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Radiolabelling small molecules with beta-emitters has been intensively explored in the last decades and

novel concepts for the introduction of radionuclides continue to be reported regularly. New catalysts

that induce carbon/hydrogen activation are able to incorporate isotopes such as deuterium or tritium

into small molecules. However, these established labelling approaches have limited applicability for

nucleic acid-based drugs, therapeutic antibodies, or peptides, which are typical of the molecules now

being investigated as novel therapeutic modalities. These target molecules are usually larger (significantly

>1 kDa), mostly multiply charged, and often poorly soluble in organic solvents. However, in preclinical

research they often require radiolabelling in order to track and monitor drug candidates in metabolism,

biotransformation, or pharmacokinetic studies. Currently, the most established approach to introduce

a tritium atom into an oligonucleotide is based on a multistep synthesis, which leads to a low specific

activity with a high level of waste and high costs. The most common way of tritiating peptides is using

appropriate precursors. The conjugation of a radiolabelled prosthetic compound to a functional group

within a protein sequence is a commonly applied way to introduce a radionuclide or a fluorescent tag

into large molecules. This review highlights the state-of-the-art in different radiolabelling approaches for

oligonucleotides, peptides, and proteins, as well as a critical assessment of the impact of the label on the

properties of the modified molecules. Furthermore, applications of radiolabelled antibodies in

biodistribution studies of immune complexes and imaging of brain targets are reported.
artin studied Biological Chem-
stry at the University of Applied
cience Mannheim, Germany and
ompleted his diploma thesis at
ovartis in Switzerland in 2006.
er 4 years of research in
edicinal chemistry at Novartis,
artin moved to Roche's isotope
ynthesis laboratory. His respon-
ibilities include radiolabelling
mall molecules, oligonucleo-
ides, and proteins with carbon-
4 and tritium. At the beginning
tudies at the University of Bath,
acy and Pharmacology under
and Prof. Stephen M. Husbands

der and Dr Filippo Sladojevich

y, University of Bath, Bath BA2 7AY, UK.

pment, Roche Innovation Center Basel,

earch, Isotope Synthesis, F. Hoffmann-La

the Royal Society of Chemistry
Introduction

When people hear of radioactivity, they immediately think of
scientists like Marie Curie, Henri Becquerel, or Wilhelm Conrad
Röntgen. Marie Curie's topic for her doctoral thesis1 was
inspired by new discoveries made by Becquerel and Röntgen. In
December 1895, the German physicist Röntgen detected a type
of rays that could penetrate solid wood or esh and provide
photographs of the bones of living people.2 These mysterious
rays were called X-rays by Röntgen, where X stands for
unknown. Early in 1896, just a few months aer Röntgen's
detection, the French physicist Henri Becquerel had reported to
the French Academy of Sciences that uranium compounds, even
when kept in the dark, emitted rays that fogged a photographic
plate.3 This was the beginning of radiographic imaging as we
know it today from hospitals.4 These X-rays, together with
gamma rays and electron beams, are also used in radiation
therapy to treat cancer or kill malignant cells.5 This review is
about radiolabelling molecules that are used for tracking and
monitoring to study their biological and physicochemical
behaviour.

Small molecules have been the dominant group of drugs
since the early days of pharmaceutical development, but this is
not a matter of course for the future. New therapeutic modali-
ties are now lling the pipeline of the pharmaceutical industry.
RSC Adv., 2022, 12, 32383–32400 | 32383
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We need to expand the target space for targeting “undruggable”
targets that are limited to reach with small molecules.6 New
innovative biological modalities have emerged in the rst two
decades of the 21st century. Various formats of antibodies,
bispecics, antibody conjugates, peptides, modied RNA
molecules such as antisense oligonucleotides (Fig. 1) are gain-
ing popularity due to their potential to enter undruggable space.

A major challenge with the novel modalities is the prediction
of drug targeting, which together with solubility contribute to
the ability of drugs and candidates to have overall exposure in
the systemic circulation or tissue targeting like brain penetra-
tion.8 It is important to understand the fate of the potential drug
candidate in humans and the relevance of the animal species
used for preclinical toxicity and pharmacodynamic studies. In
preclinical research, biotransformation, metabolic identica-
tion, or binding studies are required in order to obtain infor-
mation about the pharmacokinetic (PK) behaviour or the
efficacy of the drug candidates. Although state-of-the-art high-
resolution LC/MS techniques are commonly used for these
studies, radiolabelled molecules are oen required for quanti-
cation of metabolites, biodistribution, or to assess retention
and excretion of all drug-related components. The classical
approaches for radiolabelling small molecule drug candidates
with long-lived isotopes carbon-14 (14C; t1/2: 5730 year; molar
activity: 62.4 mCi per mmol) and tritium (3H; t1/2: 12.3 year;
molar activity: 26.6 Ci per mmol) are limited for novel and
complex modalities. 14C-labelling is preferred for small mole-
cule studies, but the molar activity is too low to be used for
a corresponding study (in particular for imaging studies) with
larger molecules (MW > 5000 Da). In contrast, due to its more
than 400-fold higher molar activity, tritium is better suited for
radioactive labelling of large molecules in preclinical research.

