
respectively), and the radiolabeled HEVNP nanosystems were evaluated in 
vivo in mice after intraveous or oral administration. Furthermore, HEVNPs 
targeted to integrin α3β1 were evaluated in HCT 116 colorectal tumor-bearing 
mice after intravenous administration of the radiolabeled HEVNPs. One of the 
prominent findings was that the radiolabeled HEVNPs were found to be highly 
hepatospecific. Additionally, excellent radiolabel stability of the HEVNPs was 
observed following the intravenous injections; opposed to the highly unstable 
orally administered HEVNPs. The evaluation of the integrin α3β1-targeted-
HEVNPs revealed a modest in vivo tumor uptake, which most probably was 
due to the excessive liver uptake of the specific NPs. 
In conclusion, methods for the radiolabeling of HEVNPs with PET- and 
SPECT-compliant radionuclides were succesfully developed. This was 
achieved with excellent radiochemical yields, and the in vivo results that were 
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obtained from the highly stable radiolabeled nanosystems are very promising. 
Overall, the novel HEVNP systems that were synthesized in this work could 
serve as candidates for multifunctional applications in nanotheranostics 
including their use in targeted PET/SPECT imaging for various diseases. 
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1 INTRODUCTION 

Positron emission tomography (PET) and single-photon emission computed 
tomography (SPECT) are molecular imaging modalities that are used in nuclear 
medicine. For these modalities to be functional the use of radiopharmaceuticals or 
radiotracers is necessary. An ideal imaging agent or radiopharmaceutical is specific 
and selective toward a particular target increasing the signal-to-background ratio, non-
cytotoxic, radiochemically stable, biocompatible, and can be produced by a simple, 
fast and inexpensive method [1,2]. Some of the already available 
radiopharmaceuticals do not meet all of the above criteria. For instance, the most 
widely used PET radiotracer, fluorodeoxyglucose ([18F]FDG), is specific to cells with 
GLUT-1 expression but not cancer-specific [2,3]. 
In this thesis the radiolabeling of both small molecules and macromolecules 
(nanoparticles) was achieved. There are different ways to perform the radiolabeling of 
a precursor. These are either by directly radiolabeling the precursor (micro- or macro-
molecule), or by indirect labeling when first a prosthetic group is labeled followed by a 
conjugation reaction between the prosthetic group and the macromolecule that results 
in the radiolabeling of the latter. Here, we describe successful methodologies following 
both radiolabeling approaches. The macromolecules that were mainly used were the 
Hepatitis E virus nanoparticles (HEVNPs). These were selected mainly due to their 
small size (21-27 nm in diameter; Fig.1), safety, biocompatibility and the ability to self-
assemble giving rise to multi-functional agents for theranostic applications [4–6]. There 
had been references of HEVNPs applications in optical imaging [4] but no uses in 
nuclear medicine had been reported. Due to the differences in the modalities, such as 
the outstanding sensitivity of PET and SPECT, we thought to investigate the 
radiolabeling of HEVNPs with both PET- and SPECT-compliant radionuclides.  
Initially, two small prosthetic groups were successfully labeled with gallium-68, which 
is a short-lived (half-life 67.7 min) PET-radionuclide. The radiolabeled prosthetic 
groups were evaluated both in vitro and in vivo, allowing the comparison of their 
pharmacokinetics. The two prosthetic groups were capable of radiolabeling the NPs 
indirectly, and this was achieved by the inverse-electron demand Diels Alder (IEDDA) 
click reaction. In addition to HEVNPs, another type of NPs, which is more widely used 
(porous silicon NPs), was also radiolabeled through IEDDA using the same prosthetic 
groups in order to compare the efficiency of the IEDDA reaction on two different types 
of NP. The direct 68Ga-labeling of HEVNPs was proven to be more effective over the 
indirect approach in terms of radiochemical yield (RCY), and the directly radiolabeled 
HEVNPs were studied in detail. Their stability and biodistribution were evaluated both 
in vitro and in vivo in mice after intravenous (i.v.) administration. Consequently, the 
68Ga-labeling of the targeting HEVNPs was assessed and the targeting capability of 
the resulting NPs was studied both in cells and in tumor-bearing mice. Lastly, HEVNPs 
were also radiolabeled with long-lived radionuclides (indium-111 and iodine-125), and 
their in vitro stability was examined in detail. Oral gavage was used for the 
administration of the 111In-labeled HEVNPs in healthy mice for the evaluation of the 
NPs biodistribution in a longer time frame compared to the short-lived 68Ga-labeled 
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HEVNPs. This gave rise to SPECT imaging and ex vivo work, which was focused on 
tracing the HEVNPs in the GI tract.
Overall, in this thesis HEVNP-based imaging agents were developed for PET and 
SPECT imaging. The radiolabeled HEVNPs were biologically evaluated in cells and in 
laboratory animals. The results indicate that the radiolabeled HEVNPs may have 
potential use in targeted imaging and therapy, making them ideal for multifunctional 
applications in theranostics.

Fig.1: An image to perceive the nanoscale size of a particle by comparing it with other objects 
and sizes. The image was created with BioRender.com.



16

2 LITERATURE REVIEW

2.1 Bioimaging modalities

What is meant with the term “bioimaging”? We could say that it represents any kind of 
modality that enables imaging of any living organism or a part of it. Bioimaging in 
medicine signifies a highly useful and powerful means of prognosis, diagnosis and 
monitoring regarding a great variety of diseases. Examples of imaging modalities are 
X-rays, computed tomography (CT), ultrasound, magnetic resonance imaging (MRI), 
optical, PET and SPECT [7]. Ultrasound has the lowest electromagnetic energy and 
PET the highest (Fig.2). The energy range is one of the factors that distinguish the 
imaging modalities from one another and make each of them unique for specific 
applications. Not all the imaging modalities can be utilized for all the different diseases 
or stages of a disease. The selection of the right modality is vital for the correct data 
interpretation and it is dependent also on each patient as the disease condition might 
differ from one individual to another. In some cases, more than one technique is 
necessary for the complete evaluation of a disease. For this reason, it is advantageous 
when two modalities can be utilized simultaneously. Current examples of such a 
combination are PET/MRI, PET/CT and SPECT/CT. All the modalities have benefits
and limitations. Therefore, by using a combination of imaging techniques, the 
disadvantages of the one can be conquered by the advantages of the other. For 
instance, the lower sensitivity of MRI compared to PET, can be overcome when 
operating the highly sensitive PET modality at the same time interval (PET/MRI 
modality) [8].

The main characteristics of each of the non-invasive imaging modalities that were 
mentioned above are described in Table 1. PET and SPECT are the modalities that 
this work was based on and are therefore described in more detail in the following 
subsections.

Fig.2: A simple representation of the electromagnetic spectrum. The image was created with 
BioRender.com.
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Table 1: Main characteristics of the most frequently used in vivo imaging modalities. Some 
examples on the advantages and disadvantages of each of the modalities are provided [9–
12]. 

Bioimaging 
Modality 

Radiation 
type 

Spatial 
resolution 

Disadvantages Advantages 

X-ray Ionizing 0.8-8 mm  Non-specificity 
 Radiation 
 Poor resolution 

 Anatomical details 
 Widely acceptable 

from patients 
 Inexpensive 
 Low radiation dose 

and exposure 
CT Ionizing 50-200 μm  Non-specificity 

 Radiation 
 High resolution 
 Anatomical details 

Ultrasound Non-ionizing 50-110 μm  Poor resolution 
 Poor penetration 

 Both anatomical & 
functional details 

 Axial resolution 
 Widely acceptable 

from patients 
MRI Non-ionizing 25-100 μm  Low sensitivity 

 Costly 
 Long scan times 

 High resolution 
 Anatomical details 

Optical Non-ionizing 2-5 mm  Poor resolution 
 Low tissue 

penetration 
 Low sensitivity 

 Functional details 
 No radiation 
 Inexpensive 

PET Ionizing 0.7-6 mm  Limited 
resolution 

 Radiation 
 Costly 

 High sensitivity 
 Functional 
 3D 
 Capable of monitoring 

biochemical 
processes 

 Short-lived 
radionuclides 

SPECT Ionizing 0.5-12 mm  Long scan times 
 Moderate 

resolution 
 Radiation 
 Costly  

 Functional 
 3D 
 Different energy 

photons 
 Long-lived 

radionuclides 
 Easy procedure 
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2.2 Positron emission tomography (PET) 
 

PET is one of the molecular imaging modalities that are used in nuclear medicine. As 
the term “nuclear” denotes, compounds that are labeled with radioactive nuclides are 
used, and these are called radiotracers, or radiopharmaceuticals- if they meet all the 
criteria for medical in vivo applications. A radionuclide has excessive nuclear energy, 
and thus, is an unstable nucleus. At certain time intervals, determined by the 
radionuclide’s half-life, the radionuclide disintegrates spontaneously. This decay 
occurs by the emission of excess energy in the form of ionizing radiation either as 
alpha (α)-particles, beta (β)-particles, or gamma (γ)-rays depending on the 
radionuclide’s nuclear properties. The α-particles have the highest energy, but due to 
their high energy transfer with the surrounding material, they can travel only a short 
distance even in air. On the other hand, γ-rays have a lower energy transfer with the 
surrounding material and can penetrate relatively everything, including tissues, until 
they reach a material with high stopping power such as lead, which can be used as a 
shielding for protection against γ-rays. 
Radiotracers can be used either as radiotherapeutic agents in radiotherapy which is 
an interventional medicine, or as diagnostic agents in nuclear imaging. PET 
radiotracers have some common characteristics which differ from the radiotracers 
applicable to other modalities. 

A PET radiotracer is labeled with a positron (β+)-emitting radionuclide. Usually, the 
radionuclide has a short half-life that is in the range of seconds to a few hours, with a 
few exceptions to several hours and even days (Table 2). The production of PET 
radionuclides occurs either in a cyclotron that limited places can accommodate in their 
premises, or using portable, less expensive and easy-to-handle generators. When the 
radionuclide of the injected radiotracer decays (Fig.3), it emits a positron which travels 
in the surrounding tissue until it reaches its antiparticle, the electron. This distance that 
the positron travels is called positron range and depends on the energy of the emitted 
positron and the density of the surrounding tissue [13]. Upon collision of the positron 
and the encountered electron, an annihilation occurs and two high-energy, 
isoenergetic (511 keV) γ-rays are generated. Each pair of γ-rays, that it is in an 180o 
angle, reaches the PET camera detector signifying the position of the annihilation 
event, which is the positron range apart from the radiotracer [14]. This tiny distance, 
characterized by the positron range, sets its physical limitations for the spatial 
resolution of the PET technique.  

However, due to the coincident detection of the isoenergetic γ-rays, PET is truly 
quantitative (measuring radioactivity in absolute terms). It is also characterized as a 
functional imaging modality. Additionally, PET has an unlimited penetration depth and 
is highly sensitive [15,16], which makes total-body imaging also feasible [17]. 

In PET, a radiotracer is used just in the nano (1 nmol = 10-9 mol) or even pico (1 pmol 
= 10-12 mol) range that leads to subpharmacological or subtoxicological doses. This, 
so-called microdosing, enables the in vivo study of potent and even toxic compounds, 
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and also the evaluation of any tracer’s function and biodistribution in vivo without 
perturbing the biological system under study [18]. 

Each radionuclide has a distinguishing positron energy, which determines the positron 
range in tissue. The higher the energy, the poorer the resolution, leading to a 
disadvantage of PET modality in comparison to the other imaging modalities, although 
its resolution overall is high enough. Another challenge is the short half-life. High 
amounts of initial radioactivity are necessary, and the radiosynthesis and quality 
control of the radiotracer have to be completed in a relatively short period of time. 
Therefore, it is important to develop simple and fast methodologies for the production 
of a radiotracer. On the other hand, the short half-life enables low required dosage 
and at the same time fast decay of radioactivity, negligible waste hazards, and 
possible (depending on the positron emitter) repetition of the study on the same 
individual during the same day. The latter property is important also regarding the 
animal experiments due to the reduction in the necessary animal number. Due to all 
these advantages, PET is widely used for investigation of pharmacokinetic and 
chemical properties of new drug candidates [14,18]. 

 

Table 2: Examples of PET radionuclides used in nuclear medicine. The values were obtained 
from the NuDat 3.0 database [19]. 

PET radionuclide E(β+)max (MeV) Half-life (t1/2) 
68Ga 1.89 67.7 min 
15O 1.73 2.03 min 
13N 1.19 9.97 min 
11C 0.96 20.4 min 
18F 0.63 109.8 min 
64Cu 0.65 12.7 h 
76Br 3.94 16.2 h 
89Zr 1.81 78.4 h 
124I 2.13 4.18 d 
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Fig.3: The PET scan procedure and the annihilation event that occurs as a consequence of 
the positron emission in tissues with 1-2.9 mm positron range [20]. The image was created 
with BioRender.com.

2.2.1 Gallium-68

Gallium (Ga) has 30 isotopes in total and only two of them are stable, gallium-69 and
gallium-70 [16]. The more vigorous, and thus unstable gallium nuclei, gallium-68 and 
gallium-67 isotopes, are the ones with appropriate decay properties as well as 
availability for nuclear imaging. The SPECT radionuclide, gallium-67, is produced in a 
cyclotron (68Zn(p, 2n)67Ga) and has a physical half-life of 3.3 d. On the other hand, an 
example of PET radionuclides is the positron-emitter and short-lived (t1/2 = 67.7 min)
radionuclide, gallium-68. Gallium-68 is one of the most used radiometals for clinical 
PET diagnostics [21]. Its physical half-life is long enough to sufficiently track the tracer 
for a couple of hours. Its production is inexpensive, simple and can be done on-site by 
eluting a 68Ge/68Ga generator with a 0.1 M HCl solution (eluted as [68Ga]GaCl3). 
Although most of gallium-68 decays by positron emission (89%), it also decays by 
electron capture (11%) [22]. A variety of both monofunctional and bifunctional 
chelators have been synthesized and are currently available for gallium-68 [23].
Moreover, the transition metal’s most common oxidation states are +1, +2 and +3. The 
+3 oxidation state of gallium is the most stable form in aqueous solution due to its low 
redox potential. The hydrated Ga(III) ions are stable only in acidic conditions [24]. The 
coordination number for gallium-68 is 4-6 with 6 being the ideal. Gallium is a hard 
Lewis acid, thus it has a tendency to bind to hard Lewis bases, such as phosphonates
(R-PO3-), carboxylates (R-COO-) and nitrates (R-NOx) [25–28].

Limitations of gallium-68 are based on its elution. For instance, the radionuclidic purity 
can be an issue in case trace amounts of the long-lived (271 d) parent radionuclide 
(68Ge(IV)) are present, contaminating the [68Ga]GaCl3 eluate [29]. In addition, other 
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metal cations might also be sources of contamination. For example, trace amounts of 
titanium (Ti(II)) or tin (Sn(II)) can be present in the eluate because the sorbent material 
of the generator’s column is either TiO2 (titanium dioxide or titania) or SnO2 (tin dioxide 
or stannic oxide) [21]. Additionally, because gallium-68 is the parent nuclide of the 
stable Zn-nuclide, trace amounts of Zn(II) metal can also contaminate the 68Ga-eluate. 
Other trace metals that can contribute to the contamination are present on the surfaces 
of the materials that are used during the radiosynthesis process. Therefore, all the 
materials or equipment with metallic surfaces should be avoided prior to the 68Ga-
labeling. All of the aforementioned metals compete for the 68Ga-chelator during the 
precursor’s 68Ga-labeling affecting the RCY of the desired radiotracer [30]. Another 
limitation of gallium-68 is the large volume that is needed upon the generator’s elution 
(10 ml of 0.1 M HCl are passed through the generator column). However, this can be 
overcome by concentrating gallium-68 using anion or cation exchange 
chromatography [31,32]. In this way, [68Ga]GaCl3 elution passes through a cartridge 
column and gets eluted in a small volume (0.5 ml) with a less acidic solution. Following 
this method, gallium-68 gets both concentrated and purified which is important for the 
radiosyntheses in the next step, especially when their RCY is affected from large 
reaction volumes, or the aforementioned contaminations. 

The most widely known 68Ga-radiopharmaceutical that has been FDA-approved, and 
thus, in clinical use is 68Ga-HBED-CC-PSMA [33,34]. PSMA stands for prostate-
specific membrane antigen and it is the protein that is expressed in over 90% of the 
prostate cancer patients making it a good biomarker for its diagnosis and treatment 
monitoring. So far, this is the best agent for imaging the prostate carcinoma and the 
localization of its metastasis. The HBED-CC chelator is radiolabeled when coupled 
with Glu-ureido-Lys, the PSMA-targeting pharmacophore resulting in high RCYs and 
exceptional molar activities [33,35–38]. HBED-CC is a chelator that was designed for 
gallium-68. More for the specific chelator will be mentioned in the following sections.  

 

2.3 Single-photon emission computed tomography 
(SPECT) 
 

SPECT also belongs to the available nuclear imaging modalities (Fig.4). The different 
physical features when compared to PET make it easy to distinguish the two 
modalities. The radiopharmaceuticals in the case of SPECT must be labeled with γ-
emitting radionuclides, which typically are more long-lived, in the range of hours to 
days (Table 3). The long half-life matches the long biological life of macromolecules, 
like in the case of antibodies, and the time they need to reach the target [39]. Most of 
the SPECT radionuclides are produced from a cyclotron. Although the production can 
take place in limited and specific locations that are able to accommodate a cyclotron, 
the long half-life of the SPECT radionuclides makes their distribution to other locations, 
including other countries, possible. Moreover, in SPECT, after the injection, a single 
emitted γ-ray is directly detected from a rotating γ-camera. Another difference 
compared to PET is its poorer quantitative capability and temporal resolution, which is 
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also a limitation for SPECT. However, SPECT too has unlimited penetration depth and 
is highly sensitive, with the injected radiotracers at subpharmacological doses still 
providing information on cellular accumulation of the tracers in vivo [9,40].

Table 3: Examples of SPECT radionuclides used in nuclear medicine. The values were 
obtained from Nuclear Data Section (IAEA) [22].

SPECT radionuclide Max γ-energy (MeV) Half-life (t1/2)
131I 0.36 8.03 d
111In 0.25 2.8 d
123I 0.16 13.2 h
99mTc 0.14 6.0 h
67Ga 0.09  3.3 d
201Tl 0.07 3.0 d
177Lu 0.21 6.6 d

Fig.4: A schematic presentation of a microSPECT/CT imaging procedure. The animal under 
study is injected with a radiotracer and is placed on the bed of the microSPECT/CT scanner. 
Initially, a static CT scan is generated and this is followed by a dynamic SPECT scan(s) at 
specific time intervals depending on the experiment. The detected signal is then processed 
and the data is acquired in the form of a 3D image. The image was created with 
BioRender.com.
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2.3.1 Indium-111 
 

Indium (In) is a naturally occurring soft transition metal and is found in the form of 
halides, oxides and sulfides. The most common oxidation states for indium are +1, +2 
and +3, where the +3 oxidation state is the most stable [41]. There are 39 indium 
isotopes from which only three (indium-111 and the naturally occurring indium-113 and 
indium-115) are commonly found. The long-lived γ-emitting radionuclide, indium-111 
(111In), is produced in a cyclotron (111Cd(p,n)111In and 112Cd(p,2n)111In) and decays via 
electron capture (100%) [42]. The purification is done by either ion-exchange 
chromatography or solvent extraction to yield [111In]InCl3. Advantages of indium-111 
are the moderate radiation dose and half-life, and the ease of radiolabeling [42,43]. 
On the other hand, indium-111 provides slow clearance from background sites and it 
is considered an expensive radionuclide. Indium-111 also emits Auger electrons, a 
feature that makes it applicable to therapy. A well-established clinical imaging 
procedure with [111In]InCl3 involves the labeling of transferrin in the whole blood. 111In-
oxine is used for clinical leukocyte scans. The DTPA- and DOTA-based chelators are 
commonly used with indium-111 resulting in highly stable radiotracers. For instance, 
111In-DTPA is used in cisternography [43]. A very important parameter of the indium-
111 labeling of a DOTA chelator is that it can be conducted at low temperatures (37-
40 oC) [44] contrary to other radiometals that need high temperatures. The advantage 
of this characteristic is associated with the sensitivity of many macromolecules for 
which a high temperature should be avoided. 

 
2.3.2 Radioisotopes of iodine 

 

Iodine (I) is stable in many oxidation states, -1, +1, +5 and +7. The iodine cation does 
not exist in the free form but forms complexes with nucleophilic substances, such as 
water and pyridine [45]. Contrary to the other halides, iodine has a large Van der Waals 
radius and low electronegativity, and upon complexation it generates a hydrophobic 
center. Therefore, in order not to affect the biological behavior of a molecule, iodine is 
preferably introduced in the part of the molecule that it is already hydrophobic. There 
are four isotopes of iodine, which have appropriate properties to be used in nuclear 
medicine. For instance, iodine-123 emits γ-rays, and it is used in SPECT imaging, 
iodine-124 is used mainly in PET imaging, iodine-131 is used in therapy, scintigraphy 
and SPECT imaging, and iodine-125 can be used in Auger electron therapy but also 
for in vitro studies for the evaluation of new imaging agent candidates [46]. The most 
distinctive feature of iodine is its high tendency to volatilize. This is true especially 
under acidic conditions. Therefore, apart from the external exposure regarding all the 
radionuclides that should be avoided, during radioiodinations it is crucial that the 
internal exposure is also avoided. 