In addition to the long-lived isotopes, which are mainly used
in the preclinical phase to characterise drug candidates, short-
lived isotopes such as 11C (t1/2: 20 min) and 18F (t1/2: 110 min),
are widley used in diagnostic imaging studies. In this respect,
functional imaging such as positron emission tomography
(PET) or single-photon emission computed tomography
(SPECT) has become essential for clinical decision-making in
various areas of medicine.9–11 Due to their short half-life, these
molecules are not used to induce a therapeutic effect, but they
bind to their target with fast kinetics for imaging or they can be
tracked live in the body. While 11C and 18F are mainly important
in research with small molecule, metallic radionuclides are
found in novel modalities.
Fig. 1 Schematic sketches of (1) bispecific antibody based on knobs-int
payloads such as a small molecule, peptide, or oligonucleotide; (3) pept

32384 | RSC Adv., 2022, 12, 32383–32400
Of the commonly available radionuclides for PET imaging,
68Ga (t1/2: 68 min) is best suited for radiolabelling peptides, as
the physical half-life is similar to the biological half-life of
peptides, with a signicant prevalence of 18F and almost no 11C
work reported in the literature.12 An issue for these radionu-
clides is that they require the incorporation of synthetic func-
tional groups into the native peptide. The two most common
strategies for introducing the radionuclide into the peptide of
choice use either bifunctional chelating agents (BFCs, Fig. 2) or
prosthetic groups. Prosthetic groups are small, reactive entities
that are rst radiolabelled before being coupled to the peptide.
BFCs are metal-binding chelators that are conjugated to the
peptide of choice and subsequently complex a radioactive
metal.

With regard to the radiolabelling of monoclonal antibodies
(mAbs), 89Zr (t1/2: 78 h) and 64Cu (t1/2: 13 h) for PET or 111In (t1/2:
168 h) for SPECT are the most frequently mentioned radionu-
clides in the literature for diagnostic imaging of mAbs.13,14

Similar to peptide radiolabelling, synthetic modications using
chelating agents or by introduction of prosthetic groups are
required.

Currently, 99mTc (t1/2: 6 h) is used in most diagnostic SPECT-
based imaging of nucleic acid-based medicines. In 2014,
a direct labelling method with 99mTc was reported for the rst
time, in which the radionuclide was attached to the oligonu-
cleotide without a chelator.15 Another method describes the
indirect labelling of oligomers with 99mTc, a labelling strategy
similar to that for antibodies and peptides, by using BFCs
conjugated via a linker to the oligonucleotide that binds the
radiometal.16

Regardless of whether radiolabelling is achieved by the
introduction of a BFC or by conjugation with a radiolabelled
prosthetic group, a modication of the molecular structure can
lead to changes in molecular properties or behaviour. To date, it
has not been thoroughly investigated whether the change has
an impact on the physicochemical or biological properties of
a target protein, so tracking and monitoring assays produce
data that correspond to the unlabelled protein.

Radionuclide therapy

Another group of radiolabelled molecules are those that have
a therapeutic effect. Of particular interest are radiotherapies
using radionuclide-labelled peptides or antibodies, which make
use of the therapeutic effect of ionising radiation in cancer
therapy. Radioimmunotherapies (RIT) exploit an antibody as
o-holes-technology;7 (2) antibody conjugates. The red star symbolises
ide; (4) antisense oligonucleotide in green with mRNA in red.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic reaction illustration of a radionuclide complexing bifunctional chelator linked to a carrier molecule, e.g. oligonucleotide,
peptide, antibody.
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a carrier for radioactive isotopes to deliver a high radiation dose
to a tumour.17–19 The choice of the optimal radionuclide for RIT
depends both on its intended use and on practical consider-
ations. From the plethora of existing radionuclides, the recently
reported “Hopeful Eight” a-emitters20 have aroused great
interest in therapeutic applications: 225Ac (t1/2: 10 day), 211At (t1/
2: 7 day), 212Bi (t1/2: 1 h), 213Bi (t1/2: 46 min), 212Pb (t1/2: 11 h),
223Ra (t1/2: 11 day), 146Tb (t1/2: 4 h), and 227Th (t1/2: 19 day). Each
of these radionuclides has its own physical properties that hold
promise for targeted alpha-therapy. Currently, 225Ac apears to
be the front-runner compared to other a-emitters. The interest
in 225Ac is also due to its half-life of 10 days which allows cen-
tralised production at the country level. 213Bi was the rst a-
emitter to be clinically evaluated.21,22

With respect to b-emitting radionuclides, 131I (t1/2: 8 day),
177Lu (t1/2: 7 day), and 90Y (t1/2: 3 day) are the most common in
clinical RIT studies and represent the current standard in ther-
apeutic beta-minus emitters.23 90Y-Ibritumomab tiuxetan was the
rst radioimmunotherapy drug approved by the FDA in 2002 to
treat B-cell non-Hodgkin lymphoma.24 In 2018, Lutathera® was
approved by the European Medicines Agency (EMA) as the rst
radiopharmaceutical peptide for radionuclide therapy.25

Lutathera® uses the ionising radiation of 177Lu for the treatment
of gastroenteropancreatic neuroendocrine tumours.
Tritium-labelled oligonucleotides

Many disease targets are considered “undruggable” because
they are located intracellularly or lack a specic binding pocket.
Oligonucleotide therapeutics can precisely and efficiently
modulate intracellular targets and they do not rely on the
identication of a binding pocket, as is predominantly the case
with small molecule-based therapeutics. The majority of
oligonucleotide-based therapeutics address gene silencing,26

although other strategies are also pursued, including splicing
modulation and gene activation.27 This expands the range of
potential targets beyond what is typically accessible to tradi-
tional pharmaceutical modalities. As a result, an increasing
number of nucleic acid-based therapeutics have been approved
to treat or prevent diseases that previously could not be
addressed.28–32
© 2022 The Author(s). Published by the Royal Society of Chemistry
In preclinical research, radiolabelled drug candidates can
provide a reliable quantitative tool for distribution, mass
balance, metabolite proling, and identication studies. In the
case of nucleic acid-based medicines, several aspects need to be
considered for planning and execution of radiolabelling. Such
considerations include the choice of radioisotope, the feasi-
bility of the labelling methodology, and metabolic stability.
However, to benet from metabolite quantication by radio-
labelling, the radiolabel must be conned to a specic position
in the molecule. Random labelling in the oligonucleotide
sequence, leading to multiple incorporation of radioisotopes, is
a major disadvantage, as the molar activity of each metabolite is
different depending on the number of radioisotopes remaining
in its sequence, making structural analysis for quantication
almost impossible.

Three isotopes (3H, 14C, 35S) for radiolabelling of oligonu-
cleotides are mainly discussed in the literature, and the most
commonly used labelling positions with their isotopes are
shown in Fig. 3.

Due to the relatively long terminal elimination half-life of
oligonucleotides, in some cases 30–60 days or even longer,33,34

several properties of the most commonly used radioisotopes,
3H, 14C, and 35S, need to be considered. The use of a 35S label in
the phosphorothioate backbone of drug candidates requires
a timely study design due to the physical half-life of 35S (87.5
days). Replication of a study with identical material is nearly
impossible due to rapid isotopic decay.

As already mentioned, themolar activity of 14C is the limiting
factor for imaging of oligonucleotides. If a 14C-based study
requirement permits a low molar activity, for example using
accelerator mass spectrometry or cavity-ring down spectroscopy
for quantication,35 then the 14C incorporation usually takes
place in the C-2 position of pyrimidine bases.36 However, in
studies with 14C-labelled oligonucleotides, it has been observed
that pyrimidine bases account for a signicant portion of
metabolism, ultimately leading to loss of the label in the expired
air as 14CO2.37

When a tritium atom is to be introduced into an oligonu-
cleotide, the labelling position must be carefully considered. In
the literature, three positions with different labelling methods
are mainly described. Probably the easiest way to introduce
RSC Adv., 2022, 12, 32383–32400 | 32385
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Fig. 3 Literature reported positions for radiolabelling of oligonucle-
otides in example of thymidine and adenosine. Colouring reflects the
corresponding radioisotopes. Blue: 3H; green: 14C; yellow: 35S.
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a tritium atom into an oligonucleotide is a hydrogen/tritium
exchange at the C-8 position of purine bases by using tritiated
water without any catalyst.38 Although the C-8 position of
purines has long been known to pose a risk of tritium-hydrogen
back-exchange by formation of tritiated water, particularly
under alkaline conditions,39 oligonucleotides are still tritiated
using this approach.40 Recently, a ruthenium nanoparticle
catalyst was reported that allows hydrogen-tritium exchange at
both the C-8 position of purines and the C-2 position.41 The C-2
position is signicantly more stable to back-exchange. However,
this labelling concept relies on randomised labelling, which, as
mentioned earlier, makes a quantitative metabolic study almost
impossible.

The most commonly used approach to tritium-labelled
oligonucleotides, which consist of a phosphorothioate back-
bone, is based on a methodology that dates back to 1995 and is
still state-of-the-art.42 The chemical approach requires a pre-
synthesis of [3H]-nucleoside phosphoramidite monomer by
oxidation of the 5′-primary alcohol of ribose, followed by
reduction with NaBT4 to introduce a tritium atom at the 5′-
carbon. Due to the instability of the [3H]-nucleoside phos-
phoramidite caused by radiolysis, the monomer cannot be
stored for the subsequent solid-phase synthesis, but has to be
freshly prepared in a complex, multi-step synthesis. In addition,
high molar activity cannot be achieved because the tritium-
labelled nucleoside phosphoramidite must be diluted with
non-radioactive monomer to avoid strong radiolysis. These
issues lead to a high expenditure of time, a high level of
radioactive waste, and thus to high costs. A different approach
was reported by Ledoan and co-workers.43 An amine-
functionalised linker was placed terminally at the ASO-
sequence for post-conjugation with [3H]succinimidyl propio-
nate ([3H]NSP, Fig. 4).
32386 | RSC Adv., 2022, 12, 32383–32400
Several aspects have to be taken into account: (1) the stability
of the label and (2) since the original chemical structure has
been changed, the PK and pharmacodynamic behaviour should
be compliant with that of the parent drug.
Synthesis of tritium-labelled
maleimides for bioconjugation