The radioiodination can take place using one of the following methods [47]: 
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 Nucleophilic substitution (either aliphatic or aromatic) 
 Electrophilic substitution 
 Radioiodo-deprotonation 
 Radioiodo-demetalation 

For sensitive macromolecules, it is important to develop a mechanism where the 
reaction is rapid, done under mild conditions and yields high RCYs [48]. The direct 
radioiodo-deprotonation is the preferable method but can be performed only if the 
macromolecule is not sensitive to the particular reaction conditions. If the sensitivity is 
high, an indirect radioiodination using pre-radiolabeled conjugates can be used 
instead. For instance, the Bolton-Hunter reagent can be used as a prosthetic group to 
sufficiently label proteins [49]. N-chloramines, like chloramine-B, are used as oxidation 
agents, so that the nucleophilic iodide oxidizes to the electrophilic iodine prior to the 
radiosynthesis. In this type of radioiodinations, the conformation of the macromolecule 
can be affected by the oxidant, so it is essential that the type and concentration of the 
oxidant is the appropriate regarding the macromolecule under study. Another oxidizing 
agent is the Iodogen (Iodo-Gen® or Pierce™ Iodination Reagent) which is ideal when 
very mild conditions are necessary [50]. Iodogen is a weak oxidizer, and it is adhered 
on the walls of the reaction vessel, so there is no need for the addition of a reducing 
agent. Lastly, peracids (hydrogen peroxide together with either formic or acetic acid) 
can be used, reducing the by-products from over-oxidation and excluding any 
chlorinated by-products as it is the case with the above methods which are based on 
a chlorinated reagent [47]. 

 

2.4 Chelators 
 

The selection of the chelator (or ligand) is based on the radionuclide, or more 
applicable, the radiometal that is chosen for a specific study [51]. For instance, the 
cavity size of the chelator should be in close correlation with the ionic radius of the 
nuclide. The selection also depends on the oxidation state of the nuclide. The chelator 
needs to have an appropriate number and type of donor binding groups or denticity. 
Moreover, an important parameter is the rate of the metal complex (radiometal-
chelator or radiotracer) association. Preferably, the complex formation is done fast 
(high association rate) [24]. For instance, this property is necessary in the case of 
radiolabeling sensitive macromolecules where the radiosynthesis takes place under 
harsh reaction conditions regarding for instance the pH or temperature. Additionally, it 
is crucial that the radiolabel-chelator complex is stable (low dissociation rate), 
especially in vivo. The latter can become compromized due to the high dilution that 
takes place in vivo, or due to transmetalation/transchelation reactions [25,27]. For 
instance, blood contains a high amount of iron which might result in transmetalation 
between 68Ga3+ and Fe3+ cations due to the similar physical characteristics of the two 
cations (ionic radius 68Ga3+ = 0.62 Å and Fe3+ = 0.65 Å) and consequent release of 
68Ga3+ from the chelator in vivo [25]. The released 68Ga3+ in the blood can analogously 
mimic the ferric cation and bind to transferrin. Due to the incapability of 68Ga3+ to be 
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reduced in vivo, it remains bound to the iron-transport protein, and thus, it gets 
transported throughout the body [52,53]. Ultimately, in vivo instability of the 
radiolabeled complex can affect the image quality and alter the outcome. Moreover, in 
vivo radiolabel stability is especially vital regarding therapeutic radionuclides in order 
to prevent cytotoxicity in healthy cells. Testing of the radiometal complex stability in 
detail in vitro prior to any in vivo applications is an important step during radiotracer 
development. For instance, the stability should be evaluated under physiological 
conditions, such as adding the radiotracer in phosphate buffer saline (PBS (0.01 M)) 
with adjusted pH at 7.4 and temperature at 37 oC. Additionally, there are numerous 
proteins in vivo that can alter the radiotracer’s stability. Therefore, ideally, the 
radiolabel stability is evaluated also in plasma (or serum) to represent the in vivo 
conditions as much as is achievable. 

In the case that a chelator contains the appropriate number and type of functional 
groups, it can be used for coordinating a radiometal and binding covalently to a 
targeting vector at the same time. This system with the dual functionality is then called 
a bifunctional chelator (BFC). Consequently, a BFC-based radiotracer can be used for 
targeting imaging by being specific and selective for a biomarker that is highly 
presented in the lesion under study. The targeting vector can be either a 
macromolecule, which is protein-based, such as a peptide, an antibody or a large 
protein, or a nanoparticle. Ideally, a radiotracer would contain a targeting vector with 
a biological half-life that matches the physical half-life of the radionuclide. Furthermore, 
as the pharmacokinetics, metabolism, distribution and elimination of a 
radiopharmaceutical are vital and required to be considered, these features should be 
in good correlation when comparing them regarding the radiolabeled BFC and the 
targeting moiety individually. It is important that the features of the one do not affect 
the other’s. For example, an antibody usually remains in the blood for a long period 
and its elimination is much slower compared to the elimination of a small molecule. In 
addition, when radiolabeling macromolecules, their sensitivity to harsh reaction 
conditions has to be taken into account. For instance, the radiolabeling has to be fast 
and done under mild reaction conditions. If this is not possible for a specific 
radiolabeling reaction, radiolabeled prosthetic groups should be used.  

Examples of typical radiometal chelators in nuclear medicine are presented in Table 
4. These include typical chelators for bi- and tri-valent radiometals, such as EDTA 
(ethylenediaminetetraacetic acid or 2-[2-[bis(carboxymethyl)amino]ethyl-
(carboxymethyl)amino]acetic acid), DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid), NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid), DTPA (pentetic 
acid or diethylenetriaminepentaacetic acid), HBED (N,N’-bis(2-
hydroxybenzyl)ethylendiamin-N,N’-diacetic acid) and TETA (1,4,8,11-
Tetraazacyclotetradecane-1,4,8,11-tetraacetic acid) which are typically used only for 
bivalent cations, and DFO (desferrioxamine) which is mainly for tetravalent cations 
such as 89Zr4+. The specific chelators contain functional groups, such as carboxylates 
(R-COO-), nitrates (R-NOx-) and phenols (C6H5OH) that strongly or sufficiently bind to 
radiometals. Additionally, the chelators are characterized either as acyclic (open-chain 
structure) or as macrocyclic (closed system). The pre-arranged conformation of the 
macrocycles leads to rigid, and thus, highly stable gallium complexes [15,16,25]. 
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Table 4: The structures of commonly used chelators in nuclear medicine. 

Trivial name Molecular structure 
EDTA 

(acyclic) 

 
DTPA 

(acyclic) 

 
HBED 

(acyclic) 

 
DOTA 

(macrocyclic) 

 
NOTA 

(macrocyclic) 
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TETA 
(macrocyclic) 

 
DFO 

(acyclic) 

 
 

 

The various radiometals have a different preference toward chelating agents based 
on their oxidation stage and size. The trivalent 68Ga3+-cation, for instance, preferably 
coordinates to strong donor ligands, such as DOTA-based BFCs. DOTA’s 
bifunctionality is attained by the hexadentate coordination to a metal and the 
modification of one of the carboxylic arms to covalently bind with a targeting vector, 
which can specifically bind to the desired biomarker. The macrocyclic DOTA chelator 
enables fast and efficient 68Ga-labeling. However, in order to obtain a high RCY with 
DOTA chelators, typically elevated temperatures are required, and no product is 
obtained at ambient temperature. This case is the same when considering other 
radiometals too, like lutetium-177. Elevated temperatures can cause complications in 
the radiosynthesis of sensitive biomolecules where disintegration or compromise of 
targeting ability can occur, while radiolabeling at low temperature decreases the RCY 
[16,54,55]. However, upon chelation, the 68Ga-complex is sufficiently stable in vivo. 
Very well-known examples of PET agents consisted of macromolecules, such as 
peptides, that are conjugated with a DOTA BFC for 68Ga-labeling include DOTA-TOC, 
DOTA-NOC and DOTA-TATE [16]. These peptides are somatostatin (SST)-
analogues, where somatostatin is a peptide hormone and upon binding to 
somatostatin receptors (SSTRs) it controls neurotransmission, cell proliferation and 
hormone secretion. The aforementioned 68Ga-peptides are broadly used for imaging 
of SSTRs on the neuroendocrine tumor (NET). However, SSTRs are also present in 
healthy tissue giving rise to non-specific binding of the radiotracers. [68Ga]Ga-DOTA-
NOC and [68Ga]Ga-DOTA-TATE for example have shown significant uptake in 
bronchial carcinoids but also in healthy spleen and kidney. In 2019, [68Ga]Ga-DOTA-
TOC was the first FDA-approved 68Ga-labeled radiopharmaceutical and it is used for 
the targeted imaging of the SSTR present on the gastroenteropancreatic NET. 
Moreover, the 68Ga-labeling of a matrix metalloproteinase (MMP) inhibitor based on a 
barbiturate (a central nervous system depressant) scaffold was achieved when the 
inhibitor was conjugated to a DOTA-derivative chelator [56,57]. MMPs are highly 



28 

activated in various diseases, however, the radiolabeled MMP inhibitors so far suffer 
from high blood retention and cytotoxicity [57]. Lastly, a very promising DOTA-based 
radiotracer is [68Ga]Ga-FAPI. FAPI is an inhibitor and targets the fibroblast activation 
protein (FAP) that is overexpressed in cancerous fibroblasts. Clinical trials in 2019 had 
shown that [68Ga]Ga-FAPI provides high uptake and signal-to-background ratio 
regarding 28 types of cancer [58,59]. 

A good alternative to DOTA with respect to 68Ga-labeling is the other most widely 
applied chelating system, the cyclic NOTA chelator where high RCYs can be obtained 
under mild conditions. An example of a NOTA-based chelating system is the 68Ga-
labeled ED2 monoclonal antibody that is first conjugated with NOTA. The [68Ga]Ga-
ED2 targets the CD163 macrophage-scavenger receptor that is overexpressed on 
macrophages at inflammation sites [60]. Additionally, a more recent example of 68Ga-
chelators is the open-chain 4HMSA which is comparable with 68Ga-citrate in terms of 
efficient inflammation targeting [61]. Furthermore, the acyclic HBED chelating agent 
can serve as a highly effective substitute to the very commonly used DOTA and NOTA 
chelators regarding 68Ga-labeling. HBED molecule is based on the EDTA open-chain 
structure with two phenolic groups substituting two of the carboxylic acids. It enables 
fast complexing kinetics with gallium-68 just at ambient temperature. Moreover, the 
resulting radiotracers are usually of high stability both in vitro and in vivo and in good 
comparison with NOTA BFCs. An HBED-based chelator, the HBED-CC (N,N’-bis-[2-
hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N’-diacetic acid) chelator, which 
contains two additional propionic acid groups, comprises all the HBED benefits while 
it can act as a 68Ga-BFC [62–72]. 

Other radiometals, such as indium-111 can efficiently be radiolabeled with DOTA even 
at low temperatures [44]. Additionally, the ionic radius of indium-111 is larger (111In3+ 
= 0.80 Å vs. 68Ga3+ = 0.62 Å), and thus, it holds tightly within the DOTA cavity, making 
the metal-complex highly stable against various conditions in vivo, such as the plasma 
proteins. Examples of DOTA-based tracers are EPep and FibPep. These are fibrin-
binding peptides and allow the sensitive detection of minute thrombi with SPECT 
imaging [73]. A multiple-tumor targeting probe is the [111In]In-DOTA-lanreotide which 
is a somatostatin-analogue [74]. In addition, DTPA is a commonly used 111In-chelator 
and can be conjugated to a targeting moiety, such as pteroic acid for the targeting of 
the tumor folate receptor [75]. Another example is the CHX-A’’-DTPA-111In tracer that 
has been used, for example, in combination with the trastuzumab cancer drug for 
HER2 (human epithelial receptor 2; overexpressed on tumors) imaging and treatment. 
A more recent alternative for indium-111 is the octadentate acyclic chelator H4octapa 
that has shown a highly efficient metal-complex formation at ambient temperature, and 
radiolabel stability that exceed the “gold standards”, 111In-DOTA and 111In-DTPA [76]. 
Moreover, the somatostatin-analogues TOC and NOC have been radiolabeled also 
with indium-111 apart from gallium-68, enabling the imaging for an extended time 
period [77].  
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2.5 Nanotheranostics 
 

Theranostic is a single system that can be used simultaneously for both the diagnosis 
and therapy of a particular disease. Small molecules, biomacromolecules and 
nanoparticles can act as theranostics. These systems allow the delivery and release 
of therapeutics while monitoring the biodistribution and intracellular fate. The dual 
functionality can be exploited in clinical research for the evaluation of new drug 
delivery systems, and later for the patient stratification prior to therapy leading to 
enhancement of personalized medicine [78]. When the size of a theranostic system or 
agent is within the nanoscale, then the term changes simply to nanotheranostic. A 
nanotheranostic agent uses a NP vector to deliver a radionuclide capable for imaging 
and a chemotherapeutic or radiotherapeutic agent at the same time [79]. Imaging and 
therapeutic agents could be positioned either in the inner part of the NP or on its 
(external) surface. Furthermore, nanotheranostics can also act as hosts for agents 
with other applications, such as targeting ligands. In this way, the targeting NP can act 
specifically, and thus, can be localized at a particular lesion. A targeting vector can be 
for example protein based, such as a peptide that recognizes a certain biomarker. 
Another approach for a nanotheranostic to be localized at a solid tumor, when it is not 
bearing a targeting moiety, is by the enhanced permeation and retention (EPR) effect. 
EPR is a universal pathophysiological phenomenon or mechanism that results from 
macromolecules or nanomaterials which have long blood life and a hydrodynamic 
diameter size larger than the renal filtration threshold (>40 kDa). Tumor uptake can 
take place due to the increased vascular permeability, achieving targeting delivery and 
retention of imaging or anticancer agents. The physical characteristics of the 
macromolecules and the type and location of the solid tumor influence the degree of 
the EPR accumulation [80]. 

Various nanoparticles of different size (typically within the 1-100 nm range) and shape 
(from rods, hexagonal and spheres to needles, cubes and stars) have been designed 
and studied for various applications including molecular imaging [81,82]. Due to their 
size and ability to host cargos, NPs have been the protagonists of drug delivery 
(nanocarriers or nanovehicles). For instance, liposomes are the most established type 
of NPs and are in clinical use. Liposomes can generate nanocarriers, a hundred 
nanometers in size, for both hydrophilic and lipophilic compounds owing to the 
phospholipid bilayer that surrounds the vesicle. The amphiphilic lipids contain a 
phosphate group (known as the hydrophilic head) and two fatty acid chains (known as 
the hydrophobic tails). The physical properties of liposomes can be affected by the 
critical micelle concentration (CMC). Depending on the liposome concentration, they 
are monomers if the concentration is lower than the CMC range and they tend to 
aggregate if it is over CMC. Another factor that needs to be taken into account when 
dealing with liposomes is the transition temperature of phospholipids (change of the 
lipid’s physical state from the ordered gel phase to the disordered liquid crystalline 
phase). Intriguing was the study that involved the 111In-labeling of liposomes which 
were encapsulated with a carboplatin drug derivative aiming at theranostic 
applications [83]. Furthermore, the mesoporous silicon (PSi) [84–86] and silica (PSiO2) 
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[87,88] nanoparticles have been extensively used as nanocarriers due to their 
favorable surface area, pore volume, rigidity under various chemical and mechanical 
conditions, but also availability. The non-toxic mesoporous NPs can be easily 
engineered in both the interior and exterior, for example by using different pore sizes 
and introducing a targeting moiety, respectively. These features make them ideal for 
theranostic applications. For example, porous silicon nanoparticles were radiolabeled 
with indium-111 and encapsulated with a hydrophobic antiangiogenic drug aiming at 
improving the nanoparticle tumor accumulation and the efficacy of the anticancer 
therapy [89]. However, there are concerns about the absolute safety of the 
mesoporous silica NPs because there are some studies which have reported 
insufficient hemocompatibility of the material. The silanol groups on the silica 
nanoparticles can interact with the phospholipids of the red blood cell (RBC) 
membranes. PEGylation of the NP surface can eliminate the generated hemolysis. 
Moreover, passivation of the surface by using crystalline silicon, instead of silica, has 
been reported to improve hemocompatibility of silicon-based NPs [90]. The overall 
safety and biocompatibility would also depend on the size, dosage and administration 
route of the Si-based NPs [91]. Lastly, virus-like particles (VLPs) have been 
extensively used as theranostic agents. For instance, various types of VLPs have been 
applied for targeted therapy utilizing receptors recognized by the VLPs [92]. Examples 
are the canine parvovirus VLPs which recognize the transferrin receptors on tumor 
cells [93], rotavirus VLPs for intestinal cell uptake [92,93] and enterobacteria-phage 
VLPs, like Qβ and MS2, for kidney, ovarian and leukemia T cells [94]. VLPs from the 
cowpea chlorotic mottle virus (CCMV) plant virus are able to target epidermal, prostate 
and colon cancer cells. Furthermore, the ordered and repeated surface of the 
supramolecular structure and the small size in the range of 20–100 nm in diameter of 
VLPs enable them to serve as vaccines. VLPs have been extensively used for this 
purpose as their vaccines are safer compared to viral vaccines [95–100]. 

Overall, nanotheranostics are still in the preliminary stage of clinical development. An 
important and quite recent example to mention would be the CriPec® docetaxel 
polymeric nanoparticle which was radiolabeled with the zirconium-89 radionuclide in 
order to combine PET imaging and therapy of advanced solid tumors [79,101,102]. 

 

2.5.1 Hepatitis E virus nanoparticles (HEVNPs) 
 

HEVNPs are small (21-27 nm in diameter) and spherical protein-based nanoparticles 
that originate from virus-like particles coming from the Hepatitis E virus. HEV VLPs 
are extracted from insect cells [93,103]. HEV is a non-enveloped (i.e. lack of lipid 
membrane) virus and its main capsid protein is encoded by ORF2 (second open 
reading frame) which consists of 660 amino acids [93,103–108]. HEV is able to self-
assemble to its nano-size particles due to this recombinant homomer protein. HEVNPs 
are biocompatible, non-toxic and biodegradable [109]. Deriving from a modified form 
of the HEV capsid protein, HEVNPs retain the physical characteristics of the native 
HEV. However, apart from the size, the difference comes when we consider the 
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genetic material. HEVNPs are lacking the viral RNA which makes them impossible to 
replicate either in vitro or when introduced to an organism [93,110–112]. The non-
infectious HEVNPs can self-assemble and self-disassemble under defined and 
controllable conditions independent of a cargo [104].  

The formed HEVNP capsids are capable of cell-binding and entry. In addition, HEVNP 
appears to maintain its structural integrity under storage, physiological and harsh 
conditions, such as in low-pH environment, an advantage for intratumoral penetration. 
The high conformational stability of the NP is due to its icosahedral capsid of 60 
identical units (ORF2) [104,105,113,114]. Thus, the formed capsid is a highly ordered 
and polyvalent symmetrical configuration and is composed of three domains (S: shell, 
M: middle, and P: protrusion domain). The P domain is surface-exposed and forms 
spikes atop the icosahedral base. Between the P domain and the icosahedral base 
there is a flexible hinge that connects the two and also enables P domain’s genetic 
and chemical modifications without perturbing the base icosahedral structure. 
Moreover, it is the P domain that contains surface variable loops which act as 
conjugation sites and enable the surface modification of the HEVNPs with bioactive 
agents [4,106,113]. A benefit to that is the simplicity of alterations needed for the 
construction of specific HEVNPs for various applications. For instance, desired amino 
acids like cysteine or lysine can be added on the surface of the protein-based NP 
facilitating further functionalization, enabling for example constructions of targeted and 
diagnostic HEVNPs. This surface functionalization of the HEVNPs can take place in a 
modulated and flexible approach (surface plasticity) without altering their structure 
[105]. Meanwhile, the surface engineering that results in the replacement of the amino 
acids on the P domain, not only gives rise to chemical conjugations, but also reduces 
the responses of pre-existing antibodies to HEVNPs, the major shortcoming for 
protein-based delivery vectors. At the same time, the primary immunogenic region of 
HEVNP is positioned on the protruding arms, pointing away from the capsid shell, and 
modifications to the protruding arms have shown to eliminate (or significantly reduce) 
humoral immune detection, rendering the HEVNP system reusable [4,115]. 

Furthermore, due to the 60 repeated protruding units or arms, a single site-specific 
modification results in 60 symmetric sites for consequent chemical modulations 
introducing multiple foreign molecules. Therefore, the targeting ability of a modified 
targeting HEVNP is highly systemic and accurate. Additionally, the great variety of 
entities that can be introduced on the HEVNP surface [4,106] leads to the HEVNP 
multifunction adjustable for non-invasive therapy, imaging, tissue-targeting [4] and 
vaccination [6,95,109].  