An alternative to NSP and amine linkers is a 1,4-Michael-type
addition of a maleimide derivative, such as N-ethylmaleimide
(NEM), to a thiol linker. However, bioconjugation with the
corresponding [3H]NEM is challenging. Commercially available
[3H]NEM is usually supplied in a pentane solution. For conju-
gations in aqueous buffer, a solvent exchange to a water-
miscible solvent must be carried out beforehand. Due to the
high volatility of NEM, solvent evaporation is not possible. This
issue can be addressed using a silica gel-based cartridge. Aer
removing the pentane, [3H]NEM can be eluted from the
cartridge with e.g. DMSO. This solvent exchange process can
lead to a loss of the radioactive NEM since syntheses with
tritium-labelled compounds are usually on the microgram
scale. A general disadvantage of NEM is that the tritium
compound can only be obtained in a complex, multi-stage
synthesis in a molar activity range of 20–55 Ci per mmol.
Tritium analogues with high molar activity (>75 Ci per mmol)
are critical for accurate quantication in nanomolar ligand
binding affinity studies as well as for imaging in vivo bio-
distribution by autoradiography. Thus, there is room for
improvement in the development of tritiated maleimides for
use in bioconjugation that exhibit low volatility and enable high
molar activity.

The incorporation of tritium into a maleimide derivative can
be achieved by two general routes, namely by metal-catalysed
hydrogen/tritium exchange (HTE) of the nal compound or by
the use of a precursor (Fig. 5). Metal-catalytic activation of
aromatic C(sp2)–H for HTE using tritium gas requires directing
groups such as ketones, sulfonic acids, carboxylic acids, or
amides.44–47 The requirements for a successful HTE assume
a “complex” molecular structure of the maleimide derivative.
However, the modication of the tritium-labelled maleimide
derivative should be minimal and the introduction of an addi-
tional catalyst-directing moiety containing functional groups
that can form hydrogen bonds should be avoided in order to
preserve the biological behaviour aer conjugation with the
oligonucleotide, and this limits the choice of a maleimide
precursor. A recent method for HTE is based on photoredox-
mediated hydrogen-atom transfer. Tritium can be installed in
a single step using tritiated water as the source of 3H targeting
aliphatic-amino C(sp3)–H bonds.48 Studies have shown that
maleimides containing amines in N-alkyl chains promote
intramolecular base-catalysed hydrolysis, which results in ring
opening.49 Another approach to introduce tritium atoms into
a molecule is based on the palladium-catalysed reduction of
double/triple-bonds or halogen/tritium exchange using tritium
gas. This is not possible with a maleimide derivative as the
double bond of the maleimide core is also reduced and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 General synthetic route to ASOs containing tritium labelled propionate functionalisation on C6-amine linker.
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a subsequent conjugation to a thiol linker can no longer be
carried out.50 The introduction of a tritium-methyl group, for
example using [3H]-methyl nosylate, seems to be a successful
approach as three tritium atoms are incorporated simulta-
neously into a maleimide derivative, resulting in amolar activity
of >75 Ci per mmol. Therefore, the maleimide precursor for
tritium labelling has to meet the following properties: minimal
modication at the N-moiety; few (better no) additional
hydrogen bonds; no basic N-alkyl group; contain a target for
SN2-based methylation.
Peptide labelling

Investigation of peptide receptors requires biologically active
peptides containing uorescent51 or radioactive labels. The
radioactive labelling of peptides depends on the choice of
isotope. In the case of 14C labelling, 14C containing amino acids
Fig. 5 Synthesis routes to tritium-labelledmaleimide derivative. (A) Metal
tritium gas. (B) Photoredox-mediated hydrogen/tritium exchange using
catalysed halogen/tritium exchange. (E) Methylation on nucleophilic resid
positions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
are incorporated into the sequence via peptide synthesis.52 Due
to the low molar activity of 14C isotopes, this is a limitation for
some studies, especially in imaging. Higher specic activities
can be achieved by radioiodination. Depending on the physical
and chemical properties of the different iodine isotopes,
different synthetic routes are possible.53 The most commonly
used iodine isotopes with their half-life and applications are:
123I (t1/2: 13 h; SPECT), 124I (t1/2: 4 day; PET), 125I (t1/2: 59 day;
SPECT, in vitro bioassays), 131I (t1/2: 8 day; SPECT, radiotherapy).
Radioiodination is generally performed on tyrosine (Tyr) or
histidine (His) residues, in which an aromatic Tyr or His proton
is replaced by the electrophilic radioiodine (I+). For this
purpose, the radioiodide is generated from I− in situ with an
oxidising agent.54,55

Peptides can also be labelled with metallic radionuclides in
combination with bifunctional chelating agents. In the example
of the approved peptide radiotherapeutic Lutathera®, the same
-catalytic C–H activation followed by hydrogen/tritium exchange using
tritiated water. (C) Reduction of double/triple-bonds. (D) Palladium-
ue using [3H]-methyl nosylate. Yellow arrows indicate possible labelling