Due to the aforementioned features and taking into account its inner cavity, HEVNP 
can be used as a theranostic agent. For instance, an HEVNP-based theranostic 
capsule can be designed so that its entry can be specifically defined by the NP-
conjugated targeting ligand, such as LXY30. LXY30 is a ligand peptide with a high 
affinity for human malignant breast tumor cells. The integrin α3 subunit is specifically 
recognized by and bound to the LXY30 cyclic nonapeptide ligand. Due to the specific 
binding of the α3 subunit to the β1 subunit, LXY30 has been characterized ideal for 
targeting specifically and sensitively the integrin α3β1 [116–120]. Integrin α3β1 is over-
expressed in multiple human cancer cells in which it promotes migration of cancer 
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cells. Examples of these cancers are the glioblastoma, ovarian, breast, lung and colon. 
The engineered HEVNP upon conjugation with LXY30 show specific targeting to 
breast tumor cells both in vitro and in vivo, indicating that the delivery route of virus-
like particles can be manipulated to facilitate targeted delivery of diagnostic or 
therapeutic reagents to pathologic foci. Previously, in order to demonstrate the variant 
reactive capability of surface-modified HEVNPs, two different conjugation methods 
were utilized. Firstly, a thiol-selective conjugation was used for coupling the cancer 
ligand LXY30 onto HEVNPs via its protruding cysteine amino acids. This was followed 
by an amine-selective conjugation, where the fluorescence dye, Cy5.5, was also 
introduced on the HEVNP surface in order to detect the HEVNP distribution in breast 
cancer cells. Therefore, the HEVNP tagged concomitantly with the cancer adhesion-
ligand and the detection fluorescence marker, was proven as a capable bifunctional 
agent [4]. 

Highly interesting is the inherent liver tropism of HEV and the consequent resulting 
liver-specific HEVNPs [121–125]. In general, liver accumulation is a typical feature of 
nanomaterials resulting from their recognition by the liver macrophages like Kupffer 
cells, leading to phagocyte-mediated clearance of the nanomaterials from the 
circulation [126–128]. Unlike many other nanosystems, HEVNPs have been 
demonstrated to inherently internalize into hepatocytes via receptor-mediated 
endocytosis. Previous studies have proved the in vitro and/or ex vivo binding of 
HEVNPs to liver cells or tissue, followed by their internalization as determined by both 
quantitative and qualitative assays. Principal evidence comes from flow cytometry, 
confocal microscopy and TEM (transmission electron microscopy) studies which 
compared the targeting capability of fluorescently labeled HEVNPs between 
hepatocytes and various other cell types [121,123]. 

Additionally, Heparan sulfate proteoglycans (HSPGs) and heat shock protein 90 
(HSP90) are the responsible cell proteins that allow HEVs and HEVNPs membrane 
binding and internalization in hepatocytes, respectively. HEVNPs attach to the plasma 
membrane of the cells via the HSPGs surface receptors, and get transported to the 
perinuclear sites via the HSP90 protein [97,123,124,129]. Furthermore, due to the 
interaction of the capsid with HSP90, the entry of HEVNPs to hepatoma cells is 
achieved via dynamin-dependent and clathrin-mediated endocytosis (by budding into 
dynamin- or clathrin-coated pits leading to the internalization of non-enveloped 
particles in the form of vesicles) [97,121,123,125,130]. This pathway of endocytosis 
has been confirmed by blocking experiments using inhibitors of clathrin-mediated 
endocytosis [123,131]. Other VLPs might also be internalized following the clathrin-
mediated endocytosis, although they need to be functionalized first, for example, with 
transferrin for kidney endocytosis [94]. Overall, the uptake of HEVNPs has been 
considered as liver-specific and serves as an excellent advantage for the delivery of 
various payloads to hepatocytes [121,123]. 
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2.6 Direct targeting or pretargeting? 
 

In the previous sections the targeting mechanism was introduced, and in relation to 
radiopharmaceuticals, an example can be when a prosthetic group is conjugated via 
an appropriate linker to a targeting vector or a macromolecule. In this way the 
radiotracer is able to recognize and interact with the target biomarker of the particular 
disease. Another concept of the targeting approach is when a radiolabeled 
nanoparticle contains a surface-exposed targeting ligand. Therefore, in both cases, 
the radiolabeled moiety directly targets the lesion. 

In addition, a different targeting methodology exists (Fig. 5). More specifically, the 
targeting vector initially recognizes and gets located at the lesion and later it becomes 
radiolabeled with an already-radiolabeled prosthetic group. This approach can be 
beneficial when the targeting moiety requires a long period of time to sufficiently target 
the biomarker. Additionally, it is a way to reduce the radiation burden as the radiotracer 
will approach the targeting vector fast. The latter would already be at the desired 
location, thus reducing the traveling time of the radiolabel in the circulation. At the 
same time, the clearance of the macromolecule would have proceeded prior to the 
presence of the radiotracer, reducing the radiolabel’s time in the blood significantly. 
Moreover, this approach allows the use of short-lived radionuclides, thus reducing the 
radiation burden even more [132–135]. Furthermore, with respect to the radiolabeling 
point of view, another advantage of pretargeting is that the harsh conditions that are 
needed for the radiosynthesis of some chelators or ligands, would not affect the 
sensitive macromolecules anymore. This limitation of the radiolabeling would be 
overcome as the radiosynthesis is done prior to the in vivo conjugation with the 
targeting ligand. These chemical reactions are termed bioorthogonal, meaning that 
they neither interact nor interfere with a biological system. One of the most recently 
introduced bioorthogonal reactions is the inverse-electron demand Diels Alder 
(IEDDA) reaction for which a trans-cyclooctene (TCO)-based molecule and a tetrazine 
(Tz)-based molecule are used. A wide range of radiotracers or macromolecules 
bearing either the electron-poor diene Tz or electron-rich dienophile TCO reagent has 
been studied. The highly specific, selective and irreversible IEDDA is the fastest and 
most biocompatible bioorthogonal reaction so far, making it ideal for pretargeting 
applications. IEDDA is also referred to as tetrazine ligation due to the diene nature of 
Tz [54,55,133–142]. 

Examples of tetrazine tracers are listed in Table 5 and include the 111In-DOTA-PEG11-
Tz tracer which was the first Tz reagent used for the IEDDA ligation [135]. 111In-DOTA-
PEG11-Tz was then compared with 111In-DOTA-Tz in terms of HER2 targeting on tumor 
cells by reacting with different amounts (either 2 or 6) of TCO on the respective 
antibody, anti-HER2 7C2. SPECT imaging revealed a higher tumor uptake with an 
increasing number of TCO molecules per antibody. However, higher blood pool 
radioactivity was also observed with a higher TCO number. A higher sensitivity was 
obtained from a one-day time gap rather than a shorter time point between the Tz 
injection and the scan due to the tracer’s elimination from the blood pool within time. 
In the same study, the pretargeting approach was compared to the direct labeling of 
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the antibody. A higher tumor-to-blood ratio was detected with the direct labeling of 7C2 
[39]. Another group compared 111In-DOTA-PEG11-Tz with 68Ga-DOTA-PEG11-Tz and 
confirmed its capability to serve as a PET alternative for pretargeted imaging. 
However, the tissue accumulation of the 68Ga-tracer was lower [54]. Furthermore, 
Lumén et al. evaluated the 111In-DOTA-PEG4-Tz alternative using the tracer for the 
IEDDA radiolabeling of dual-PEGylated and non-PEGylated porous silica 
nanoparticles [141]. In addition, the multimerization of tetrazines in a single system 
revealed that the TCO conjugation improves with a higher number of tetrazines [138]. 

Moreover, the [111In]In-DOTA-PEG11-BisPy-Tz tetrazine probe was compared to 
[64Cu]Cu-NOTA-PEG7-H-Tz in terms of their physicochemical properties and in 
pretargeted imaging. The 64Cu-labeled tracer showed lower tumor-uptake and faster 
blood elimination. Nevertheless, the results revealed equal suitability of both tracers 
toward the pretargeting approach due to the sensitivity provided for the target 
detection [143]. Additionally, a hybrid tetrazine probe was recently developed for 
pretargeted radioimmunotherapy using the 64Cu/67Cu-pair in order to create a 
theranostic system. The PET images that were produced from the 64Cu-labeled 
tetrazine tracer could predict accurately the therapeutic efficacy of the 67Cu-labeled 
agent. The tumor uptake and the therapeutic response were highly correlated [134]. 
Furthermore, scandium-44 (44Sc) and lutetium-177 (177Lu) are radiometals that can 
also be conjugated to DOTA chelators. The radiolabel of the yielded tracers is more 
stable in vivo compared to the 68Ga-DOTA alternative. A 44Sc-labeled Tz was 
developed using the DOTA chelating agent. Pretargeted PET bone imaging studies in 
rats were performed with TCO-bisphosphonates offering high quality images [144]. In 
addition, 177Lu-labeled DOTA-functionalized Tz probes were synthesized bearing a 
PEG chain or not. The established leading 177Lu-labeled Tz is [177Lu]Lu-DOTA-PEG11-
Tz and has shown the highest specificity and tumor uptake in IEDDA pretargeted 
studies in vivo [145]. Zirconium-89 (89Zr) is another radiometal that has been used for 
pretargeted imaging [146–148]. Although the non-ideal in vivo stability of the resulting 
tracer [148], the most well-known chelator for zirconium-89 is DFO, and thus, one of 
the tetrazine probes is based on DFO resulting in a highly hydrophilic labeled 
biomolecule [147]. A DOTA-Tz was also radiolabeled with zirconium-89 under mild 
conditions, however the necessary incubation time was long. The generated IEDDA 
reagent was stable in vitro but lacked efficient in vivo stability [148]. 
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Fig.5: The pretargeting mechanism. Step 1: Injection of functionalized NP or 
macromolecule. Step 2: Injection of radiotracer with complementary functional group. 
Step 3: Bioorthogonal reaction between the radiotracer and NP. Step 4: Localization 
occurs using nuclear imaging and results in the diagnosis and follow-up of the response 
to the treatment. 
 

Table 5: Examples of developed tetrazine tracers for IEDDA reactions using radiometals 
[39,54,134,135,139,141,143,144,147–150]. 

Radiometallated 
tetrazines 

Application References 

[111In]In-DOTA-
PEG11-Tz 

Pioneering study (targeting TAG72 antigen) Rossin et al. 

[111In]In-DOTA-Tz Targeting HER2-tumor cells Mandikian et al. 
[111In]In-DOTA-
PEG11-Tz 

Targeting HER2-tumor cells Mandikian et al. 

[68Ga]Ga-DOTA-
PEG11-Tz 

Targeting TAG72 antigen Edem et al. 

[111In]In-DOTA-
PEG4-Tz 

Targeting breast cancer Lumen et al. 

[111In]In-DOTA-
PEG11-BisPy-Tz 

Colon tumor uptake Poulie et al. 

[64Cu]Cu-NOTA-
PEG7-H-Tz 

Colon tumor uptake Poulie et al. 

[64Cu]Cu-NOTA-Bn-
Tz 

Targeting colon tumor cells Zeglis et al. 

[64Cu]Cu-Tz-PEG7-
NOTA 

Targeting colon tumor cells Zeglis et al. 

64Cu/67Cu-hybrid Tz 
probe 

Theranostics Keinanen et al. 

[44Sc]Sc-DOTA-
PEGX-Tz 

Bone imaging Edem et al. 

[177Lu]Lu-DOTA-Tz Targeting active bone metabolism Yazdani 
[89Zr]Zr-DFO-PEG5-
Tz 

Targeting head & neck carcinoma Lumen et al. 

[89Zr]Zr-DOTA-Tz Antibody-drug conjugates Heskamp et al. 
[212Pb]Pb-DOTA-Tz Pretargeted therapy Shah et al. 
[177Lu]Lu-DOTA-
PEG11-Tz 

Highest specificity and tumor uptake in 
IEDDA pretargeted studies in vivo 

Lappchen et al. 
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3 AIMS OF RESEARCH 

The aim of the thesis was to develop radiolabeling methods for the investigation of 
HEVNPs biodistribution in order to evaluate their potential as a platform for theranostic 
applications to treat cancer. The objectives of the thesis can be divided into three main 
goals: 1) to develop methods for the radiolabeling of HEVNPs with both PET- and 
SPECT-compliant radionuclides, 2) to evaluate the biodistribution of HEVNPs by using 
radiolabeled HEVNP systems, and 3) to investigate tumor targeting efficiency of 
HEVNPs after their modification with an integrin α3β1-targeted peptide. The scope of 
the thesis can be further divided into the following specific aims. 
 

The synthesis of two novel tetrazine precursors and their consequent radiolabeling 
with gallium-68 under mild conditions and short reaction time. The evaluation of their 
in vitro and in vivo stability, as well as their biodistribution in mice. The use of these 
radiotracers as IEDDA reagents for the radiolabeling of nanoparticles. (I) 

 
The functionalization of the protein-based NPs, HEVNPs, with a chelator appropriate 
for 68Ga-labeling. The development of conditions for the direct radiosynthesis of the 
NPs and the purification of the radiolabeled NP product. The evaluation of their in vitro 
and in vivo stability, as well as their biodistribution in healthy mice. (II) 

 

The development of a 68Ga-labeled cancer-targeting NP system bearing an integrin 
α3β1-targeted peptide. The establishment of the radiolabeling conditions that would 
lead to rigid structures, capable of cell internalization and in vivo tumour targeting. (III) 

 

The evaluation of the radiolabeling conditions of HEVNPs using two long-lived 
radionuclides (indium-111 and iodine-125). The assessment of their in vitro and in vivo 
stability. The in vivo and ex vivo biodistribution in healthy mice after oral administration. 
The detailed ex vivo study of the NPs localization in the various parts of the mouse GI 
tract including preparation of tissue cryosections and their visualization 
(autoradiography). (IV) 
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4 MATERIALS AND METHODS 

4.1. Materials and instruments 
 
All chemicals and solvents were obtained from commercial providers and used without 
further purification. Tz-PEG4-NH2 (N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-1-amino-
3,6,9,12-tetraoxapentadecan-15-amide) was from Conju-Probe, LLC (San Diego, CA, 
USA). HBED-CC-tris(tBu)ester (3-(3-{[(2-{[5-(2-tert-Butoxycarbonyl-ethyl)-2-hydroxy-
benzyl]-tert-butoxy-carbonylmethyl-amino}-ethyl)-tert-butoxycarbonylmethyl-amino]-
methyl}-4-hydroxy-phenyl)-propionic acid) was purchased from ABX (Radeberg, 
Germany). DOTA-NHS ester (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 
acid mono-N-hydroxysuccinimide ester) was purchased from Macrocyclics (Plano, TX, 
USA), and TCO-PEG4-NHS ester from Jena Bioscience (Jena, Germany). HEVNPs 
(in 10 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer, pH 6.2, >10 mg/ml) and 
the targeted HEVNPs, HEVNP-LXY30 (peptide sequence: cdG-Phe(3,5-diF)-G-Hyp-
NcR) (in 10 mM MES pH 6.2 buffer, >20 mg/ml), were prepared as previously 
described and kindly provided by Prof. Holland Cheng, University of California-Irvine, 
USA [4]. Other chemicals were purchased mainly from Sigma-Aldrich (St. Louis, MO, 
USA). Water was ultra-pure (>18.2 MΩcm-1) and was prepared on a Milli-Q Integral 
10 water purification system. For each buffer preparation, Milli-Q water was treated 
with Chelex® 100 sodium form (Sigma-Aldrich) at a concentration of 5 g/l for the 
elimination of trace metals. The Sep-Pak light C18 cartridges were from Waters 
Corporation (Milford, MA, USA) and preconditioned prior to use with 2 ml EtOH and 5 
ml Milli-Q. The PD-10 Sephadex G-25 M desalting columns were obtained from GE 
Healthcare (Chicago, IL, USA) and preconditioned prior to use with 20 ml Milli-Q and 
20 ml 0.01 M PBS (pH 7.4) (I-II,IV) or 20 ml 0.01 M PBS (pH 7.4) (III,IV). The human 
plasma was obtained from Finnish Red Cross (Helsinki, Finland, license no 33/2018). 
HPLC (Shimadzu Corporation, Kyoto, Japan) was performed using an Altima C18 
column (5 μm, 250 x 10 mm). NMR spectroscopy was done on a Varian Mercury 300 
MHz or 75 MHz spectrometer from Palo Alto (CA, USA). A Daltonics micrOTOF 
spectrometer from Bruker Corporation (Bremen, Germany) was used for Electrospray 
Ionization Time-of-Flight (ESI-ToF) Mass Spectrometry (MS) measurements. The MS 
measurements were done under negative ionization mode and with sodium formate 
as the calibration standard. The tip sonicator was from QSonica (Newtown, CT, U.SA). 
HEVNP size and morphology were determined with TEM (JEOL1400, JEOL Ltd., 
Akishima, Tokyo, Japan). The zeta (ζ) potential was calculated from the 
electrophoretic mobility and its distribution was measured in Milli-Q using a ZetaSizer 
Nano instrument (Malvern Ltd.; Worcestershire, UK). The protein concentration was 
measured using a μDrop Plate on a Multiskan Sky Microplate Spectrophotometer from 
Thermo Scientific (Waltham, MA, USA). For the gallium elution, TraceSELECTTM 
water was acquired from Honeywell-Riedel-de HäenTM (Seelze, Germany), and the 
ultrapure 30% HCl (hydrochloric acid) was purchased from Merck (Kenilworth, NJ, 
USA). The 68Ge/68Ga generators (1.85 or 2.41 GBq at calibration) were GalliaPharm 
type generators, produced by Eckert & Ziegler (Berlin, Germany). A photostimulated 
luminescence scanner FLA 5100 (Fujifilm, Tokyo, Japan) was used for the digital 
autoradiography with a Fuji TR323309 imaging plate and a 24 × 30 X-ray cassette. 
The automatic gamma counter was 1480 Wizard® 3” (PerkinElmerTM Life Sciences, 
Waltham, MA, USA) and the measurement lasted for 60 s (I-III) or 180 s (IV) per tissue 
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sample. The radiochemical yield and radiochemical purity (RCP) were determined by 
radio-TLC and radio-HPLC (for the Tz tracers) analysis of the crude or pure products, 
respectively. Radio-TLC conditions for the Tz radiotracers: iTLC-SA and ammonium 
acetate:methanol (1:1). Radio-TLC conditions for HEVNPs: Whatman 1 paper 
chromatography with 0.5 mM DTPA. The minimum molar activity (Am) of the Tz tracers 
was determined from calculations with respect to the radioactivity of the product and 
the amount of the precursor since no precursor separation was made from the 
radiolabeled product. Cryosectioning was done on a Leica Biosystems (Germany) 
CM1950 cryostat microtome. The Optimal Cutting Temperature (O.C.T.) mounting 
medium and the SuperFrost® Plus microscope slides were purchased from VWR® 
(Radnor, PA, USA). The sections were scanned with a real-time digital 
autoradiography BeaQuant™ system from AI4R (Nantes, France). The human 
hepatocyte carcinoma (Hep G2; HB-8065™), colorectal carcinoma (HCT 116; CCL-
247™), murine macrophages (RAW 264.7; TIB-71™) and breast cancer (4T1, CRL-
2539™) cell lines were purchased from ATCC® (Manassas, VA, USA). Cell culturing 
flasks and well plates were obtained from Corning Inc. (Corning, NY, USA). McCoy’s 
5A (HCT 116 cells), RPMI 1640 (4T1 cells) and Dulbecco’s Modified Eagle Medium 
(RAW 264.7 cells) cell culture media were purchased from ATCC (Manassas, VA, 
USA) and Corning, respectively. DMEM (for Hep G2), CO2-independent cell medium, 
GlutaMAX (1×), sodium pyruvate (100 mM), fetal bovine serum (FBS), Penicillin-
Streptomycin (10,000 U/ml), non-essential amino acids (100×NEAA), Dulbecco’s 
phosphate buffer saline (10×DPBS), TrypLE™ Express (1×), and sterile vacuum 
filter/storage bottle unit (250–500 ml, 0.22 μm PES membrane) were purchased from 
Life Technologies Gibco (Carlsbad, CA, USA). The Heracell VIOS 160i incubator 
(Thermo Fisher Scientific, Waltham, MA, USA) was maintained at 37 oCC, 5% CO2, 
and 95% relative humidity. 
 

4.2. Transmission Electron Microscopy (TEM) 

HEVNPs were negatively stained with 2% uranyl acetate (UA) of neutral pH and 
examined under TEM at various magnifications. The TEM grids were Cu 200 mesh 
normal bar with a carbon sputter coating. The exposure time of the NPs on the grid 
was 1 min and the amount was 3 μl (PBS:Milli-Q 1:10). Immediately after the removal 
of the excess solution, the staining of the NP on the grid was done by spotting 3 μl 
(the same amount always with the sample) of the UA solution on the carbon grid for 
20 s. To analyze the TEM images of the NPs, the Fiji ImageJ 1.51 software was used. 