RSC Adv., 2022, 12, 32383–32400 | 32387
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chelating agent was used to complex once with the diagnostic
radionuclide 68Ga and thereaer with the therapeutic 177Lu.
This has the advantage that with 68Ga a tumour-imaging
biomarker is available and in a further step with 177Lu a thera-
peutic radiation dose can be delivered to the target tumour or
metastasis.25 These molecules, which have a close connection to
diagnostics and also to related therapy, are sometimes termed
theranostics. This personalised therapy could become a major
advantage in cancer treatment, and it is therefore to be expected
that targeted radionuclide therapy will play a signicant role in
clinical nuclear medicine in the future.56
Tritium-labelled peptides

Different synthetic routes are available for labelling peptides
with tritium (Fig. 6). A novel labelling method based on pho-
tocatalytic HTE using T2O as the tritium source was recently
reported.57 This is a promising approach to tritium labelling of
peptides, as it allows fast access to radioactive peptides.
However, so far only low molar activities (2–3 Ci per mmol) are
achievable with this approach and there is still room for
improvement. Signicantly, higher specic activities can be
achieved by solid-phase peptide synthesis using 3H-labelled
amino acids from amino acid precursors. This is reported in
the literature for smaller peptide sequences of only a few amino
acids.58 As an option for larger peptides, it is reported to
incorporate the amino acid precursor into the sequence by solid
phase synthesis. The most commonly used precursor amino
acids are halogenated aromatic a-amino acids or synthetic-a-
amino acids containing double or triple bonds. In the next step,
the halogen is replaced by tritium by metal catalysis or the
double/triple bond is reduced with tritium gas.59

A stable precursor can also be obtained analogous to radio-
iodination with sodium iodide and an oxidising agent starting
from the parent peptide, in which case the non-radioactive
iodide (127I) is used. The iodine on the Tyr residues can be
catalytically exchanged in the presence of tritium gas to obtain
the tritiated peptide.60

Furthermore, radioactive labelling of a peptide by conju-
gating N-succinimidyl-[2,3-3H3]-propionate ([3H]NSP) to
Fig. 6 Current synthetic routes to tritium-labelled peptides.

32388 | RSC Adv., 2022, 12, 32383–32400
accessible primary amines in the sequence is possible, which
derivatives the peptide.61,62 These amines can be located at the
N-terminus, at lysine residues, or they can be preceded by
a lysine-like linker at the terminal guanidine nitrogen atom of
arginine residues.63 In this case, it must be taken into account
that the chemical structure differs from the native peptide
because of this derivatisation, which may result in changes in
the biological and physicochemical properties, especially as Arg
and Lys being basic and therefore protonated amino acid resi-
dues, may well play a signicant role.

Labelling of proteins and its
consequences

Antibodies exhibit complex pharmacokinetics (PK) due to their
large size, long circulating half-life, and immunogenic
responses, making predictions about the distribution of
monoclonal antibodies extremely difficult. Therefore, robust
characterisation of the PK of novel next-generation antibodies,
such as antibody-drug conjugates, bispecic antibodies, and
other antibody constructs,64–66 in preclinical and clinical
research can support the development of drug candidates.
Conventional techniques for determining antibody PK include
plasma clearance measurements using ELISA or LC-MS and
tissue distribution using immunohistochemistry or immuno-
uorescence.67 These bioanalytical methods, most of which
require a labelled secondary antibody, are limited to ligand-
binding assays. In vivo imaging or tracking of drug-related
material at low concentrations is nearly impossible without
a radioactive label.

Many different labelling concepts are reported in the litera-
ture. These include radiometals complexed with conjugated
chelating agents,68 labelling with radioactive iodine similar to
peptide iodination,69 or tritiation with an activated tritiated
propionic acid.61 In addition, labelling with uorescent dyes by
post-modifying chemical syntheses on mAbs has been widely
reported, as well as dual labelling of radionuclide and dye on
antibodies.70–73

As with peptides, modifying a protein with a uorescent or
radioactive tag bears the risk of altering its biological behaviour.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The degree of labelling, which corresponds to the number of
labels per protein, can also change the biological properties of
the antibody.71 It has also been shown that both the label as well
as the labelling chemistry can inuence binding to the neonatal
Fc receptor (FcRn).74 A lower affinity to FcRn results in a shorter
half-life of the antibody. Modication of the framework with
uorescent dyes or chelators carrying carboxylic acid or sulfonic
acid residues leads to a lower isoelectric point (pI), mainly due
to a more negative charge. Charge-mediated interactions may
be associated with non-specic interactions with cell surfaces
that trigger enhanced pinocytosis. Vascular endothelial cells are
coated with highly negatively charged oligosaccharides such as
heparan and heparin sulfates.75 Excessive binding to these cell
surface structures may increase the risk of pinocytotic uptake
and consequently lead to more rapid proteolytic degradation.
Non-specic binding to cell surfaces or extracellular matrix
structures is considered to be one of the main factors for
differences in the PK of antibodies.76 Biodistribution experi-
ments conrmed that the variant with a high pI was catabolised
in the liver and spleen. These results indicate that antibody
loading may have an effect on PK through changes in antibody
catabolism independent of FcRn-mediated recycling.77 There
are only a few studies in the literature that compare different
labelling methods with regard to their inuence on PK or
affinity properties.71,74,78–80 An in vitro assessment platform that
allows predicting a change in biological behaviour aer anti-
bodymodication using common labelling methods has not yet
been reported. A chromatography-based platform should be
able to detect changes in surface charges,81 affinity to FcRn, as
well as high and low molecular weight impurities. A combina-
tion of size-exclusion chromatography (SEC), FcRn affinity, and
heparin affinity chromatography can assess whether modica-
tion has affected protein properties. This would also avoid
animal testing done with “damaged” labelled antibodies and
thus corresponds to the 3R (replace, reduce, rene) principles.
Fig. 7 shows a proposed integrated quality assessment in
a typical antibody labelling workow.
Monitoring of drug/anti-drug immune
complexes