 

4.3. Synthesis of precursors (I) 

4.3.1. Synthesis of Tz-PEG4-HBED-CC(tBu) (3) 

HBED-CC-tris(tBu)ester (1) (19.0 mg, 27 μmol, 1.5 eq.) and HATU (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate) (12.3 mg, 32 μmol, 1.8 eq.) were weighted into an oven-dried 10-ml round-
bottom flask. Anhydrous DMF (dimethylformamide) was added (2 ml) and the mixture 
was stirred for 10 min at room temperature (RT). Tz-PEG4-NH2 (2) (8.5 mg, 18 μmol, 
1 eq.) dissolved in DMF (1 ml) was added dropwise. The mixture was stirred for 20 
min at RT after which DIPEA (N,N-Diisopropylethylamine) was added (9.4 μl, 54 μmol, 



 

39 

3 eq.) and the reaction mixture was stirred in the dark, at RT and under inert 
atmosphere for 48 h. The reaction was monitored by silica TLC (DCM:MeOH, 20:1) 
until 2 was consumed. EtOAc was added in the reaction flask (10 ml) and the organic 
layer was extracted three times with 5 ml 5% LiCl. Magnesium sulfate was added to 
dry the organic phase. The organic layer was filtered and purified with a silica column 
with DCM:MeOH (20:1) as eluent. The solvent was evaporated yielding the pink 
product (3) with 79% yield (15.9 mg, 14 μmol). 1H-NMR(3) (300 MHz, CDCl3) δ 10.20 
(s, 1H), 8.58, 8.56 (d, 2H), 7.54, 7.52 (d, 2H), 7.00 (br, 2H), 6.75 (br, 4H), 4.58, 4.56 
(d, 2H), 3.77-3.69 (m, 8H), 3.61-3.47 (m, 12H), 3.17 (br, 6H), 2.79-2.68 (m, 8H), 2.46-
2.40 (m, 6H), 1.41 (s, 27H) ppm. 13C-NMR(3) (75 MHz, CDCl3) δ 172.98, 172.54, 
171.97, 170.10, 157.91, 155.83, 131.67, 129.31, 128.43, 121.70, 116.50, 82.19, 
70.59, 67.44, 58.17, 55.61, 50.52, 43.09, 39.49, 39.33, 38.99, 38.81, 37.59, 37.12, 
30.40, 28.22 ppm. 

4.3.2. Synthesis of Tz-PEG4-HBED-CC (4) 

In an oven-dried 10-ml round-bottom flask 3 (3.9 mg, 3.5 μmol) was dissolved in 3.5 
ml of 20% TFA and 80% anhydrous DCM. The reaction mixture was stirred overnight 
(16-17 h) in the dark, at RT, and under inert atmosphere. The reaction was monitored 
by silica TLC (DCM:MeOH, 1:0.1) until it was complete. Bromocresol green stain 
solution in ethanol was used for staining. 4 was isolated as a pink solid with 98% yield 
(3.2 mg, 3.4 μmol). 1H-NMR(4) (300 MHz, CD3OD) δ 10.31 (s, 1H), 8.55, 8.52 (d, 2H), 
7.58, 7.55 (d, 2H), 7.10 (br, 4H), 6.81 (br, 2H), 2.23 (br, 2H), 4.13-4.07 (m, 8H), 3.67-
3.60 (m, 12H), 2.81 (br, 6H), 2.56-2.41 (m, 14H) ppm. ESI-ToF-MS(4): C46H59N8O14- 
calculated m/z: 947.4229, found m/z: 947.4266. 

4.3.3. Synthesis of Tz-PEG4-DOTA (6) 

2 (4.0 mg, 8.5 μmol, 1 eq.) and DOTA-NHS ester (5) (7.0 mg, 9.2 μmol, 1.08 eq.) were 
added into an oven-dried 25-ml round-bottom flask. DIPEA (8.9 μl, 51.0 μmol, 6 eq.) 
and anhydrous DMF were then added (2.0 ml). The reaction mixture was stirred 
overnight (16–18 h) in the dark, at RT, and under an inert atmosphere. The reaction 
was monitored by silica TLC (DCM:MeOH, 10:1) until 2 was consumed. Bromocresol 
green stain solution in ethanol was used for staining the TLC. The reaction mixture 
was evaporated to dryness, dissolved in 30% acetonitrile, and the final product purified 
with HPLC (ACN:0.1% formic acid in Milli-Q 40:60, 2 ml/min, 15 min run, Rt(6) = 5.1). 
The solvent was evaporated under reduced pressure yielding the final product (6) as 
a pink solid (yield 81%, 5.6 mg, 6.9 μmol). 1H-NMR(6) (300 MHz, CDCl3) δ 10.33 (s, 
1H), 8.57, 8.54 (d, 2H), 7.58, 7.60 (d, 2H), 4.54 (br, 2H), 3.80 (t, 2H), 3.74 (br, 2H), 
3.64-3.61 (m, 12H), 3.60-3.57 (m, 10H), 3.55-3.48 (m, 16H), 2.56 (t, 2H) ppm. ESI-
ToF-MS(6): C36H55N10O12- calculated m/z: 819.4079, found m/z: 819.4045. 

 

4.4. Undecylenic acid thermally hydrocarbonized porous silicon nanoparticles 
(UnTHCPSi NPs) and their functionalization of PSi NPs with TCO (I) 

UnTHCPSi NPs were kindly prepared and provided by Prof. Jarno Salonen and Ermei 
Mäkilä (University of Turku, Finland). The NPs (approximately 200 nm) were produced 
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using the pulsed electrochemical etching method as previously described [84]. 
Hereinafter, the UnTHCPSi particles will be abbreviated as PSiNPs.  

 
4.4.1. Conjugation of PSiNPs with TCO-PEG3-NH2 (I) 

PSiNPs (1.0 mg/ml in 96% EtOH) were centrifuged (10 000 g, 5 min) and the EtOH 
was removed. The PSiNP pellet was redispersed in 0.6 ml anhydrous DMF using a tip 
sonicator at 20% amplitude for 10 s. HATU (2.0 mg in 50 μl anhydrous DMF) and 1 μl 
of DIPEA were added to the NP suspension. Lastly, TCO-PEG3-NH2 (8.1 μmol, 3.0 
mg in 3.0 μl dry DMF) was added prior to the overnight incubation at RT. For the 
purification, the reaction vial was centrifuged at 12 000 g for 5 min and washed with 1 
ml of 96% EtOH. Another centrifugation step was followed and the pellet this time was 
washed with 1 ml of Milli-Q. The TCO-PSiNPs were then redispersed and stored in 1 
ml of 96% EtOH. 

 

4.5. HEVNPs and their functionalization (I, II, III, IV) 

HEVNPs were produced as previously reported with 60 lysine amino acid residues on 
their surface. The size of HEVNP was approximately 27 nm in diameter [4]. 
 
4.5.1 Conjugation of HEVNPs with TCO-PEG4-NHS ester (I) 

The TCO-PEG4-NHS ester reagent (16.05 nmol–1.58 μmol, 5–21 eq. per lysine, nLys 
= 60 per HEVNP capsid) was dissolved in 1 μl DMSO in 100 μl phosphate buffer (0.01 
M pH 7.4) and added dropwise into the HEVNP dispersion (3.21–82.65 nmol, 21.4–
165.3 μM in 111–250 μl PB). The mixture was reacted at RT for 3 h and at 4 oC for 
16–17 h, and the TCO-HEVNPs were purified by size exclusion chromatography on a 
PD-10 desalting column using 2.8 ml of 0.01 M PBS (pH 7.4) as the eluent. After the 
PD-10 elution, the NP concentration was measured with a μDrop Plate 
Spectrophotometer and was 0.8–8.7 μM or 0.041–0.5 mg/ml in 2.8 ml depending on 
the initial concentration. The conservation of the NP size and morphology was 
confirmed by TEM. 

4.5.2. Functionalization of HEVNPs with DOTA for radiolabeling (II, III, IV) 

Buffer exchange was done for the targeted HEVNP-LXY30 stock (5.3 mg/ml) in 10 
mM MES pH 6.2 using a pre-conditioned PD-10 column and phosphate buffer (pH 7.4) 
elution buffer. HEVNP (1 mg, 23.34 mg/ml, 10 mM MES pH 6.2) or HEVNP-LXY30 
(1.5 mg) were diluted in 0.01 M phosphate buffer (pH 7.4) to a final volume of 250 μl 
(HEVNP: 2 mg/ml or 37.6 μM, 18.8 nmol and HEVNP-LXY30: 1.05 mg/ml or 19.74 
μM, 28.05 nmol). DOTA-NHS ester (HEVNP: 18 mg, 23.6 μmol and HEVNP-LXY30: 
21.3 mg, 33.66 μmol) was dissolved in 0.01 M phosphate buffer (pH 7.4) to a final 
concentration of 45 mM HEVNP or 23.54 mM HEVNP-LXY30 and volume of 250 μl. 
The NHS ester solution was added dropwise to the reaction tube (1.5-ml Protein 
LoBind microtube (Eppendorf)) containing the NPs. The mixture was immediately 
mixed well by careful pipetting. Sodium hydrogen carbonate (0.1 M, pH 9) was used 
for adjusting the pH to 7.4. The final reaction volume was 1100 μl for HEVNP and 1430 
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μl for HEVNP-LXY30. The reaction mixture was shaken (400-500 rpm) at RT for 4 h, 
and then at 4 oC overnight. A pre-conditioned PD-10 column (two consequent for 
HEVNP-LXY30) was used for the purification of the conjugated NPs by gravity SEC 
(size exclusion chromatography) by eluting the conjugated NPs with 2.5 ml of 0.01 M 
PBS (pH 7.4). 

 

4.6. Radiosynthesis (I) 

4.6.1. Radiosynthesis of [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4) 

4 (8 μg, 8.4 nmol) was dissolved in 0.5 ml metal-free 2.5 M sodium acetate buffer (pH 
5.5) in a 15-ml conical centrifuge tube. This was followed by the addition of freshly 
eluted [68Ga]GaCl3 (4.5–282 MBq in 60 μl–2 ml of 0.1 M HCl). The pH of the reaction 
mixture was 4.5 and the mixture was incubated on a heating block for 15 min at 25 oC 
with mixing at 400 rpm. The reaction initiated immediately after the addition of the 
radionuclide eluate. The product was purified by solid phase extraction using a pre-
conditioned C18 light cartridge. After loading the reaction mixture in the cartridge, the 
free [68Ga]GaCl3 was washed away with 6 ml Milli-Q. [68Ga]4 was eluted with 0.5 ml of 
absolute EtOH. The radiochemical yield and purity of [68Ga]4 were analyzed by radio-
TLC (iTLC-SA, ammonium acetate:MeOH 1:1 v/v, pre-mixed, pH 4.86, Rf([68Ga]4) = 
0.8 and Rf(free 68Ga) = 0.0) and radio-HPLC (ACN:Milli-Q 20:80, 2 ml/min, Rt([68Ga]4) 
= 5.3 min) and were 98.6 ± 0.6% (n = 15) and 99.3 ± 0.3% (n = 19), respectively. The 
molar activity of [68Ga]4 was 0.5-28.6 GBq/μmol at EOS. 

4.6.2. Radiosynthesis of ([68Ga]4) after concentrating the [68Ga]GaCl3 solution 
using strong cation exchange (SCX) chromatography 

The SCX column was first pre-conditioned with 1 ml of 5.5 M HCl followed by 5 ml of 
Milli-Q water. The whole amount (10 ml) of the generator-eluted [68Ga]GaCl3 was then 
loaded, and the elution was done with 500 μl of 5 M NaCl solution acidified with 5.5 M 
HCl (12.5 μl). This eluted portion of [68Ga]GaCl3 was then added to the dissolved 
precursor 4 (8 μg). Moreover, 2.5 M sodium acetate buffers at pH 4.8 and 5.0 were 
tested, resulting in RCY of 96.7% and 95.7% (n = 1), respectively. The RCP in both 
cases was > 99.0%. 

4.6.3. Radiosynthesis of [68Ga]Ga-DOTA-PEG4-Tz ([68Ga]6) 

6 (0.2 mg, 243.6 nmol) was dissolved in 2.5 ml metal-free 0.25 M ammonium acetate 
buffer (pH 6.8) in a 15-ml conical centrifuge tube. This was followed by the addition of 
freshly eluted [68Ga]GaCl3 in 0.1 M HCl (5.5–216 MBq in 135 μl–2 ml). The reaction 
mixture was incubated for 15 min at 90 oC with mixing at 400 rpm on a heating block. 
The reaction initiated immediately after the addition of the radionuclide eluate. The 
reaction mixture was cooled down to RT after which the product was purified with solid 
phase extraction by using a C18 light cartridge. After loading the reaction mixture in 
the cartridge, the resin was washed with 6 ml of Milli-Q. [68Ga]6 was eluted with 0.4 ml 
of absolute EtOH. The radiochemical yield and purity of [68Ga]6 were analyzed by 
radio-TLC (iTLC-SA, ammonium acetate:MeOH 1:1 v/v, pre-mixed, pH 4.86, 
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Rf([68Ga]6) = 0.7 and Rf(free 68Ga) = 0.0) and radio-HPLC (ACN:0.1% FA (formic acid) 
in Milli-Q 40:60, 2 ml/min, Rt([68Ga]6) = 5.0 min). 

 

4.7. Radiolabeling of nanoparticles (I, II, III, IV) 

4.7.1. Radiolabeling of HEVNPs and PSiNPs with [68Ga]4 (I) 

[68Ga]4 (8 pmol–29.6 nmol for TCO-PSiNPs or 0.03 nmol–2.2 nmol for TCO-HEVNPs) 
in 0.01 M PBS (pH = 7.4) with 10% EtOH was added into the NP suspension (0.1–0.3 
mg, nTCO = 10–30 nmol of TCO-PSiNPs or 0.01–0.2 mg, nTCO = 0.55–11 nmol of TCO-
HEVNPs) in 0.01 M PB (pH 7.4). The TCO:Tz molar ratio varied and was between 1:1 
and 1:0.0008. The reaction mixture was incubated at 37 oC for 10 min. The IEDDA 
RCY was measured by radio-TLC (iTLC-SA and 50 mmol EDTA in 0.9% NaCl for 
PSiNPs, Rf([68Ga]4-TCO-PSiNPs) = 0.0 and Rf(unbound [68Ga]4) = 0.7, or Whatman 
1 paper and 0.5 mM DTPA for HEVNPs, Rf([68Ga]4-TCO-HEVNPs) = 0.0 and 
Rf(unbound [68Ga]4) = 0.8). 

4.7.2. Radiolabeling and purification of DOTA-functionalized HEVNPs (II,III) 

DOTA-HEVNPs (0.13 mg/ml in 100 μl in phosphate buffer) or DOTA-HEVNP-LXY30 
(0.21 mg/ml in 200 μl in phosphate buffer) were diluted with metal-free 0.25 M 
ammonium acetate buffer pH 7 (800 μl). This was followed by the addition of freshly 
eluted [68Ga]GaCl3 in 0.1 M HCl (10–79 MBq for DOTA-HEVNPs and 80-140 MBq for 
DOTA-HEVNP-LXY30 in 1 ml). The final reaction volume was 1.9 ml for DOTA-
HEVNP and 2 ml for DOTA-HEVNP-LXY30 and the reaction pH was 4.5. The reaction 
was mixed for 30 min at 61 ± 1.5 oC with 400 rpm. After 30 min, the reaction mixture 
was cooled down to RT and immediately purified using a preconditioned PD-10 (SEC) 
column. The 68Ga-labeled HEVNPs were eluted with sterile 0.01 M PBS pH 7.4 (2.8 
ml for DOTA-HEVNP and 1.8 ml for DOTA-HEVNP-LXY30). The RCP of the 68Ga-
labeled HEVNPs was confirmed by radio-TLC and was >98% for both HEVNP types. 

4.7.3. Radiolabeling and purification of DOTA-functionalized HEVNPs with 
[111In]InCl3 (IV) 

DOTA-HEVNPs (100 μl in phosphate buffer (pH 7.4) after the purification) were 
dispersed in 0.25 ml ammonium acetate buffer (0.25 M, pH 7) and 40 μl of [111In]InCl3 
were added. The total reaction volume was 390 μl. The reaction mixture (pH 4.5) was 
shaken (350 rpm) for 30 min at 60 oC. The reaction mixture was cooled down to RT 
and immediately purified using a preconditioned PD-10 SEC column by eluting the 
conjugated NPs with 2.8 ml of 0.01 M PBS (pH 7.4). The RCP of the 111In-labeled 
HEVNPs was confirmed by radio-TLC and was >99%. 

4.7.4. Radiolabeling and purification of HEVNPs with [125I]I (IV) 

[125I]NaI (10 μl) was added into an Eppendorf tube containing 10 μl 0.1 M HCl and 20 
μl of PB (0.05 M, pH 7). The solution was mixed gently. Immediately, HEVNPs (600 
μg, 27 μl), that were first diluted in 20 μl of PB (0.05 M, pH 7) were added and the 
suspension was mixed gently. This was followed by the addition of the oxidizing agent, 
CAT (25 μl, 1-6 mg/ml), in PB (0.05 M, pH 7) and gentle mix. The incubation was done 
at RT. 
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Where applied: Quenching of the reaction was achieved by the addition of 112 μl 
(equal to the total reaction volume) of the reducing agent, sodium metabisulfite (4 
mg/ml in 0.05 M PB, pH 7). 
The PD-10 purification was performed in every case (with or without quenching). The 
column was equilibrated with 20 ml of elution buffer (0.05 M PB, pH 7) and loaded with 
[111In]In-DOTA-HEVNPs. For the elution, 2.8 ml of PB (0.05 M PB, pH 7) were used. 
 

4.8. In vitro evaluation of stability and reactivity (I, II, III, IV) 

4.8.1. In vitro stability of [68Ga]4 and [68Ga]6 (I) 

The radiolabel stability of [68Ga]4 and [68Ga]6 was investigated in sodium acetate and 
PBS buffer, respectively, in 20% and 50% human plasma and in ferric chloride 
hexahydrate (FeCl3.6H2O; 18 mM in water). All samples (n = 3 per testing solution) 
were of the same concentration (1.5 μM for [68Ga]4 and 28.4 μM for [68Ga]6) and were 
incubated at 37 oC. The amount (%) of the intact radiolabeled Tz tracers was 
monitored by radio-TLC up to 5 h. 
 
4.8.2. In vitro IEDDA reactions between TCO-PSiNPs and [68Ga]4 after treating 
the NPs in tumor-mimicking conditions (I) 

TCO-PSiNPs were incubated up to 24 h in either sodium acetate pH 5.3 or 10% fetal 
bovine serum (FBS) in sodium acetate pH 5.3. Following the incubation in the tumor-
simulated fluids at different time points, 0.1 mg of TCO-PSiNPs (nTCO = 10 nmol) were 
reacted with [68Ga]Ga-HBED-CC-PEG4-Tz (0.099 nmol, 0.01 eq.). The IEDDA RCY 
was measured by radio-TLC as described above for [68Ga]4-TCO-PSiNPs and was 
kept constant at approximately 22% (in the range of 19%-24%) in all conditions and 
time points. 

4.8.3. In vitro stability of radiolabeled HEVNPs (II, III, IV) 

[68Ga]Ga-DOTA-HEVNPs, [68Ga]Ga-DOTA-HEVNP-LXY30, [111In]In-DOTA-HEVNPs 
or [125I]I-HEVNPs (in 300-700 μl phosphate buffer) were added into Protein LoBind 
1.5-ml microtubes (Eppendorf) containing (1:1 v/v) PBS (0.01 M, pH 7.4), 100% 
human plasma, iron (FeCl3.6H2O, final concentration: 18mM in PBS), or CO2-
independent cell medium. [111In]In-DOTA-HEVNPs were also tested in simulated 
gastric fluid (SGF; recipe: 1 g of sodium chloride and 1.6 g of purified pepsin in 3.5 ml 
of HCl and Milli-Q water up to 500 ml, pH 1.2), or fasted stage simulated intestinal fluid 
(FASSIF; recipe: 5.6 g FASSIF powder in 500 ml Milli-Q, pH 6.5 SGF, FASSIF and 1-
50 mg/ml albumin (BSA). All the samples (n = 3 per testing solution or n = 1-2 for [125I]I-
HEVNPs) were incubated at 37 oC under constant shaking. The amount of the intact 
radiolabeled HEVNPs was monitored by radio-TLC up to 6 h for [68Ga]Ga-DOTA-
HEVNP, up to 1 h for [68Ga]Ga-DOTA-HEVNP-LXY30, up to 48 h for [111In]In-DOTA-
HEVNPs and up to 4 h at maximum (depending on the experiment) for [125I]I-HEVNPs. 
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4.9. Cell uptake 

4.9.1. Cell culture media preparation 
 
The cell culture media were supplemented with 10% FBS, 1% GlutaMAX, 1% sodium 
pyruvate and 1% Penicillin-Streptomycin, and aseptically filtered through sterile 0.22-
μm filter before use. In addition to this general procedure, DMEM medium for Hep G2 
cell line was further supplemented with 1% NEAA. 
 
4.9.2. Cell studies of [68Ga]Ga-DOTA-HEVNPs and controls in hepatocytes, 
macrophages and colorectal cancer cells 

The day before the experiment, RAW 264.7 (macrophages), Hep G2 (hepatocytes) or 
HCT 116 (colorectal cancer) cells, were plated on sterile 6-well-plates (50,000 
cells/ml/well or 2.2 million HCT 116 cells/ml/well). The following day, the cells were 
incubated at 37 oC with either [68Ga]Ga-DOTA-HEVNPs, [68Ga]Ga-DOTA-HEVNP-
EKEK or the free 68Ga-radionuclide diluted in 1 ml of fresh culture medium (HEVNPs 
3 μg, 0.2 MBq/ml/well and [68Ga]GaCl3 0.01 MBq/ml/well). The incubation time varied 
depending on the time point (15, 30, 60 and 120 min).  

4.9.3. Cell studies of targeted [68Ga]Ga-DOTA-HEVNP-LXY30, and [68Ga]Ga-
DOTA-HEVNP and [68Ga]GaCl3 controls 

On the day before the study, the HCT 116 colorectal or 4T1 breast cancer cells, were 
plated in the CO2-independent medium on sterile 12-well plates (2.2 million HCT 116 
or 4T1 cells/ml/well). The following day, the medium was removed 2 h prior to the 
initiation of the study, and the cells were incubated at 37 oC with either the targeted 
[68Ga]Ga-DOTA-HEVNP-LXY30, the non-targeted [68Ga]Ga-DOTA-HEVNP or the 
free 68Ga-radionuclide. Both types of NPs and the free radionuclide were diluted in 
fresh CO2-independent medium prior to their addition into the cells until the 
radioactivity was the same for all the cases per well (0.2 MBq/well). The incubation 
time varied depending on the time point. The designated time points were 15 min, 30 
min, 60 min, 120 min and 240 min. At the designated time, the CO2-independent 
medium was removed and collected into a 5-ml liquid scintillation tube. For the free 
fraction collection: the cells were washed with 1 ml of ice-cold 0.01 M PBS (pH 7.4) 
and PBS was collected in the same tube. For the membrane-bound fraction collection: 
1 ml of ice-cold glycine buffer (0.05 M, pH 2.8) was added in the well. The cells were 
incubated for 5 min on ice. The buffer was then collected in a new 5-ml liquid 
scintillation tube. This procedure was repeated once and the buffer was collected in 
the same tube. The treated cells were washed with 1 ml of ice-cold 0.01 M PBS (pH 
7.4) and this was then collected in the same tube. For the internalized fraction 
collection: 1 ml of 1 M NaOH was added in the well and the cells were incubated for 
10 min at RT. The NaOH was collected in a new 5-ml liquid scintillation tube. The cells 
were washed twice with 1 ml of ice-cold 0.01 M PBS (pH 7.4) and the buffer was 
collected both times in the same tube. The radioactivity was detected in each tube 
using the Wizard automated gamma-counter. The internalization was calculated with 
the formula: %Internalization = 100 × CPM of internalized fraction/SUM of the CPM in 
all fractions. The measurements were done in triplicate for every time point and sample 
under study. 
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4.10. Animal experiments 

All animal experiments were carried out under a project license approved by the 
National Board of Animal Experimentation in Finland (ESAVI/12132/04.10.07/2017) 
and in compliance with the respective institutional, national and EU regulations and 
guidelines. The mice were group-housed in standard polycarbonate cages with aspen 
bedding, nesting material (Tapvei, Harjumaa, Estonia) and enrichment (aspen blocks 
and disposable cardboard hut). Pelleted food (Teklad 2019C diet, Envigo, Horst, 
Netherlands) and tap water were available ad libitum. Environmental conditions of a 
12:12 light/dark cycle, temperature of 22 ± 1 oC, and relative humidity of 55 ± 15% 
were maintained throughout the study. 

4.10.1 Evaluation of ex vivo biodistribution of [68Ga]4 and [68Ga]6 (I) 

The ex vivo biodistribution of [68Ga]4 and [68Ga]6 was evaluated in healthy female 
Bagg Albino (BALB/c) mice (Janvier, 7–8 weeks, 16–19 g, 5 animals/time point) at four 
different predetermined timepoints (15–120 min) after intravenous injection of the 
radiotracers (0.5–2.0 MBq of [68Ga]4 or 0.3–1.2 MBq for [68Ga]6) formulated in 200 μl 
of 0.01 M PBS (pH = 7.4)–10% EtOH via the lateral tail vein. 

Mice were euthanized at 15, 30, 60 and 120 min after the injection by CO2 asphyxiation 
followed by cervical dislocation. Selected organs were harvested and weighed in 5-ml 
liquid scintillation tubes. The radioactivity in the samples together with five weighed 
standards of the injected solution was counted by gamma counter with the decay 
corrected to the start of the measurement. Results are expressed as %ID/g of tissue. 

4.10.2. Separation of blood components and analysis of their interaction with 
[68Ga]4 and [68Ga]6 (I) 

Blood samples at 15, 30, 60 and 120 min time points were collected during the ex vivo 
study. The samples were collected in 1.5-ml Protein LoBind microtubes (Eppendorf) 
and 1 μl of heparin solution (0.1 ml heparin 5000 IU in 9.9 ml NaCl) was added. The 
samples were centrifuged at 1300 g for 10 min to obtain the red blood cells (RBCs) 
pellet. Cold acetonitrile was added into the supernatant. The samples were then 
centrifuged at 13 000 g for 5 min to separate the pellet containing the blood proteins 
from the plasma supernatant. After this treatment, the radioactivity of the three blood 
fractions—RBCs, proteins and plasma—was counted by the gamma counter. 

4.10.3. Ex vivo biodistribution of [68Ga]Ga-DOTA-HEVNPs in healthy mice (II) 

The ex vivo biodistribution was studied in 20 healthy female Bagg Albino (BALB/c) 
mice (Janvier Laboratories (France), 7–8 weeks, 16–21 g, 5 animals/time point). 
[68Ga]Ga-DOTA-HEVNPs (0.047 mg/ml, 0.2–0.5 MBq) were injected into the tail vein 
in 130–200 μl of phosphate buffer pH = 7.4. The mice were euthanized with CO2 
asphyxiation at 15 min, 30 min, 60 min and 120 min after the injection and selected 
organs were harvested. The harvested organs were weighed and counted by a 
gamma counter and the radioactivity decay was corrected to the start of the 
measurement. Standards (5) were prepared using 10 μl of the formulated [68Ga]Ga-
DOTA-HEVNPs suspension and measured before the tissues. Results are expressed 
as percent of injected dose per gram of tissue (%ID/g). 
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4.10.4. Ex vivo biodistribution of [68Ga]Ga-DOTA-HEVNP-LXY30 and [68Ga]Ga-
DOTA-HEVNP control in HCT 116 tumor bearing mice (III)

The ex vivo biodistribution was studied in 13 HCT 116 colon tumor-bearing female 
nude Naval Medical Research Institute (NMRI) mice (Janvier, 7-8 weeks, 17-20 g, n = 
4 per time point). For the control experiment, the ex vivo biodistribution was done with 
3 tumor-bearing female nude NMRI mice (n = 1 per time point). For the HCT 116 
tumor-bearing mice, 2 106 HCT 116 cells in 100 μl of sterile 1 x HBSS were 
introduced to each mouse subcutaneously under 2.5% isoflurane anesthesia in 
medical air:oxygen carrier (3:2). Tumors were allowed to grow for 20-23 days prior to 
the administration of the radiolabeled NPs reaching 7.9-8.9 mm in diameter.

The [68Ga]Ga-DOTA-HEVNP-LXY30 (0.023 ± 0.0050 mg/ml, 0.2-0.5 MBq) or 
[68Ga]Ga-DOTA-HEVNP (control; 0.14 ± 0.031 mg/ml, 0.2-0.5 MBq) nanoparticles 
were injected into the tail vein in 200 μl of phosphate buffer pH = 7.4. The mice were 
euthanized with CO2 asphyxiation at 15 min, 30 min, 60 min and 120 min after the 
injection and selected organs were harvested. The harvested organs were weighed, 
counted by a gamma-counter and the radioactivity decay was corrected to the start of 
the measurement. The results are expressed as %ID/g tissue.

4.10.5. Real-time autoradiography of [68Ga]Ga-DOTA-HEVNP-LXY30 and 
[68Ga]Ga-DOTA-HEVNP control in HCT 116 colon xenograft tumor after i.v. 
administration (III)

Following the ex vivo biodistribution study, an HCT 116 colon xenograft tumor from 
each time point of the ex vivo study (15 min, 30 min and 60 min p.i.) and a liver from 
the 1 h time point were used in autoradiography. Cold isopentane and dry ice were 
used to snap-freeze the harvested organs. These were then embedded in O.C.T. 
tissue-freezing medium, and consequently, sectioned with a cryostat microtome. The 
section thickness was 10 μm and the sections were collected on SuperFrost Plus 
microscope slides (rotating way). The sections were scanned overnight (16-17 h) on 
a real-time BeaQuant autoradiographic device.

4.10.6. Ex vivo biodistribution of [111In]In-DOTA-HEVNPs after oral 
administration (IV)

The ex vivo biodistribution was studied in 32 Balb/c female mice (16 mice for the 
[111In]In-DOTA-HEVNPs administration and 16 mice for the free [111In]InCl3 control) 
(Janvier, 7-8 weeks, 17-20 g, n = 4 per time point). The [111In]In-DOTA-HEVNPs (0.18 
± 0.0029 mg/ml, 0.7-0.9 MBq) or [111In]InCl3 (control; 0.14 ± 0.031 mg/ml, 0.8-1.1 MBq) 
nanoparticles were injected orally in 200 μl of 31% ammonium acetate in PBS, pH = 
7.4. The mice were euthanized with CO2 asphyxiation at 30 min, 1 h, 6 h and 24 h
after the injection and selected organs were harvested. The harvested tissues were 
weighed, counted by a gamma-counter and the radioactivity decay was corrected to 
the start of the measurement. The results are expressed as %ID/g tissue.

4.10.7. Macro-autoradiography of the GI tract following the ex vivo
biodistribution of [111In]In-DOTA-HEVNPs after oral administration (IV)

Following the oral administration of [111In]In-DOTA-HEVNPs in the healthy Balb/c 
female mice, the GI tract (from the stomach to the rectum) was collected (n = 1 per 
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time point) from every time point (30 min, 1 h, 6 h and 24 h p.i.) and carefully covered 
with a plastic membrane. Using the autoradiography reader, the distribution of the 
radioactivity due to the [111In]In-DOTA-HEVNPs or [111In]InCl3 (control) could be 
detected in the entire GI tract. In this way, the activity could be detected and further 
studied for specific parts of the GI tract. 

4.10.8. Autoradiography of tissues from the GI tract following the ex vivo 
biodistribution of [111In]In-DOTA-HEVNPs (IV) 

Cold isopentane and dry ice were used to snap-freeze the harvested organs that were 
collected from every time point with respect to the ex vivo study (0.5 h, 1 h, 6 h and 24 
h). These were then embedded in O.C.T. tissue-freezing medium, and consequently, 
sectioned with a cryostat microtome. The section thickness was 10 μm and the 
sections were collected on SuperFrost Plus microscope slides (rotating way). The 
sections were scanned overnight (16-17 h) on a real-time BeaQuant autoradiographic 
device. 

4.10.9. SPECT imaging of [111In]In-DOTA-HEVNPs (IV) 

[111In]In-DOTA-HEVNPs in PBS with 31% NH4OAc (pH 7.4, 300-500 μl, 9.8-10.8 MBq) 
were administered into three female BALB/c mice via the intragastric gavage. The 
same conditions and amounts were used for the control, free [111In]InCl3. The mice 
were anesthetized and subsequently scanned with SPECT/CT at 5-35 min (dynamic 
scan), 2 h, 4 h and 24 h (static scan) post-injection (p.i.). The SPECT/CT scans were 
carried out under 1.5–2.5% isoflurane anesthesia in an oxygen carrier. The images 
were reconstructed and analyzed with the VivoQuant software (InviCRO LLC, 
Arlington, VA, USA). 

 

4.11. Statistical analysis 

The average values of the quantitative data between groups were analyzed for 
statistical significance using an unpaired two-tailed t-test on GraphPad Prism 9 (San 
Diego, CA, USA), with a P value equal or less than 0.05 considered as statistically 
significant (*P≤0.05, **P≤0.01,***P≤0.001, ****P≤0.0001 and ns (non-significant) when 
P>0.05).  
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5 RESULTS 

5.1. Synthesis and biological evaluation of 68Ga-labeled tetrazine tracers (I) 

5.1.1. Synthesis of the tetrazine precursors (I)  

The synthesis of the HBED-CC-PEG4-Tz precursor (4) was performed in two steps 
starting from the formation of the amide bond between Tz-PEG4-NH2 and the free 
carboxylic acid of the protected HBED-CC-tris(tBu) ester (Scheme 1). The 1H-NMR 
characterization revealed the characteristic peaks of Tz at 8.57 and 7.53 ppm. The 
consequent step was the deprotection of the HBED-CC tert-butyl groups to make them 
available for coordinating with a radiometal. The 1H-NMR characterization of 4 
revealed disappearance of 27 protons originating from the three tert-butyl esters at 
1.41 ppm, confirming the successful deprotection. 

The same starting material Tz-PEG4-NH2 was used for the production of the DOTA-
PEG4-Tz precursor (6). The amine was reacted with the DOTA-NHS ester, and thus, 
only a single synthesis step was required. The NHS ester group in the case of 
precursor 6 makes the coupling regioselective, and there is no need for using 
protected carboxylic acids, and thus, for adding a consequent extra step for the 
deprotection as it is required for the production of 4. Additionally, the same base was 
used in the two cases. Hunig’s or DIPEA base is a poor nucleophile, and so, it does 
not compete with the nucleophilic amine. The intermediates and final products were 
produced in high yields (Tz-PEG4-HBED-CC-tris(tBu) ester: 79%, HBED-CC-PEG4-
Tz: 98%, DOTA-PEG4-Tz: 81%).  
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Scheme 1: Synthesis of precursors (A) Tz-PEG4-HBED-CC (4) and (B) Tz-PEG4-DOTA (6). 
O/N: overnight and RT: room temperature. Reprinted from Nuclear Medicine and Biology, Vol: nd, 
Lambidis et al., Synthesis and ex vivo biodistribution of two 68Ga-labeled tetrazine tracers: Comparison 
of pharmacokinetics, Pages No.: nd, Copyright (2022), with permission from Elsevier. 

 

5.1.2. Radiosynthesis and radiolabel stability of the tetrazines 

The radiolabeling of HBED-CC-PEG4-Tz (4) with gallium-68 (Fig.6) was very efficient 
(RCY>80%) under various conditions, such as different precursor amount (0.8-700 
μg), buffer, reaction volume and radiolabeling time (Fig.7). The most favorable 
condition that resulted in excellent RCYs (>98%) was when 8 μg of the precursor (4) 
were dissolved in 2.5 M sodium acetate (pH 5.5) buffer and reacted with 68Ga3+ for 15 
min (although most of the product was generated already in the first 5 min 
(RCY>94%)) regardless of the eluate´s volume. On the other hand, the 68Ga-labeling 
of DOTA-PEG4-Tz (6) required a higher amount of precursor (0.2 mg of 6) for efficient 
radiosyntheses. Furthermore, in vitro assays were performed in order to evaluate the 
stability of the radiolabeled tetrazines under multiple testing solutions (Fig.8). These 
were the buffer (either the acetate or the phosphate for the [68Ga]4 and [68Ga]6, 
respectively), 20% and 50% human plasma, and Fe3+ (FeCl3.6H2O, 18 mM in Milli-Q) 

A B 
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for the iron challenge. Both tracers were sufficiently stable under all conditions. [68Ga]4 
was shown to remain more intact (over 95% intact tracer) than [68Ga]6, however the 
latter was still over 90% intact. 

 

 
Fig.6: The chemical structures of [68Ga]4 and [68Ga]6 that were synthesized in this study. 
Reprinted from Nuclear Medicine and Biology, Vol: nd, Lambidis et al., Synthesis and ex vivo 
biodistribution of two 68Ga-labeled tetrazine tracers: Comparison of pharmacokinetics, Pages No.: nd, 
Copyright (2022), with permission from Elsevier. 

 

 
Fig.7: The influence of the reaction buffer and precursor amount on the 68Ga-labeling of HBED-
CC-PEG4-Tz (4). Otherwise, the reaction conditions in all cases were the same: 0.5 ml 2.5 M 
sodium acetate (pH 5.5) or 0.1 M MES (pH 4.8) buffer, 60 μl [68Ga]GaCl3 (4.5–4.9 MBq), RT, 
15 min. The RCYs were obtained from radio-TLCs. The insert represents the RCY values of 
the HBED-CC-PEG4-Tz precursor equal to or below 10 μg in sodium acetate buffer and is 
denoted with a square in the main graph. The results represent the average values (n = 1–2). 
Reprinted from Nuclear Medicine and Biology, Vol: nd, Lambidis et al., Synthesis and ex vivo 
biodistribution of two 68Ga-labeled tetrazine tracers: Comparison of pharmacokinetics, Pages No.: nd, 
Copyright (2022), with permission from Elsevier. 
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Fig.8: In vitro stability of [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4) and [68Ga]Ga-DOTA-PEG4-
Tz ([68Ga]6) under different conditions at 37 oC. The testing conditions were (A) the buffer used 
either for the radiolabeling in the case of the HBED-CC tracer (2.5 M sodium acetate, pH 5.5) 
or for the formulation in the case of the DOTA tracer (10% EtOH in PBS 0.01 M, pH 7.4), Fe3+ 
(FeCl3.6H2O, 18mM in Milli-Q) for the iron challenge, 50% human plasma, and (B) 20% human 
plasma. The first time point was in 5 min, the next in 1 h and the reactions were monitored up 
to 5 h. The RCYs were obtained from radio-TLCs. The values represent the average ± 
standard deviation (n = 1–3). Reprinted from Nuclear Medicine and Biology, Vol: nd, Lambidis et al., 
Synthesis and ex vivo biodistribution of two 68Ga-labeled tetrazine tracers: Comparison of 
pharmacokinetics, Pages No.: nd, Copyright (2022), with permission from Elsevier. 

 

5.1.3. Using a cation exchange cartridge (SCX) for the concentration and 
purification of the 68Ga-eluate 

The whole eluted [68Ga]GaCl3 activity can be utilized for the reaction, and the variability 
in the reaction volume is negligible. Gallium-68 is more concentrated and purer when 
it is added into the precursor solution. The sodium acetate (2.5 M) buffer’s pH was 
adjusted to 4.8 and 5.0, and the RCY was 96.7% and 95.7% (n = 1), respectively. The 
RCP in both cases was kept above 99.2% after the purification with the C18 cartridge 
as described above. 

The use of the SCX cartridge enabled the setup of an automated system for the 
[68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4) production. The same reaction conditions 
were used as for the manual radiosynthesis. The RCY obtained from the semi-
automated synthesis of [68Ga]4 was 97.4 ± 0.7% (n = 2), matching what other research 
groups have reported for the 68Ga-labeling of various HBED-CC precursors. Typically, 
the radiolabeling of HBED-CC conjugates with gallium-68 proceeds with an RCY of 
89–98% and yields Am= 10–37 GBq/μmol. This is the case, for instance, when 
antibodies and antibody fragments have been labeled [151–153]. Other examples of 
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68Ga-labeled HBED-CC include peptides, such as HBED-CC-c(NGR) [154,155] and 
HBED-CC-c(RGD) cyclic peptide conjugates [155].  

 

5.1.4. Ex vivo biodistribution of [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4) and 
[68Ga]Ga-DOTA-PEG4-Tz ([68Ga]6) 

Both tracers revealed fast renal excretion with the highest tracer elimination between 
30 and 60 min (Fig.9 and 10). Apart from the high activity in the gallbladder, [68Ga]4 
showed increasing activity in the small intestine with a maximum %ID/g at 30 min p.i. 
(35.35 ± 5.07%ID/g). At the 2 h time point, an increase in accumulation was similarly 
observed in the large intestine (23.06 ± 2.73%ID/g). The accumulated radioactivity that 
was observed in the rest of the tissues was very low. Additionally, urine samples were 
taken for radio-TLC measurements and there was no indication of demetalation or 
radiometabolites as only the intact tracer was detected. Moreover, free gallium would 
appear mainly in the bones, liver and lungs as well as in other undesired sites. 
Therefore, the in vivo stability of both tracers was confirmed. 

In addition, the same trend was observed for [68Ga]4 and [68Ga]6 regarding the 
radioactivity that was obtained in the blood (Fig.11). A slightly higher amount of [68Ga]4 
remained in the circulation compared to [68Ga]6 revealing a faster elimination of the 
latter which was anticipated due to the higher hydrophilicity. The highest radioactivity 
in the blood was obtained as expected in the first 15 min where the radioactivity of 
[68Ga]4 was 1.95 ± 0.47%ID/g and 1.36 ± 1.26%ID/g for [68Ga]6. The major reduction 
in %ID/g was observed after 1 h p.i. when both tracers were still in the circulation 
([68Ga]4: 0.78 ± 0.32%ID/g and [68Ga]6: 0.36 ± 0.20%ID/g). After 2 h of injection, the 
tracers’ amount remaining in the blood was negligible.  
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Fig.9: Comparison of the ex vivo biodistribution of [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4) and 
[68Ga]Ga-DOTA-PEG4-Tz ([68Ga]6) at 30 and 60 min after the i.v. injection in BALB/c mice. 
The columns represent the average ± standard deviation (n = 3–5). %ID/g: percent of injected 
dose per gram of tissue, Gall.: gallbladder, S.I.: small intestine, L.I.: large intestine, Occ. Bone: 
occipital bone, and B.M.: bone with marrow. Unpaired t-test was performed to assess the 
statistical significance of the difference in the two tracers (P = 0.0514 (ns), **P = 0.0049). 
Reprinted from Nuclear Medicine and Biology, Vol: nd, Lambidis et al., Synthesis and ex vivo 
biodistribution of two 68Ga-labeled tetrazine tracers: Comparison of pharmacokinetics, Pages No.: nd, 
Copyright (2022), with permission from Elsevier. 
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Fig.10: The ex vivo biodistribution of (A) [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4, n = 3) and (B) 
[68Ga]Ga-DOTA-PEG4-Tz ([68Ga]6, n = 5) after the i.v. injection in BALB/c mice. The columns 
represent the average ± standard deviation. %ID/g: percent of injected dose per gram of 
tissue, Gall.: gallbladder, S.I.: small intestine, L.I.: large intestine, Occ. Bone: occipital bone, 
and B.M.: bone with marrow. Reprinted from Nuclear Medicine and Biology, Vol: nd, Lambidis et al., 
Synthesis and ex vivo biodistribution of two 68Ga-labeled tetrazine tracers: Comparison of 
pharmacokinetics, Pages No.: nd, Copyright (2022), with permission from Elsevier. 
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Fig.11: Comparison of the %ID/g in the blood for [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4) and 
[68Ga]Ga-DOTA-PEG4-Tz ([68Ga]6). The values represent the average ± standard deviation (n 
= 3–5). %ID/g: percent of injected dose per gram of tissue. Unpaired t-test was performed to 
assess the statistical significance of the difference between two tracers (P = ns). Reprinted from 
Nuclear Medicine and Biology, Vol: nd, Lambidis et al., Synthesis and ex vivo biodistribution of two 
68Ga-labeled tetrazine tracers: Comparison of pharmacokinetics, Pages No.: nd, Copyright (2022), with 
permission from Elsevier. 