The choice of radionuclides for labelling proteins depends on
the research objective. In particular, for long-term investiga-
tions such as biodistribution, biotransformation82 or metabo-
lite identication studies, short-lived radioisotopes are not
suitable. In these cases, incorporation of the long-lived isotope
Fig. 7 Quality control has to be integrated into a typical labelling proce

© 2022 The Author(s). Published by the Royal Society of Chemistry
tritium into the protein is preferred, as subsequent analyses can
be carried out several times for quantication aer the studies
without signicant loss of radioactive radiation. In general,
tritium labels offer excellent opportunities for monitoring PK
behaviour of novel antibodies in preclinical research.

As previously mentioned, a critical aspect of antibody PK is
the immunogenic response. It is known that all therapeutic
antibodies, even those that are fully human, are immuno-
genic.83 This means that they can trigger an immune response
via an anti-drug antibody (ADA) and forming drug-ADA immune
complexes (ICs). In this case, the therapeutic antibody can be
considered as an antigen for the ADA. The ADA recognises the
therapeutic mAb over a large area of its surface and binds to it
through weak non-covalent interactions, such as electrostatic
interactions, hydrogen bonds, van der Waals forces, and
hydrophobic interactions. Depending on the mechanism of
action as shown in Fig. 8, neutralising (binding to Fab region) or
non-neutralising (binding to Fc domain), the presence of ICs
can affect the concentration and function of the therapeutic
antibody in the body, e.g. changing the biological effectiveness
or even the safety prole.84,85 As a result, there may be reduced
efficacy with neutralising ADAs or accelerated drug clearance
with non-neutralising antibodies. Understanding the immu-
nogenicity of biological therapies and how to manage them is
important for the development of drug candidates.86 Immuno-
genicity can be inuenced by several factors, which can be
clustered into three main categories: treatment-related, patient-
related, and drug-property-related factors.87 Many of these
factors are not yet well understood. Furthermore, predicting an
undesired immunogenicity of a therapeutic biomolecule is still
difficult.

Currently, several in silico, in vitro, and in vivo approaches
have been reported to predict immunogenicity in the very early
stages of drug development.88–90 However, it has not yet been
possible to reconcile these predictions with the immunoge-
nicity observed in clinical practice. In particular, no preclinical
in vivo approach to predict immunogenicity has been able to
correlate with the results of clinical therapy.91,92 Although the
detailed interaction or formation between ADA and drug is
understood93 and according to the literature, large immune
complexes degrade faster than smaller ICs,94 quantitative
information on the exact size and structure of the immune
complexs and their actual impact on drug PK is not yet avail-
able. Van Meer and co-workers accessed several market-
registered mAbs to determine the relative immunogenicity of
mAbs in non-human primates (NHPs) and humans. The results
ss for mAbs used in biological studies.

RSC Adv., 2022, 12, 32383–32400 | 32389
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Fig. 8 Neutralising and non-neutralising drug-ADA immune complexes.
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conrm that the ability to compare the relative immunogenicity
of mAbs in NHPs and humans is low, with only 59% of cases.95

Topp and co-workers have provided a comprehensive overview
of the immunogenicity of therapeutic protein aggregates with
a focus on immune mechanisms and their relationship to
aggregate properties.96 In conclusion, no preclinical in vivo
approach to predict immunogenicity that correlates with
outcomes of clinical therapy has been reported to date. This
represents a gap to quantify the PK behaviour of immune
complexes and consequently to be able to optimise the PK
properties of therapeutic proteins that can inuence the
immune response. Therefore, the use of radiolabelled IC can
provide a valuable contribution. In this way, the concentrations
of ICs in different organs or tissues can bemonitored, providing
information about the biodistribution of the complexes by
tracking or by imaging studies.
Positron emission tomography using
small molecule tracer

Standard imaging techniques such as X-ray, computed tomog-
raphy (CT), and magnetic resonance imaging (MRI) allow
healthy and diseased tissue to be visualised with great detail.
However, certain diseases do not have structural anatomical
abnormalities or only appear at later stages. Therefore, func-
tional PET imaging can complement structural modalities to
overcome some of the shortcomings. As an imaging technique
based on positron-emitting molecules, PET is widely used in
clinical diagnostics, quantication of pharmacological
processes, and drug development.97 A positron is the anti-
particle of an electron and has all the properties of an elec-
tron except for the positive electric charge it possesses. Thus,
a positron can be considered as an electron with a positive
charge. A classical PET study uses small molecules in micro-
molar or nanomolar concentrations that have been labelled
with short-lived positron-emitting isotopes such as 11C (t1/2: 20
min) and 18F (t1/2: 110 min). The development of molecular
imaging approaches aimed at identifying pathologies in living
patients is a very active area of research with the goal of dis-
tinguishing such disorders as early as possible and supporting
the development of disease-modifying therapies. A PET tracer
32390 | RSC Adv., 2022, 12, 32383–32400
routinely used in the clinic represents the radiolabelled glucose
analogue [18F]-uorodeoxyglucose ([18F]FDG), which has revo-
lutionised the imaging assessment of a variety of diseases and
cancer in particular. Almost all PET examinations are now
carried out in combination with CT. PET-CT imaging with [18F]
FDG is now a common tool for diagnosis, initial staging,
assessment of response to therapy, radiotherapy planning,
restaging, and prognosis for many cancer types.98–100

PET has also been able to provide unique and powerful
insights into normal brain function as well as dysfunctions
associated with various neurological disorders and
diseases,101,102 focused on imaging six categories of brain
proteins: G-protein coupled receptors (GCPR), membrane
transporters, ligand gated ion channels (LGIC), tryptophan-rich
sensory proteins (TSPO), enzymes, and misfolded proteins.103

Small molecule-based positron-emitting inhibitors, which bind
to the target molecule in the manner of receptor-ligand inter-
action, are oen used as PET tracer for imaging and concen-
tration assessment of brain-enzymes, such as monoamine
oxidase A and B (MAO-A and MAO-B), acetylcholine esterase,
fatty acid amide hydrolase (FAAH), or monoacylglycerol lipase
(MAGL).
Monitoring of brain-MAGL inhibitors

MAGL is the major enzyme involved in the endocannabinoid 2-
arachidonoylglycerol (2-AG) catabolism and has received
signicant attention as a therapeutic target for neurological
disorders.104,105 The development of a PET radioligand with high
target specicity for the preclinical and clinical characterisation
of MAGL inhibitor drug candidates is therefore of great interest.
However, a good drug candidate may not necessarily be a good
candidate for CNS-PET imaging. While drug candidates with
long target residence times and high metabolic stability foster
therapeutic efficacy in treatment, PET tracer candidates with
these properties can result in slow PK, which generally require
longer scan times and this generates more variable outcome
measurements.106 The rst set of ve PET tracers for MAGL
developed by Hicks et al. were published in 2014 and labelled
with carbon-11.107 These compounds have been reported to have
moderate blood–brain barrier (BBB) penetration. The lack of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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MAGL-specic brain imaging led to the conclusion that none of
the tracers was suitable for in vivo brain-MAGL quantication.
The next generation of MAGL radioligands (Fig. 9) are mainly
irreversible, like [11C]SAR127303 (ref. 108) as well as [11C]PF-
06809247 (ref. 109) and [18F]PF-06795071 (ref. 110) developed by
Pzer. However, irreversible PET tracers could hardly provide
a comprehensive quantication of the drug-target interaction.
Compared to irreversible MAGL radioligands,111 in which the
formation of covalent bonds is a major contributor to binding,
a reversible PET tracer probe requires additional moieties to
interact non-covalently with residues of the binding site.112 This
usually leads to increased molecular weight and therefore adds
several obstacles to crossing the BBB through active transport.
To date, only a few radioligands have been described as
reversible MAGL tracers. The reported examples [11C]PAD and
[18F]MAGL-4-11 (ref. 113) showed low brain uptake and were
recognised by ATP-binding cassette (ABC) transporters
expressed in the BBB. While their in vivo specicities were
conrmed in peripheral MAGL-expressing organs, no specic
interaction could be demonstrated in rat brain. [18F]T-401 and
[18F]MAGL-2102 are recently reported reversible MAGL radio-
ligands114 that showed specicity for CNS-MAGL in vivo.
However, low to moderate brain uptake was observed for [18F]T-
401 and a slow reversible binding mechanism was revealed for
[18F]MAGL-2102. In summary, novel reversible MAGL-PET
radioligands with improved brain uptake and suitable PK are
highly desirable for clinical practice. These PET tracers would
enable the development of new brain-MAGL inhibitors and
monitor the effectiveness of the drugs.

Synthesis of tetrazines for
bioorthogonal click-reactions

In the early 2000s, click reactions were introduced by Sharpless
and co-workers.115 Lang and Chin summarised in a paper the 20
Fig. 9 Chemical structures of irreversible and reversible MAGL-PET trac

© 2022 The Author(s). Published by the Royal Society of Chemistry
most commonly reported bioorthogonal reactions, reactions
that do not disrupt biological processes.116 The Staudinger
ligation117 was one of the earliest reported bioorthogonal reac-
tions. In Staudinger ligation, an azide reacts with phosphines
with good selectivity. However, the main disadvantage of Stau-
dinger ligation is its slow reaction kinetics which lead to inef-
cient labelling. Other types of bioorthogonal reactions include
the [3 + 2] cycloaddition, such as the 1,3-dipolar azide-alkyne
Huisgen cycloaddition118 and the strain-promoted azide-alkyne
cycloaddition (SPAAC).119 Furthermore, isocyanides can
undergo [4 + 1] cycloadditions with tetrazines.120 The most
attractive reaction for a bioorthogonal click reaction is the
current inverse electron-demand Diels–Alder (IEDDA) ligation
between tetrazine (Tz) derivatives and trans-cyclooctene (TCO)
functionalisations (Fig. 10).121