 

5.1.5. Separation of the blood components and analysis of their interaction with 
[68Ga]4 and [68Ga]6: 

Blood samples were taken from the mice after the injection of [68Ga]4 or [68Ga]6 tracer 
at each designated time point and the different blood components—RBCs, proteins 
and plasma—were separated. The percentage of radioactivity in each blood 
component was calculated with respect to all three components from the total activity 
in the sample. The results revealed a similar pattern of distribution between the blood 
components for the two Tz tracers (Fig.12). The overall trend for both tracers was the 
gradual decrease of the radioactivity in the plasma and the subsequent increase in the 
blood proteins. The detected activity levels in the RBCs were comparable for each 
time point. Most of the obtained values were similar in all cases; The activity obtained 
at all time points for both tracers in the three blood components was around or lower 
than 40%. Exception to this observation was the activity at 15 and 60 min p.i. for both 
tracers in the plasma ([68Ga]4: 51.04 ± 3.37% and [68Ga]6: 44.78 ± 6.97%) and the 
blood proteins ([68Ga]4: 47.31 ± 5.25% and [68Ga]6: 63.25%), respectively, and at 120 
min for [68Ga]4 in the proteins ([68Ga]4: 58.36 ± 3.93%). The highest activity was found 
in the blood proteins due to the [68Ga]6 tracer at 60 min p.i., and this was even higher 
than the activity at 120 min after the [68Ga]4 injection. Overall, the activity due to the 
[68Ga]6 tracer was higher compared to [68Ga]4 in the RBCs and lower both in the blood 
proteins and in the plasma with the exception in the proteins at 60 min. However, the 
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measurement at 60 min is a result of a single experiment for [68Ga]6, so the statistical 
significance of the observation cannot be evaluated.  

 

 

Fig.12: The calculated activity (%) in each of the blood components after the ex vivo 
biodistribution of [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4) (n = 3) and [68Ga]Ga-DOTA-PEG4-
Tz ([68Ga]6) (n = 1-5) in BALB/c mice. The results show the estimated binding of the tracer in 
RBCs (red blood cells), blood proteins and plasma with respect to time. The columns represent 
the average ± standard deviation. Unpaired t-test was performed to assess the statistical 
significance of the difference in the two tracers (****P<0.0001). Reprinted from Nuclear Medicine 
and Biology, Vol: nd, Lambidis et al., Synthesis and ex vivo biodistribution of two 68Ga-labeled tetrazine 
tracers: Comparison of pharmacokinetics, Pages No.: nd, Copyright (2022), with permission from 
Elsevier. 

 

5.2. 68Ga-labeling of NPs: Direct and indirect approach (I, II) 

5.2.1. Indirect approach by using IEDDA 

The IEDDA reactivity of the two tracer candidates was explored using two different 
types of TCO-bearing nanoparticles. The nanoparticles were the porous silicon 
nanoparticles (PSiNPs) and HEVNPs. When [68Ga]Ga-DOTA-PEG4-Tz ([68Ga]6) was 
used, the IEDDA RCYs were only 7.7–9.6%. With [68Ga]Ga-HBED-CC-PEG4-Tz 
([68Ga]4), the yield was significantly higher. Because of the low IEDDA RCYs resulting 
from [68Ga]6, most of the radiolabeling of the NPs was done with [68Ga]Ga-HBED-CC-
PEG4-Tz ([68Ga]4) (Fig.13). The IEDDA reaction kinetics for [68Ga]4 was monitored by 
radio-TLC from 10 min and up to 1 h. However, because no difference was noticed in 
the RCY at longer incubations, the 10 min reaction time was chosen. Figure 14 
illustrates the main findings regarding the influence of [68Ga]Ga-HBED-CC-PEG4-Tz 
([68Ga]4) amount on IEDDA while keeping the same amount of NPs. From the graph 
(Fig.14), the TCO moles could be estimated with respect to the Tz moles when the 
amount of Tz used gave a plateau of the lowest RCY values. Thus, the TCO moles 
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were at least 100 nmol per mg of PSiNPs (for 10.3 nmol of Tz (minimum amount)) and 
minimum 55 nmol per mg of HEVNPs (for 2.2 nmol of Tz (minimum amount)). For both 
NPs, a higher RCY was achieved with a decreasing amount of Tz (higher TCO:Tz 
ratio), and thus, a higher molar activity. Additionally, for higher than 1 nmol of Tz, the 
[68Ga]4-TCO-HEVNPs RCYs were lower than 5% following the 10 min reaction time. 
The majority of the highest [68Ga]4-TCO-HEVNPs RCYs (around 20%) were very 
closely associated to the lowest RCY of [68Ga]4-TCO-PSiNPs. Moreover, the highest 
RCY for the [68Ga]4-TCO-PSiNPs was confirmed to be around 60% in multiple trials. 
More consistent results were obtained from the in vitro reaction between the TCO-
PSiNPs and [68Ga]4 compared to the TCO-HEVNPs and [68Ga]4 case. Therefore, 
PSiNPs were further tested in tumor-mimicking conditions for illustrating the potential 
of [68Ga]4 for pretargeted imaging applications. The TCO-PSiNPs were incubated up 
to 24 h in either sodium acetate pH 5.3, or 10% FBS in sodium acetate pH 5.3 buffers,
both of which mimic the human tumor microenvironment. Following the incubation of 
the NPs in the tumor-simulating fluids at different time points, TCO-PSiNPs were 
reacted with [68Ga]Ga-HBED-CC-PEG4-Tz. The outcome showed that IEDDA was still 
feasible even after treating the NPs in tumor-mimicking conditions (Fig.15).

Fig.13: Radio-TLC chromatograms of (A) [68Ga]Ga-HBED-CC-PEG4-Tz ([68Ga]4), (B) 
[68Ga]Ga-DOTA-PEG4-Tz ([68Ga]6), and after the TCO-NPs 68Ga-labeling: (C) [68Ga]4-TCO-
HEVNPs and (D) [68Ga]4-TCO-PSiNPs. Reprinted from Nuclear Medicine and Biology, Vol: nd, 
Lambidis et al., Synthesis and ex vivo biodistribution of two 68Ga-labeled tetrazine tracers: Comparison 
of pharmacokinetics, Pages No.: nd, Copyright (2022), with permission from Elsevier.
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Fig.14: The influence of the tetrazine [68Ga]4 amount on the RCY obtained from the in vitro 
IEDDA while keeping the amount of NPs, and thus TCO, constant (10 min reaction time). The 
illustration shows the outcome from the reaction using both NP types, HEVNPs and PSiNPs. 
The data represents single values. IEDDA RCY represents the RCY obtained after inverse 
electron demand Diels-Alder reactions between the Tz tracer ([68Ga]Ga-HBED-CC-PEG4-Tz) 
and the functionalized NPs (TCO-HEVNPs or TCO-PSiNPs). Reprinted from Nuclear Medicine 
and Biology, Vol: nd, Lambidis et al., Synthesis and ex vivo biodistribution of two 68Ga-labeled tetrazine 
tracers: Comparison of pharmacokinetics, Pages No.: nd, Copyright (2022), with permission from 
Elsevier. 
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Fig.15: Incubation of TCO-PSiNPs in tumor-simulated fluids up to 24 h and its influence on 
the in vitro Tz-TCO ligation. The NPs were incubated in either sodium acetate pH 5.3 or 10% 
fetal bovine serum (FBS) in sodium acetate pH 5.3 prior to the IEDDA reaction. The data 
represents single values. Reprinted from Nuclear Medicine and Biology, Vol: nd, Lambidis et al., 
Synthesis and ex vivo biodistribution of two 68Ga-labeled tetrazine tracers: Comparison of 
pharmacokinetics, Pages No.: nd, Copyright (2022), with permission from Elsevier. 

 

5.2.2. Direct approach (II, III) 

5.2.2.1. Radiolabeling of DOTA conjugated HEVNPs 

Because the goal to radiolabel the desired NPs, HEVNPs, was not very favorable 
using the IEDDA-based indirect approach, a different methodology had to be 
developed for the 68Ga-labeling of HEVNPs. The NPs were initially functionalized with 
a DOTA BFC (Scheme 2). The conjugation was achieved by the direct coupling to the 
DOTA-NHS ester. The cysteine and lysine amino acids exist on the HEVNP surface 
in high amounts (n = 60 of each of the amino acids per VLP). Here, the primary amine 
of surface-exposed lysine residues was reacted with the NHS ester molecule to form 
an amide bond. The morphology and size of DOTA-HEVNPs were examined using 
TEM (Fig.16). The intact spherical shape of HEVNPs of diameter in the expected 
range of 20–30 nm and the appearance of the conjugated NPs in TEM corresponded 
well with that of the unconjugated HEVNPs. Additionally, no aggregation, and thus no 
NP cross-linking, was detected after the conjugation and purification steps. The ζ-
potential of the NPs before and after the conjugation was also measured in order to 
ensure that the HEVNP surface and its potential remained unchanged after the 
modification. It was important that the degree of labeling would not affect the HEVNP 
properties and biodistribution with respect to the native NPs. The ζ-potential values 
were -22.03 mV for the stock HEVNPs and -21.7 mV for DOTA-HEVNPs, illustrating 
that the surface properties of the HEVNP were maintained. 
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The efficient conjugation of DOTA to HEVNP was confirmed by the [68Ga]Ga-DOTA-
HEVNPs formation (Fig.17). The radiochemical yield and purity of [68Ga]Ga-DOTA-
HEVNPs were estimated by radio-TLC and were 64.2 ± 15.1% (n = 5) and 98.6% ± 
0.9 (n = 5), respectively. In addition, the RCY from the radiolabeling of unmodified 
HEVNPs with [68Ga]GaCl3 was only 0.2% (n = 1), confirming the requirement of a 
chelating agent on the surface of the NPs for efficient radiolabeling. Moreover, this 
was a good indication that the trivalent 68Ga3+ cation does not get adsorbed on 
HEVNPs which would result in release of the radiolabel in physiological conditions. 

 

 
Scheme 2: The synthesis of DOTA-HEVNP. Conjugation reaction between the NHS ester and 
the lysine primary amines on the HEVNP surface in phosphate buffer at pH 7.4. The reaction 
was run overnight at 4 oC. RT = room temperature, O/N = overnight, HPF6 = 
hexafluorophosphoric acid, and TFA = trifluoroacetic acid. Reprinted (adapted) with permission 
from Molecular Pharmaceutics, Vol: 19, Lambidis et al., Development of 68Ga-Labeled Hepatitis E Virus 
Nanoparticles for Targeted Drug Delivery and Diagnostics with PET, Pages No.: 2971-2979. Copyright 
(2022) American Chemical Society. 
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Fig.16: The size and morphology of the HEVNPs were characterized by TEM: (A) Unmodified 
spherical 20-30 nm in diameter HEVNP, in PBS:Milli-Q 1:10; (B) and (C) HEVNPs after the 
PD-10 purification of the DOTA-conjugated HEVNPs, in PB:Milli-Q 1:10, at 500 nm (B) and 
200 nm (C) magnification. The retention of the spherical shape of the NPs after the conjugation 
and purification was verified. The histogram (D) also confirms that the size of the measured 
DOTA-HEVNPs was in the range of 21–26 nm in diameter. The TEM images were analyzed 
with Fiji ImageJ 1.51. Reprinted (adapted) with permission from Molecular Pharmaceutics, Vol: 19, 
Lambidis et al., Development of 68Ga-Labeled Hepatitis E Virus Nanoparticles for Targeted Drug 
Delivery and Diagnostics with PET, Pages No.: 2971-2979. Copyright (2022) American Chemical 
Society.
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Fig.17: Radio-TLC chromatograms of isolated [68Ga]Ga-DOTA-HEVNPs (top) and free 68Ga-
radionuclide (bottom); conditions: Whatman 1 paper chromatography with 0.5 mM DTPA.
Reprinted (adapted) with permission from Molecular Pharmaceutics, Vol: 19, Lambidis et al., 
Development of 68Ga-Labeled Hepatitis E Virus Nanoparticles for Targeted Drug Delivery and 
Diagnostics with PET, Pages No.: 2971-2979. Copyright (2022) American Chemical Society.

5.2.2.2. In vitro stability of [68Ga]Ga-DOTA-HEVNPs

The stability of [68Ga]Ga-DOTA-HEVNPs was analyzed in vitro under four different 
conditions, in 50% human plasma, PBS (pH = 7.4), CO2-independent cell culture
medium and with an iron challenge (Fig.18). The iron challenge was performed to 
count for the high amount of iron found in vivo which might result in the transchelation 
between 68Ga3+ and Fe3+ cations. The stability of the radiolabel was investigated by 
radio-TLC (Rf([68Ga]Ga-DOTA-HEVNPs) = 0.0 and Rf(free 68Ga) = 0.8). During the 
first time points, 10 min and 1 h, the radiolabel remained stable (>95.5%) in all test 
media with the exception at 1 h in Fe3+ (93.2 ± 4.89%). At the 2 h time point the intact 
radiolabeled NPs were at least 90%, and the most profound loss of radiolabel was 
detected from 4 h onward. However, due to the short physical half-life of gallium-68
(t1/2 = 67.7 min), the most important time points are the early ones (up to 1 h). Lastly, 
the cell medium used in subsequent assays was shown not to influence the HEVNP 
radiolabel stability.
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Fig.18: Stability assay of [68Ga]Ga-DOTA-HEVNPs at 37 oC under constant shaking. The 
labeled HEVNPs were tested in PBS (0.01 M, pH 7.4), 50% human plasma, CO2-independent 
cell culture medium and iron (FeCl3.6H2O, 18mM) for the iron challenge. Radio-TLC from the 
samples was done at seven time points up to 6 h in total. The values represent the average ± 
standard deviation (n = 2–3). Reprinted (adapted) with permission from Molecular Pharmaceutics, 
Vol: 19, Lambidis et al., Development of 68Ga-Labeled Hepatitis E Virus Nanoparticles for Targeted 
Drug Delivery and Diagnostics with PET, Pages No.: 2971-2979. Copyright (2022) American Chemical 
Society. 

 

5.2.2.3. Radiolabeling and in vitro stability of the LXY30 conjugated DOTA-
HEVNPs (III) 

The integrin α3β1-targeted HEVNPs consisted of the LXY30 targeting peptide on their 
surface. The cysteine amino acid was occupied from the ligand, however the lysine 
amino acid was still available. Thus, the lysine’s primary amine was reacted with the 
NHS ester group of the DOTA-NHS ester reagent in a very similar way as it was for 
the functionalization of the native HEVNP using the same DOTA reagent. The 68Ga-
labeling was successful and the radiochemical yield and purity of [68Ga]Ga-DOTA-
HEVNP-LXY30 were obtained by radio-TLC and were 66.3% (RCY, n = 5) and 98.3% 
(RCP, n = 6), respectively. The in vitro stability of [68Ga]Ga-DOTA-HEVNP-LXY30 was 
evaluated in 0.01 M PBS (pH 7.4), 50% human plasma, iron and cell medium at 37 
oC. The results revealed high in vitro radiolabeled-stability of [68Ga]Ga-DOTA-HEVNP-
LXY30 under all tested conditions. In most cases, the amount of intact radiolabeled 
NPs was at least 95% (Fig.19). 
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Fig.19: In vitro stability assay of [68Ga]Ga-DOTA-HEVNP-LXY30 at 37 oC under constant 
shaking in (0.01 M, pH 7.4), 50% human plasma, FeCl3 (0.2 mM) and CO2-independent cell 
medium. The RCYs were obtained from radio-TLCs within the first hour of incubation. The 
values represent the average ± standard deviation (n = 2–3). 

 

5.3. Radiolabeling of HEVNPs with iodine-125 (IV) 

In order to examine the HEVNP nanosystem for a longer period of time (days), a long-
lived radionuclide was selected. The goal of this study was to perform the animal 
experiments using a different route of administration. This time, the radiolabeled 
HEVNPs would be administered orally instead of intravenously. This would allow the 
detailed investigation of HEVNPs in the GI tract and the comparison between the two 
alternative administration approaches. 

5.3.1. Peracid and CAT oxising agents 

Initially, peracid was used as the oxidizer for the 125I-labeling. The strong oxidizing 
agent, though, led to unsatisfactory RCY that was <50%. Therefore, a different method 
was developed which included the weaker oxidizer, Chloramine-T (CAT). The 
investigation started using a high concentration of CAT (6 mg/ml) and the radiolabeling 
was not only successful but an RCY>90% was yielded under these conditions. In order 
to evaluate the influence of the CAT oxidizing agent on the protein-based HEVNP, 
lower concentrations were also used (3 mg/ml followed by 1 mg/ml). The data show 
the linear relationship between the CAT concentration and the resulting RCY (Fig.20 
(left)). The radioiodination with the high concentration (6 mg/ml) of the CAT oxidizer 
was carried out up to 30 min (Fig.20 (right)). The RCY was 94% (n = 2) already from 
the first 3 min from the initiation of the incubation and did not change at the later time 
points. The PD-10 purification offered excellent RCP and the radiolabeled HEVNPs 
remained intact (98.8%) after overnight storage at room temperature. 
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As expected, using a reduced amount of CAT, the RCY was also decreasing. For 
instance, with 1 mg/ml of CAT the RCY decreased to 72%. Therefore, in order to avoid 
harming our protein-based nanosystem by using a high concentration of a strong 
oxidant, a weaker oxidizing agent, Iodogen, was also used for the radioiodination of 
HEVNPs. These conditions generated [125I]I-HEVNPs very efficiently and with RCYs 
similar to the CAT case (RCY>90%).  

 

                              

Fig.20: Comparison of different oxidizing agents for the [125I]I-HEVNPs production (left), and 
the RCY profile after the radioiodination of HEVNPs using the CAT oxidant and before 
quenching the reaction (right). The values represent single values. 

 

5.3.2. In vitro stability of 125I-HEVNPs 

The in vitro stability assay was performed in various solutions- PBS, cell culture 
medium, SGF and SIF- and the intact [125I]I-HEVNPs were estimated by radio-TLC 
(Fig.21). The NPs were highly stable (≥95%) in most of the conditions apart from SGF. 
At 30 min of incubation in SGF, the radiolabeled NPs were already <30% intact. 
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Fig.21: In vitro stability of [125I]I-HEVNPs at 37 oC under constant shaking. The labeled 
HEVNPs were tested in PBS (0.01 M, pH 7.4), CO2-independent cell culture medium, SGF 
and SIF. Radio-TLC from the samples was performed at four time points up to 1 h. The values 
represent single values. 

 

5.3.3. CAT oxidizing agent- without quenching 

Since the radiolabeling already resulted in outstanding RCYs, leaving a negligible 
amount of unreacted iodide-125, quenching the reaction was not necessary. 
Therefore, the reaction was done excluding the addition of the sodium metabisulfite 
reducing agent which could contribute in affecting the stability of HEVNPs. After 
obtaining RCY = 97% and RCP≥95% (still using 6 mg/ml of CAT), the stability assay 
was performed in 50% plasma and SGF. In the previous experiments the radiolabel 
was shown to be the least stable in plasma and SGF, thus the stability evaluation was 
performed only in these two solutions (Fig.22 and 23). In addition, in the literature the 
albumin protein (BSA) has been used in order to protect the radiolabeled protein, and 
thus, improve its stability. Therefore, in order to protect our protein-based nanosystem, 
[125I]I-HEVNPs, BSA was added in the suspension. The pure [125I]I-HEVNPs were 
added in the samples that contained either plasma or SGF as well as BSA in either a 
high (10 mg/ml) or a low (1 mg/ml) concentration (Fig. 22 and 23). The results revealed 
that the [125I]I-HEVNPs were only partly intact in both testing conditions, despite the 
additional contribution of the albumin.  

 



 

67 

 

Fig.22: In vitro stability of [125I]I-HEVNPs at 37 oC under constant shaking in SGF. The labeled 
HEVNPs were tested in SGF with or without BSA and following the labeling with different CAT 
concentrations. Low [BSA] refers to 1 mg/ml concentration, and high [BSA] to 10 mg/ml. 
Radio-TLC from the samples was performed up to 4 h. The values represent single values. 

 

 

 

Fig.23: In vitro stability of [125I]I-HEVNPs at 37 oC under constant shaking in plasma. The 
labeled HEVNPs were tested in plasma with or without BSA. Radio-TLC from the samples 
was performed up to 2 h. The values represent single values. 
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5.3.4. Iodogen oxidizing agent and stability 

Due to the low in vitro stability of [125I]I-HEVNPs in plasma and SGF after the CAT 
radioiodination attempts, regardless of the different reagents and conditions that were 
used, the weaker oxidizing agent Iodogen was selected for another radioiodination 
trial. After achieving RCY = 92.7% and RCP = 96.3%, the stability assay was 
performed in PBS, 50% plasma, 1 mg/ml BSA, SGF and SIF (Fig.24). In the PBS, BSA 
and SIF solutions the [125I]I-HEVNPs remained ≥95% intact up to 30 min after the 
initiation of the incubation and at 2 h the stability was reduced to <90%. The 
radiolabeled HEVNPs were once more the least stable in the SGF solution, although 
this time the amount of intact NPs was greater up to 15 min compared to the CAT case 
(71.6-78.1% up to 15 min). The stability in SGF dropped significantly after 2 h of 
incubation when it reached 32.7%. 

 

 

Fig.24: In vitro stability of [125I]I-HEVNPs at 37 oC under constant shaking following 
radioiodination with the weak oxidant, Iodogen. The labeled HEVNPs were tested in PBS (0.01 
M, pH 7.4), 50% plasma, 1 mg/ml BSA, SGF and SIF. Radio-TLC from the samples was 
performed up to 2 h. The values represent the average ± standard deviation (n = 2). 

 

5.4. Radiolabeling of HEVNPs with indium-111 and their in vitro stability 

Due to the insufficient stability following the radioiodination of HEVNPs, another long-
lived radionuclide was used aiming at the oral administration in healthy mice. HEVNPs 
were successfully radiolabeled with indium-111 using DOTA as the chelator. The 
radiochemical yield and purity of the 111In-labeled HEVNPs were confirmed by radio-
TLC and were >97% and >99%, respectively. The stability of the radiolabel was 
evaluated in vitro up to 48 h and under various conditions (Fig.25). [111In]In-DOTA-
HEVNPs were mostly stable in the iron solution where they remained ≥91% intact at 
all time points. Thus, transmetalation was insignificant. The radiolabel was also stable 



 

69 

(>99% at every time point) in the cell culture medium with the exception at 48 h when 
the intact NPs were 82.1%. In the PBS and 50% plasma solutions the radiolabeled 
HEVNPs stayed ≥99% intact up to 4 h and ≥95% at 5 h after the initiation of the 
incubation. Radionuclide release was detected at 6 h onward, and at 48 h [111In]In-
DOTA-HEVNPs were approximately 88% stable in both PBS and plasma. 

 

 
Fig.25: Stability assay of [111In]In-DOTA-HEVNPs at 37 oC under constant shaking. The 
labeled HEVNPs were tested in PBS (0.01 M, pH 7.4), 50% human plasma, CO2-independent 
cell culture medium and iron (FeCl3.6H2O, 18 mM) for the iron challenge. Radio-TLC from the 
samples was performed at nine time points up to 48 h. The values represent the average ± 
standard deviation (n = 2; with the exception of n = 1 for the cell medium at 48 h). 

 

5.4.1. In vitro stability of [111In]In-DOTA-HEVNPs in GI tract simulated fluids 

Another in vitro assay was done, this time in GI tract simulated fluids (Fig.26). The 
radiolabel was kept intact in the intestinal simulated fluid (≥90% until 48 h after the 
initiation of the incubation), whereas it showed high instability in the gastric simulated 
fluid. Already from the first 30 min the intact [111In]In-DOTA-HEVNPs were only 71.8 ± 
0.4%. The assay lasted for 48 h merely to acquire the complete depiction. In addition, 
it is important to note that the radio-TLC displayed two peaks that belong to the 
radiolabeled NPs and the free radionuclide. There were no other peaks demonstrating 
the presence of smaller protein components or free [111In]In-DOTA. Therefore, the 
instability was most likely due to the 111In-release. However, the high stability in 
FaSSIF encouraged us to investigate the biodistribution of [111In]In-DOTA-HEVNPs 
after oral administration. 
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Fig.26: Stability assay of [111In]In-DOTA-HEVNPs at 37 oC under constant shaking. The 
labeled HEVNPs were tested in SGF and FASSIF. Radio-TLC from the samples was 
performed at seven time points up to 6 h in total. The values represent the average ± standard 
deviation (n = 1-2). 

 

5.5. Biological evaluation of 68Ga-labeled HEVNPs  

5.5.1. Ex vivo biodistribution of [68Ga]Ga-DOTA-HEVNPs in healthy mice 

In the ex vivo experiments that were carried out in healthy mice, an increased 
radioactivity was observed in the liver and spleen already at 15 min after the injection 
(Fig.27). The highest radioactivity values in both the liver and the spleen were obtained 
at 1 h p.i. (96.3 ± 58.7%ID/g and 17.2 ± 7.7%ID/g, respectively). [68Ga]Ga-DOTA-
HEVNPs reached over 50%ID/g in liver after 15 min and this increased to almost 
double at the 1 h time point, consistent with the expected liver tropism of HEVNPs. 
Additionally, increased radioactivity was observed in the gallbladder with the highest 
values attained at 30 min after intravenous injection (21.5 ± 12.8%ID/g). Increased 
uptake of the labeled HEVNPs in the liver which is about four times higher than the 
uptake in the spleen (Fig.28). In addition, the blood retention of [68Ga]Ga-DOTA-
HEVNPs was below 5%ID/g from the first 15 min p.i. At the last time point (120 min), 
the NPs were still detected in the circulation (2.11 ± 0.67%ID/g). Moreover, the liver-
to-blood ratio at 1 h p.i. was 37.11 ± 6.85, whereas the liver-to-spleen ratio was 5.38 
± 0.91 (Fig.29). 
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Fig.27: The ex vivo biodistribution of [68Ga]Ga-DOTA-HEVNPs after the i.v. injection in healthy 
BALB/c mice showed fast urinary elimination accompanied by high radioactivity levels in the 
liver. The columns represent the average ± standard deviation (n = 3–5). %ID/g = percent of 
injected dose per gram of tissue, Gall.: gallbladder, SI: small intestine, LI: large intestine, Occ. 
Bone: occipital bone, and BM: bone with marrow. Reprinted (adapted) with permission from 
Molecular Pharmaceutics, Vol: 19, Lambidis et al., Development of 68Ga-Labeled Hepatitis E Virus 
Nanoparticles for Targeted Drug Delivery and Diagnostics with PET, Pages No.: 2971-2979. Copyright 
(2022) American Chemical Society. 
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Fig.28: Activity level of [68Ga]Ga-DOTA-HEVNPs in the blood, spleen and liver against time 
following the ex vivo biodistribution in healthy BALB/c mice. The values represent the average 
± standard deviation (n = 3–5). %ID/g = percent of injected dose per gram of tissue. Reprinted 
(adapted) with permission from Molecular Pharmaceutics, Vol: 19, Lambidis et al., Development of 
68Ga-Labeled Hepatitis E Virus Nanoparticles for Targeted Drug Delivery and Diagnostics with PET, 
Pages No.: 2971-2979. Copyright (2022) American Chemical Society. 

 

 

Fig.29: Comparison of the activity level of [68Ga]Ga-DOTA-HEVNPs in the liver:blood and 
liver:spleen ratio against time following the ex vivo biodistribution in healthy BALB/c mice. The 
highest liver:blood ratio was attained at 1 h p.i., whereas the liver:spleen ratio remained 
constant at 5 with a negligible increase at 30 min (6.14 ± 2.08). The values represent the 
average ± standard deviation (n = 3–5). Reprinted (adapted) with permission from Molecular 
Pharmaceutics, Vol: 19, Lambidis et al., Development of 68Ga-Labeled Hepatitis E Virus Nanoparticles 
for Targeted Drug Delivery and Diagnostics with PET, Pages No.: 2971-2979. Copyright (2022) 
American Chemical Society. 
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5.5.2. Cell uptake of [68Ga]Ga-DOTA-HEVNP in macrophages, hepatocytes and 
colon cancer cells 

The two cell lines, RAW 264.7 murine macrophages and Hep G2 human hepatocytes, 
were treated with [68Ga]Ga-DOTA-HEVNPs at 37 oC. The time points were 15, 30, 60 
and 120 min. In parallel, the cells were treated with [68Ga]GaCl3 as a negative control 
for the cell internalization. The results revealed that [68Ga]Ga-DOTA-HEVNPs were 
internalized in both cell lines. Figure 30 (A-C) shows that the internalization of 
[68Ga]Ga-DOTA-HEVNPs in macrophages and hepatocytes is approximately the 
same up to 1 h and with a maximum difference of 1.5% between the values for the two 
cell lines at the other time points. The NP internalization after 1 h of incubation was 
highly similar for the two cell lines with 2.36 ± 0.45% in Hep G2 and 2.47 ± 0.13% in 
RAW 264.7. For both cell types, a more profound increase in the uptake of [68Ga]Ga-
DOTA-HEVNPs was observed from 1 h to 2 h (2.4% difference in Hep G2 and 6.7% 
in RAW 264.7). By comparing the two cell lines, it can be seen that after 2 h of 
incubation the NPs showed a higher degree of internalization in the RAW 264.7 cells 
which was double the amount detected in the Hep G2 cells at the same time point 
(9.14 ± 0.78% and 4.78 ± 0.98% in 2 h, respectively). Nevertheless, a noteworthy level 
of internalization for HEVNPs was also observed in the hepatocytes. The cell uptake 
trend in the HCT 116 cells (Fig.30D) is very comparable to the Hep G2 and RAW 264.7 
cells. Starting with <1% internalization in the first 15 min, [68Ga]Ga-DOTA-HEVNPs 
reached 2.78 ± 0.22% internalization in 1 h and a maximum of 6.64 ± 0.15% in 2 h, 
thus confirming the expected uptake in the HCT 116 cells. In addition, it is worth noting 
that the internalization of the free radionuclide control was constant and in the range 
of 0.2%–1% in all the cell lines throughout the study, confirming that the internalized 
radioactivity was due to the intact HEVNPs themselves (Fig.30 A, B and D) and not 
the released radiolabel. Lastly, the interaction of [68Ga]Ga-DOTA-HEVNPs and 
[68Ga]GaCl3 with the cell membrane was estimated and is shown in Figure 31. 
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Fig.30: Cell internalization of [68Ga]Ga-DOTA-HEVNPs and [68Ga]GaCl3 in (A) hepatocytes 
(Hep G2) and (B) macrophages (RAW 264.7). The comparison between the two cell lines is 
shown for [68Ga]Ga-DOTA-HEVNPs (C). The cell uptake assay was done at 37 oC up to 2 h 
after the initiation of the incubation. The columns represent the average ± standard deviation 
(n = 3). Unpaired t-test was performed to assess the statistical significance of the difference 
between the HEVNPs and the free 68Ga (Hep G2 (A): **P=0.0063, RAW 264.7 (B) and HCT 
116 (D): ****P<0.0001 (D: N/A)). Reprinted (adapted) with permission from Molecular 
Pharmaceutics, Vol: 19, Lambidis et al., Development of 68Ga-Labeled Hepatitis E Virus Nanoparticles 
for Targeted Drug Delivery and Diagnostics with PET, Pages No.: 2971-2979. Copyright (2022) 
American Chemical Society.
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Fig.31: Membrane-bound fractions of [68Ga]Ga-DOTA-HEVNPs and [68Ga]GaCl3 in (A) 
hepatocytes (Hep G2) and (B) macrophages (RAW 264.7). The comparison between the two 
cell lines is shown for [68Ga]Ga-DOTA-HEVNPs (C). The cell uptake assay was done at 37 oC 
up to 2 h after the initiation of the incubation. The columns represent the average ± standard 
deviation (n = 3). Reprinted (adapted) with permission from Molecular Pharmaceutics, Vol: 19, 
Lambidis et al., Development of 68Ga-Labeled Hepatitis E Virus Nanoparticles for Targeted Drug 
Delivery and Diagnostics with PET, Pages No.: 2971-2979. Copyright (2022) American Chemical 
Society.
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5.5.3. Evaluation of the integrin α3β1-targeted HEVNPs (III) 

5.5.3.1. Cell uptake of the LXY30-conjugated [68Ga]Ga-DOTA-HEVNPs in breast 
and colorectal cancer cell lines 

After obtaining the promising stability and biodistribution outcomes of [68Ga]Ga-DOTA-
HEVNPs, the targeting capability of the NPs was the desired consequent step. 
HEVNPs now consisted of the LXY30 targeting peptide on their surface. The cell 
uptake [68Ga]Ga-DOTA-HEVNP-LXY30 was studied in murine 4T1 breast and human 
HCT 116 colorectal cancer cells, which both have reported expressing integrin α3β1 
(Fig.32A). The [68Ga]Ga-DOTA-HEVNP-LXY30 internalization in 4T1 cells remained 
low and was at its maximum 1.6 ± 0.1% at 1 h. Additionally, [68Ga]Ga-DOTA-HEVNP-
LXY30 were not detected on the cell membrane of the 4T1 cells either (maximum 
membrane-bound fraction 3.2% in 1 h). On the other hand, determination of the cell 
uptake in HCT 116 colorectal cancer cells revealed higher internalization of the 
targeted HEVNPs, [68Ga]Ga-DOTA-HEVNP-LXY30. The internalization was gradually 
increased and highly preferable, yielding 6.9 ± 0.2% of internalized NPs at 1 h and 
increasing to 21.0 ± 0.7% at 3h. The high internalization of [68Ga]Ga-DOTA-HEVNP-
LXY30 in the HCT 116 cells was compared with the cell uptake of the controls, non-
targeted HEVNPs ([68Ga]Ga-DOTA-HEVNP), and [68Ga]GaCl3 (Fig.32B). The amount 
of internalized non-targeted NPs was half the amount of the targeted NPs at all time 
points. This profound difference between the two types of HEVNPs confirmed the 
targeted capability of the NPs toward the HCT 116 colorectal cancer cell line. The 
membrane-bound fraction of HEVNPs was also evaluated. This was equal to or less 
than 2.0% for both HEVNP types at all time points, and equal to or less than 3.2% for 
[68Ga]GaCl3. Therefore, it could be concluded that the demonstrated interaction 
between the targeted HEVNPs and the HCT 116 cells was mainly due to the increased 
internalization capability of the NPs. 
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Fig.32: Cell internalization of (A) [68Ga]Ga-DOTA-HEVNP-LXY30 and free [68Ga]GaCl3 in 4T1 
breast and HCT 116 colorectal cancer cells, and (B) [68Ga]Ga-DOTA-HEVNP-LXY30, 
[68Ga]Ga-DOTA-HEVNP and free [68Ga]GaCl3 in HCT 116 colon cancer cells. The cell uptake 
assays were done at 37 oC. The columns represent the average ± standard deviation (n = 3). 
Unpaired t-test was performed to assess the statistical significance of the difference between 
the two types of HEVNPs and between HEVNPs and free [68Ga]GaCl3 ((A): ***P=0.001 and 
(B): ****P<0.0001). 

 

5.5.3.2. Ex vivo biodistribution of [68Ga]Ga-DOTA-HEVNP-LXY30 and 
comparison to [68Ga]Ga-DOTA-HEVNPs 

The biodistribution of [68Ga]Ga-DOTA-HEVNP-LXY30 was evaluated in mice bearing 
HCT 116 tumors after intravenous administration. The tumor uptake was less than 
1%ID/g at all time points for both HEVNPs (Fig.33). However, because for [68Ga]Ga-
DOTA-HEVNP the biodistribution was evaluated only in a single animal per time point, 
solid conclusions cannot be made regarding the similarity in the tumor uptake. In the 
case of the targeted NPs, an increase of tumor uptake was denoted with time. Starting 
from 0.5 ± 0.1%ID/g, the maximum detected activity due to [68Ga]Ga-DOTA-HEVNP-
LXY30 was 0.83 ± 0.39%ID/g after 1 h from the injection. Despite the increase, the 
uptake level was still modest. Consequently, as it can also be noted from Figure 34, 
both ratios with respect to the tumor, tumor-to-blood and tumor-to-liver, were poor with 
a maximum ratio of 0.5 (1:2 tumor:blood) at 1 h p.i. The highest levels of the [68Ga]Ga-
DOTA-HEVNP-LXY30 radioactivity were detected in the liver and the spleen. The 
highest %ID/g in the spleen was 32.0 ± 18.1%ID/g at only 15 min p.i., and in the liver 
it was 39.8 ± 13.0% at 1 h, whereas for [68Ga]Ga-DOTA-HEVNP only 5.4%ID/g was 
detected in the spleen at 15 min after the injection, and a maximum spleen uptake was 
detected at 30 min (8.4%ID/g). In addition, the liver uptake was higher in the case of 
[68Ga]Ga-DOTA-HEVNP (above 51% at all time points) compared to [68Ga]Ga-DOTA-
HEVNP-LXY30. Moreover, in the case of both HEVNP types, less than 3%ID/g was 
identified in all the rest of the tissues that were analyzed. An exception to this was the 

A    B 
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radioactivity level of [68Ga]Ga-DOTA-HEVNP-LXY30 in the gallbladder which was less 
than 5.5%ID/g at all time points. 

Figure 35 shows the liver, spleen, blood and tumor time-activity curves of [68Ga]Ga-
DOTA-HEVNP-LXY30 following the ex vivo biodistribution in the HCT 116 xenograft 
nude NMRI mice. The most profound difference was shown in the case of the liver 
(15% difference on average) and the spleen (17% difference on average but with an 
exception at 15 min were it reached 27%). The highest liver uptake values were due 
to [68Ga]Ga-DOTA-HEVNP, whereas in the spleen, the [68Ga]Ga-DOTA-HEVNP-
LXY30 uptake was the one that gave the highest values. On the other hand, a highly 
similar blood and liver uptake was obtained for the two HEVNP types. 

 

 

 

Fig.33: Ex vivo biodistribution of [68Ga]Ga-DOTA-HEVNP-LXY30 (n = 4) and [68Ga]Ga-DOTA-
HEVNP control (n = 1) after the i.v. injection in HCT 116 colorectal tumor-bearing female nude 
NMRI mice. The data shown here is the %ID/g obtained at 1 h p.i. The columns represent the 
average ± standard deviation. %ID/g = percent of injected dose per gram of tissue, Gall.: 
gallbladder, S.I.: small intestine, L.I.: large intestine, and B.M.: bone with marrow. 
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Fig.34: Comparison of radioactivity levels of [68Ga]Ga-DOTA-HEVNP-LXY30 in tumor:blood 
and tumor:liver ratios against time following the ex vivo biodistribution in HCT 116 colorectal 
tumor-bearing female nude NMRI mice. The values represent the average ± standard 
deviation (n = 4). 
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Fig.35: Comparison of the radioactivity level between [68Ga]Ga-DOTA-HEVNP-LXY30 and 
[68Ga]Ga-DOTA-HEVNP in (A) liver, (B) spleen, (C) blood and (D) HCT 116 xenograft tumor, 
against time following the ex vivo biodistribution in HCT 116 colorectal tumor-bearing female 
nude NMRI mice. The data for [68Ga]Ga-DOTA-HEVNP-LXY30 denotes the average ± 
standard deviation (n = 4), and for [68Ga]Ga-DOTA-HEVNP single values.

5.5.3.3. Autoradiography of [68Ga]Ga-DOTA-HEVNP-LXY30 and [68Ga]Ga-DOTA-
HEVNP control in HCT 116 colon xenograft tumor

Additionally, autoradiographic analysis of the intratumoral radioactivity distribution was 
carried out for tumors harvested and cryosectioned after the [68Ga]Ga-DOTA-HEVNP-
LXY30 or [68Ga]Ga-DOTA-HEVNP intravenous administration. In the 10 μm sections 
obtained from the tissue at 60 min p.i., the radioactivity in the tumor was homogenously 
distributed (Fig.36), though it is complicated to make any solid conclusions due to the 
limited intensity of the activity that was obtained from the tumor uptake. 
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Fig.36: Real-time autoradiography of tumor tissues following the ex vivo biodistribution of 
[68Ga]Ga-DOTA-HEVNP-LXY30 in HCT 116 colorectal tumor-bearing female nude NMRI 
mice. The intratumoral radioactivity (0.011 cpm/mm2 of tumor section) is shown to be 
homogenously distributed. The red line indicates section region of interest (ROI), while the red 
rectangles denote background. The counts per area of the tumor sections due to the free 
indium-111 control were equal to the background. 

 

5.5.4. Evaluation of HEVNPs after oral administration (IV) 

5.5.4.1. SPECT/CT imaging of [111In]In-DOTA-HEVNPs 

The biodistribution of [111In]In-DOTA-HEVNPs was evaluated in healthy Balb/c mice 
after oral administration of approximately 10 MBq of [111In]In-DOTA-HEVNPs and by 
following the distribution of the NPs in the GI tract up to 24 h by using SPECT/CT 
imaging. The imaging revealed in vivo instability of [111In]In-DOTA-HEVNPs in the GI 
tract already from the stomach where a high uptake was observed (Fig.37). 
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Fig.37: SPECT/CT images from the static scans at 2, 4 and 24 h following the oral 
administration of [111In]In-DOTA-HEVNPs in healthy Balb/c mice.

5.5.4.2. Ex vivo biodistribution of [111In]In-DOTA-HEVNPs

The ex vivo study was done by mostly focusing on the GI tract of the mice although 
other tissues were collected and measured by the gamma-counter as well in order to 
get the entire information on the biodistribution of the new HEVNP system (Fig.38). At 
30 min p.i. the highest levels of radioactivity were detected in the stomach for both the 
HEVNPs (21.1 ± 8.1%ID/g) and 111In-control (30.2 ± 39.3%ID/g). While much lower, 
radioactivity was also obtained in the first parts of the small intestine, duodenum 
(HEVNPs: 4.2 ± 6.3%ID/g and 111In-control: 5.5 ± 4.7%ID/g) and jejenum (HEVNPs: 
3.0 ± 1.3%ID/g and 111In-control: 6.4 ± 6.8%ID/g), whereas the activity in the rest of 
the intestine fragments was negligible (HEVNPs: ≤0.2%ID/g and 111In-control: 
≤0.8%ID/g). At 1 h p.i., although lower, the highest activity was still in the stomach 
(HEVNPs: 6.5 ± 3.2%ID/g and 111In-control: 30.0 ± 19.3%ID/g), and a slight increase 
(2-4%) of radioactivity uptake was observed in the three segments of the small 
intestine for both [111In]In-DOTA-HEVNPs and indium-111. At 6 h p.i. the radiolabeled 
NPs and the free radionuclide still followed a similar trend. Radioactivity was still 
detected in the stomach and small intestine (≤5%ID/g), the highest uptake was 
detected in the caecum (HEVNPs: 11.1 ± 13.0%ID/g and 111In-control: 13.2 ± 
9.6%ID/g), and, although low, the first levels of radioactivity were shown in the large 
intestine (HEVNPs: ≤4.6%ID/g and [111In]InCl3: ≤6.4%ID/g). After 24 h, no essential 
uptake was observed in any of the tissues; The [111In]In-DOTA-HEVNPs uptake was
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in the range of 0.1-0.7%ID/g and the uptake of the free radionuclide was between 
0.01-0.1%ID/g. 

Furthermore, the content of each GI tract segment was isolated in order to measure 
the radioactivity in the cleared tissue and the content separately (Fig.39). In all cases 
and every time point the highest radioactivity levels due to [111In]In-DOTA-HEVNPs 
was obtained in the contents. The stomach content concentrated the highest 
radioactivity value (121.6 ± 48.8%ID/g at 30 min p.i. as opposed to 21.1 ± 8.1%ID/g in 
the cleared tissue). At 30 min p.i. the radioactivity was quite profound also in the 
content of the duodenum and jejenum (41.61 ± 48.19%ID/g and 49.49 ± 37.64%ID/g, 
respectively), whereas it was in negligible levels in the large intestine as expected in 
terms of the metabolism. The uptake in the jejenum and ileum content was mostly 
noticeable at 1 h p.i. (71.8 ± 20.1%ID/g and 27.4 ± 27.8%ID/g, respectively). The 
activity in the content of the caecum and the large intestine remained at zero level until 
6 h p.i. when it became distinguishable and was 29.3 ± 19.7%ID/g in the caecum 
content and 94.5 ± 77.9%ID/g in the large intestine. The latter was the highest 
radioactivity detected in the colon content which was in the final segment, the 
descending colon. However, most of the radioactivity at 6 h p.i. was already obtained 
in the content of the rectum (106.4 ± 47.9%ID/g). As expected, after 24 h from the 
injection the radioactivity was very low in all tissues and their content. This implied the 
complete elimination of the radiolabel present in any form. 

 

 
Fig.38: Ex vivo biodistribution of [111In]In-DOTA-HEVNPs and [111In]InCl3 control after oral 
administration in healthy Balb/c mice. The data shows the activity levels detected in the GI 
tract after eliminating the content from each tissue sample. The columns represent the 
average ± standard deviation (n = 4). %ID/g = percent of injected dose per gram of tissue, 
Asc. = ascending, Trans. = transverse and Desc. = descending. Unpaired t-test was performed 
to assess the statistical significance of the difference between the HEVNPs and the free 
indium-111 control (P = ns). 
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Fig.39: Comparison of the radioactivity levels of [111In]In-DOTA-HEVNPs detected in the GI 
tract tissues after their content elimination and the radioactivity levels in each of the contents. 
[111In]In-DOTA-HEVNPs were administered orally in healthy Balb/c mice. The columns 
represent the average ± standard deviation (n = 4). %ID/g = percent of injected dose per gram 
of tissue, cont.: content, St. = stomach, Duod. = duodenum, Jej. = jejunum, Asc. c. = ascending 
colon, Trans. c. = transverse colon and Desc. c. = descending colon. 

 

5.5.4.3. Macroautoradiography of the GI tracts following the oral administration 
of [111In]In-DOTA-HEVNPs 

The GI tracts (n = 1 per time point) were prepared for macroautoradiography 
measurements (Fig.40) and depending on the outcome, the tissues with the highest 
activity were cut and frozen after their content was removed. These tissues were 
cryosectioned and the autoradiography measurements were run overnight. Examples 
of the sections are shown in Figure 41. The sections of the stomach and the jejunum 
were selected because these tissues had the highest radioactivity levels at the 1 h 
time point. This finding agrees with the %ID/g analysis above (Fig.38). The scope of 
the experiment was to provide further information on the specific and detailed uptake 
of radioactivity. Unfortunately, the study showed a very similar pattern comparing 
[111In]In-DOTA-HEVNPs with the free 111In-control, revealing that either the capsid or 
the label was unstable, corroborating the imaging results.  
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Fig.40: Macroautoradiography of the mice GI tract obtained at 0.5, 1 and 6 h post-oral injection 
of [111In]In-DOTA-HEVNPs in healthy Balb/c mice. The 24 h time point did not indicate any 
presence of radioactivity. St = stomach, Duo = duodenum, Jej = jejunum, Ile = ileum, Cae = 
caecum, Co = colon, Re = rectum.
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Fig.41: Examples of autoradiography results that were obtained after the oral administration 
of [111In]In-DOTA-HEVNPs (top row) or [111In]InCl3 control (bottom row) in healthy Balb/c mice. 
The images show the uptake of radioactivity in sections of the stomach and a part of the small 
intestine (jejunum) at 1 h p.i. The tissue sections were placed on glass slides (3 sections per 
slide) and 3 slides were used for each type of tissue. The red line indicates the section region 
of interest (ROI), while the red rectangles denote background. After subtracting the average 
values of these from each of the sections, the counts per area could be calculated. The 
average counts per area in the stomach sections were 4.16 cpm/mm2 for [111In]In-DOTA-
HEVNPs and 3.33 cpm/mm2 for [111In]InCl3, and in the jejunum 0.40 cpm/mm2 for [111In]In-
DOTA-HEVNPs and 2.94 cpm/mm2 for [111In]InCl3.
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6 DISCUSSION 

5.1. Development of two 68Ga-tetrazine radiotracers (I) 
 
The two Tz-based radiolabeling precursors, Tz-PEG4-HBED-CC (4) and Tz-PEG4-
DOTA (6), were successfully synthesized. The selection of the chelators was made 
regarding the efficient and stable complexation with gallium-68 that has been indicated 
in various studies [2,15,17,26,27]. Although DOTA has been widely used in many 
applications [2,3], HBED-CC has shown faster radiolabeling kinetics with gallium-68, 
resulting in high RCYs (>98% within 5 min) under milder reaction conditions (RT) and 
in higher molar activities (usually 10–37 GBq/μmol), rendering it ideal for the labeling 
of reactive compounds such as tetrazines, or sensitive macromolecules like proteins 
[44–46]. The DOTA chelator has been a gold standard in 68Ga-chemistry and has been 
studied extensively, including in Tz-conjugated derivatives and clinically used 
radiotracers [54,135,140,141]. More recently, the HBED-CC chelator has been 
investigated due to its higher coordination efficiency as a result of its high stability 
constant and acyclic nature [25,151]. 
The synthesis of the two tetrazine precursors, 4 and 6, was relatively straightforward 
resulting in high-yield products. The procedure of their radiosyntheses using gallium-
68 was fast and highly efficient. It is worth noting that HBED-CC-PEG4-Tz showed 
significantly faster reaction kinetics in terms of complexation with gallium-68 while 
achieving complete reactions at RT and at lower precursor concentrations, resulting 
also in higher molar activities. On the other hand, for the 68Ga-labeling of DOTA-PEG4-
Tz, higher precursor concentrations were necessary for attaining high RCYs. 
Additionally, as it is well known, inevitably, the 68Ga-DOTA complex formation cannot 
take place at RT and for a complete reaction to occur a high temperature is required 
due to its macrocyclic configuration. These findings agree with the reported 
information on the labeling kinetics and RCYs with respect to the chelator moiety of 
various 68Ga-labeled tracers [16,25,141,156]. 
Moroever, regarding the ex vivo biodistribution of the radiotracers in healthy mice, a 
higher radioactivity level of [68Ga]4 was observed in the intestines due to the tracer’s 
elimination via the hepatobiliary route. This was the largest %ID/g difference compared 
to [68Ga]6. The denoted intestinal elimination of [68Ga]4 was due to the less hydrophilic 
character of the tracer (logD7.4 = -1.08). The structure of the HBED-CC chelator 
contains aromatic rings, which increase the lipophilicity of the structure directing 
elimination toward hepatobiliary excretion. These observations agree with the blood 
profiles of the two tracers which show a faster blood elimination of [68Ga]6 compared 
to [68Ga]4. Nevertheless, the findings denote an appropriate timeframe regarding 
pretargeting. The tracers would have enough time to react in vivo and at the same 
time they would be excreted from the organism fast enough eliminating the radiation 
burden. 
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5.2. Radiolabeling of NPs with the 68Ga-labeled tetrazines (I) 

Using a short-lived radionuclide, like gallium-68, to radiolabel NPs is beneficial 
because it provides a lower radiation burden to the subject under study (especially 
important in the case of long-lived macromolecules), and substantial flexibility in terms 
of the imaging time points. Moreover, in the case of the pretargeting concept, where 
the NPs are already located at the target, a short half-life radionuclide is sufficient for 
imaging even challenging lesions. Therefore, the IEDDA reactivity of the two tracer 
candidates, [68Ga]4 and [68Ga]6, was explored using two different types of TCO-
bearing nanoparticles, TCO-HEVNPs and TCO-PSiNPs. 

The most common TCO:Tz ratio in pretargeting (1:1) in the case of TCO-conjugated 
antibodies, is not always ideal in the case of TCO-conjugated NPs [157]. Therefore, in 
our study, different TCO:Tz ratios were used to examine the in vitro IEDDA ligation 
aiming at the highest TCO:Tz ratio possible. More consistent results were obtained 
from the in vitro reaction between the TCO-PSiNPs and [68Ga]4 compared to the TCO-
HEVNPs and [68Ga]4 case. Despite the fact that the conjugation between the TCO 
molecule and HEVNPs was attempted using numerous different reaction conditions 
by altering the buffer (phosphate buffers, borate, sodium carbonate) and the 
purification techniques (dialysis membranes, HPLC (with a size exclusion 
chromatography column) and desalting columns with either glucan (Sephadex) or 
polypropylene resin), there was no improvement in the reaction yields as was noted 
from the obtained RCYs following the consequent IEDDA trials. Nonetheless, the 
experiments showed that IEDDA was still feasible even after treating the NPs in tumor-
mimicking conditions, and thus, it can be concluded that [68Ga]4 looks promising 
regarding the in vivo preclinical imaging applications although further optimization is 
needed. 

 

5.3. Direct radiolabeling of HEVNPs with gallium-68 (II, III) 

Following the insufficient radiolabeling of HEVNPs using the IEDDA pathway (indirect 
radiolabeling), an alternative methodology was attempted. This time the direct 
approach was followed to examine the possibility of achieving a higher 68Ga-labeling 
efficiency. Among the various amino acids that are present on the exterior of the 
HEVNPs, the amino acids cysteine and lysine exist in high amounts (n = 60 of each of 
the amino acids per HEVNP). Here, the primary amine of surface-exposed lysine 
residues was reacted with the NHS ester of the DOTA-NHS ester reagent to form an 
amide bond, generating DOTA-HEVNPs. This conjugation allowed the synthesis of 
highly stable [68Ga]Ga-DOTA-HEVNPs in a repetitive manner and with high reaction 
efficiencies; The maximum RCY that was achieved with the DOTA conjugation was 
79.6%, whereas only 20% was the highest RCY following IEDDA. These very 
satisfactory results allowed us to evaluate the biodistribution of [68Ga]Ga-DOTA-
HEVNPs both in vitro and in vivo.  
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5.4. Ex vivo biodistribution and cell uptake of [68Ga]Ga-DOTA-HEVNP (II, III) 

The detected radioactivity in the liver was much more prominent than it is typically 
observed for VLPs of comparable size. For example, 125I-labeled BK (Polyomavirus 
hominis type 1) and JC (John Cunningham virus) VLPs were initially detected in the 
liver (48% and 60% of recovered radioactivity in 10 min, respectively) but the 
radioactivity dropped at 1 h after the injection (about 40% and 30% of recovered 
radioactivity, respectively). The drastic decrease of the liver-associated radioactivity 
of the labeled JC VLPs was due to the effective hepatocellular degradation of the JC 
VLPs by the liver-resident macrophages, the Kupffer cells [158]. Another example is 
the 68Ga-labeled CPP-gVLPs (cell-penetrating peptide-modified green-fluorescent 
VLPs) which showed only minor liver uptake with 1.12 ± 0.02%ID/g at 1 h after 
intravenous injection, which increased to 1.18 ± 0.01%ID/g within 2 h [159]. In contrast, 
the [68Ga]Ga-DOTA-HEVNPs in this study reached over 50%ID/g in the liver after 15 
min and this increased to almost double at the 1 h time point, consistent with the 
expected liver tropism of HEVNPs. 

In the spleen, the [68Ga]Ga-DOTA-HEVNP accumulation was less than what would be 
typically expected for nanoparticles [160]. The size of [68Ga]Ga-DOTA-HEVNPs is 
below 30 nm and therefore, the observed spleen accumulation was unlikely due to the 
capillary sequestration of the particles from the circulation. Macrophage recognition 
might have contributed to the splenic uptake instead. 

In order to further investigate the hypothesis on the liver tropism of our HEVNP system, 
an in vitro study was conducted to compare the cell uptake of radiolabeled HEVNPs 
in macrophages and hepatocytes. Clathrin-mediated endocytosis is one of the main 
mechanisms for HEV and HEVNPs internalization into hepatocytes 
[121,123,124,129]. Clathrin-mediated endocytosis is an important mechanism of 
internalization also in some cancer cell lines, for instance in the HCT 116 colorectal 
cancer cells [161]. It has been shown that lysine-rich molecules specifically interact 
with the cell membrane of the HCT 116 cells and get internalized via clathrin-mediated 
endocytosis [162]. HEVNPs are lysine-rich containing 60 lysine residues per particle. 
Therefore, the internalization of the HEVNP system was also examined in the HCT 
116 colorectal cancer cells under the same conditions as it was done for the other two 
cell lines (Hep G2 and RAW 264.7). The results from the uptake studies were further 
supported by the observed high in vitro radiolabel stability of [68Ga]Ga-DOTA-HEVNPs 
in the CO2-independent culture medium used in the assays. 

 

5.5. Influence of integrin α3β1 targeting to cell uptake and biodistribution of 
[68Ga]Ga-DOTA-HEVNP-LXY30 (III) 

The cell uptake study was done up to 3 h, and at this last time point, the internalization 
of the targeted NPs reached 21.0 ± 0.7%. The amount of the internalized non-targeted 
NPs was half the amount of the targeted NPs at all time points. This profound 
difference between the two types of HEVNPs confirms the targeted capability of the 
NPs toward the HCT 116 colorectal cancer cell line. The observed low tumor uptake 
of [68Ga]Ga-DOTA-HEVNP-LXY30 was probably due to the rapid sequestration of the 
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HEVNPs to the liver. The rapid liver uptake lowers the degree of recognition of the 
LXY30 ligand peptide-bearing HEVNPs toward the integrin α3β1 on the HCT 116 colon 
tumor cells.  

 

5.6. Radiolabeling of HEVNPs with long-lived radionuclides: in vitro & in vivo 
(in)stability (IV) 

In this study HEVNPs were radiolabeled with indium-111 and iodine-125 aiming for 
the administration of the HEVNPs orally instead of intravenously. The long-lived 
radionuclides enable the tracking of the radiolabeled HEVNPs for longer periods of 
time. The developed methodologies for the 111In- and 125I-labeling of HEVNPs were 
highly efficient and yielded the desired nanosystems with excellent RCYs and RCPs. 
Additionally, the novel radiolabeled HEVNP nanosystems showed high in vitro stability 
in physiological conditions, such as in 0.01 M PBS at 37 oC. However, in all cases, 
there was a great instability in the SGF medium. In the [111In]In-DOTA-HEVNPs case, 
this instability was also revealed in vivo after their oral administration in healthy mice 
for imaging and biodistribution. 

Different chemistry was used to produce [125I]I-HEVNPs because a chelator was not 
required for the radioiodination. HEVNP apart of cysteine and lysine amino acids 
contain tyrosine on their surface. This enables the direct, electrophilic radioiodination 
of HEVNPs by taking the advantage of the tyrosine arene group (hydroxyl group 
activation in the ortho position). A great number of radiolabeling conditions were used 
involving different oxidizers and reaction times. The outcome implied that the stability 
of [125I]I-HEVNPs in both the plasma and SGF was still inadequate even when the 
weakest oxidant, Iodogen, was used. 

Overall, although the RCYs and RCPs that were obtained under several radiolabeling 
conditions were excellent, the iodinated HEVNPs suffered from instability in the 
plasma and especially in the simulated gastric fluid. Hence, no further evaluation of 
[125I]I-HEVNPs nor animal work was feasible. The deiodination of proteins is not an 
uncommon phenomenon. Especially in the case of iodophenols, the in vivo instability 
of the C-I bond might be profound. The metabolic instability depends on the structural 
characteristics of the functional groups that surround the C-I bond as its lability might 
be influenced. The deiodination is easily noticed in vivo either in the stomach following 
oral administration of the radioiodinated protein, or in the thyroid after intravenous 
injection [163]. 
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7 CONCLUSIONS AND FUTURE WORK 

In this thesis, various methodologies were examined and developed regarding the 
radiolabeling of HEVNPs with both short- and long-lived radionuclides. The short-lived 
radionuclide used was the highly energetic PET-compliant radionuclide, gallium-68. 
The 68Ga-labeling was attempted using two different approaches, the indirect and the 
direct way of radiolabeling. For the former one, two tetrazine prosthetic groups were 
synthesized and radiolabeled aiming at the IEDDA ligation by reacting with the TCO-
functionalized HEVNPs. The difference between the two tetrazine molecules was the 
chelator (HBED-CC vs. DOTA), and this led to the difference in the IEDDA efficiency 
most probably due to the dissimilar degree of lipophilicity of the chelators. 
Nevertheless, even though the HBED-CC-bearing Tz tracer resulted in higher IEDDA 
RCYs compared to the DOTA-based Tz reagent, the 68Ga-labeling of the HEVNPs 
was insufficient to evaluate the specific ligation in vivo. Therefore, the second 
radiolabeling approach was examined once the surface of the HEVNPs was 
functionalized with a 68Ga-chelator, DOTA. The direct 68Ga-labeling of the DOTA 
molecules located around the surface of the HEVNP was straightforward, fast and 
highly efficient. The radiosynthesis yielded highly stable [68Ga]Ga-DOTA-HEVNPs 
which were further studied in vitro and in vivo. The studies revealed hepatotropism of 
the radiolabeled HEVNPs which could lead to future studies for further evaluating the 
liver-specific imaging and therapy. 

In addition, the high liver-specificity of HEVNPs was the reason behind the modest 
tumor uptake of the targeted [68Ga]Ga-DOTA-HEVNP-LXY30 when these were 
injected intravenously in HCT 116 colorectal tumor-bearing mice. This observation 
comes in contrast to the HCT 116 cell uptake which revealed that [68Ga]Ga-DOTA-
HEVNP-LXY30 were very efficiently internalized in the colon cells. 

HEVNPs were also radiolabeled with the long-lived SPECT-compliant radionuclide, 
iodine-125 aiming at a prolonged evaluation period of biodistribution following oral 
administration. Despite the excellent 125I-labeling efficiencies of HEVNPs, the 
nanosystem was poorly stable in the gastric-simulated fluid and plasma. A higher 
stability was noted when the HEVNPs were radiolabeled with another SPECT 
radionuclide, indium-111. However, [111In]In-DOTA-HEVNPs were not highly stable in 
the gastric fluids either, and thus, administrating them orally was not the ideal route.  

In the future, two studies would be of interest. Firstly, to take advantage of the high 
liver-specificity of HEVNPs and study liver pathologies with both PET- and SPECT-
compliant radionuclides. This could be achieved after the intravenous injection 
(avoiding the oral route) of the developed [68Ga]Ga-DOTA-HEVNPs and [111In]In-
DOTA-HEVNPs. Secondly, to use engineered HEVNP variants in order to conceal the 
liver-specificity of the HEVNPs and evaluate again the [68Ga]Ga-DOTA-HEVNP-
LXY30 uptake toward the HCT 116 colon carcinoma. Lastly, if the tumor uptake in this 
case is more profound, radiolabeling the DOTA-HEVNPs with a therapeutic 
radionuclide, such as lutetium-177, would provide further possibilities for HEVNPs in 
theranostics. 
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