PET-nuclide labelled Tzs for the use of a bioorthogonal click
reaction and pretargeted imaging can in principle be consid-
ered as small molecule PET tracers. In the case of Tzs, the target
is not a receptor or enzyme, but a TCO-functionalised agent,
such as antibodies,122 antibodies,123 or diabodies.124 A variety of
Tzs have been developed for preclinical or diagnostic imaging.
For this purpose, Tz derivatives were modied with uorescent
dyes125 or chelators capable of complexing the corresponding
PET radionuclides. 111In and 68Ga are given as common radio-
nuclides for Tzs.126 A variant with 44Sc (t1/2: 4 h) was also
developed to evaluate its application for pretargeting PET
images.127 Currently, 11C and 18F-labelled Tzs are predominantly
reported, in which the PET nuclide is incorporated through
a covalent bond rather than using a chelator.128,129 In a reverse
approach, a TCO derivative is labelled with a PET nuclide and
undergoes a click reaction with a Tz-modied counterpart.130–132

Although [18F]TCO can be considered a useful tracer for radio-
labelling Tz-modied targeting molecules, studies indicate that
its utility for in vivo chemistry and pretargeted imaging will be
limited. [18F]TCO derivatives, while clearly reaching the brain,
ers.

RSC Adv., 2022, 12, 32383–32400 | 32391
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Fig. 10 Inverse electron-demand Diels–Alder ligation between a TCO
linked to a carrier moitey and a tagged Tz derivative.
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are rapidly metabolised with non-specic accumulation of
radioactivity in brain and bone.133

While a conventional PET tracer should bind to its target as
quickly as possible, the challenge with the click-reaction
approach is that the Tz should react with the TCO moiety as
quickly as possible. A key factor in reaction rates is the chemical
environment of the Tz. Fast IEDDA-reaction rates oen come at
the expense of probe stability.134 In general, methyl-substituted
Tzs showed the highest stability, but also had the lowest reac-
tion kinetics. Electron-withdrawing substituents increase the
click reactivity of Tzs with TCO, but these substituents also
induce their decomposition. Electron-donating substituents
show a higher stability, but also suffer from slow reaction
kinetics (Fig. 11).135

The IEDDA reaction kinetics also strongly depend on the
choice of TCO derivatives, and therefore the activity of various
dienophiles has been extensively investigated in recent years.
Sauer studied the reactivity of substituted dienophiles and
summarized several basic rules: (1) dienophiles with electron-
rich substituents are favorable for fast reaction kinetics; (2)
strained dienophiles are more reactive; (3) an increase in steric
effect hinders reactivity.136 Researchers have therefore focused
on improving the reaction kinetics of Tz-TCO binding (Fig. 12).
A commonly used dienophile for IEDDA-based pretargeting
studies is TCO, functionalised with a hydroxyl group at the 5-
position (OH-TCO) to allow further conjugation to a molecule of
interest. In this case, there are two stereoisomers (equatorial
and axial) with a higher reaction rate from the axial isomer.137

Despite the fast kinetics observed with these TCOs, however, it
has been observed that the TCO-construct is partially
Fig. 11 Reaction kinetics from slow (left) to high (right) of selected Tzs w
37 °C for 10 h.

32392 | RSC Adv., 2022, 12, 32383–32400
deactivated in vivo by isomerisation to a slowly reactive cis-
cyclooctene (CCO).137 Based on Sauer's hypothesis that strained
dienophiles are more reactive, Fox and co-workers developed
TCO analogues in which the strained TCO ring was forced to
adopt a half-chair conformation.138,139 In the example of
dioxolane-fused TCO (d-TCO) and strained TCO (s-TCO), the
energy was predicted to be 5.6–5.9 kcal mol−1 higher than for
the more stable crown conformation from the OH-TCO scaf-
folds and exhibit signicantly higher bimolecular rate
constants.140 Recently, trans-cycloheptene (TCH) analogues have
been reported as dienophiles in IEDDA cycloadditions with
tetrazines. While TCH is readily isomerised under ambient
conditions, the incorporation of an endocyclic silicon atom, e.g.
in sila-trans-cycloheptene (SiTCH), stabilises the seven-
membered cycloalkene. Similar to Tzs, it was observed that
the high reaction rate leads to a decrease in stability.141

The challenge for effective labelling in in vivo systems is to
achieve an optimal balance between reactivity and stability. It is
of comparable complexity to deliver a radiolabelled Tz into the
brain while maintaining its stability and reactivity. While there
are many examples in the literature of an IEDDA click reaction
in the periphery,127,142,143 there are only a few reports of Tzs
penetrating the brain and serving as PET-nuclide carriers,128

which represents a gap in nuclear medicine diagnostics of brain
targets.
Monitoring of misfolded proteins

PET imaging of misfolded proteins, such as for amyloid-b (Ab)
plaques and tau brils in Alzheimer's disease (AD) or a-synu-
clein in Parkinson's disease (PD), is an extremely valuable
neuroimaging tool and supports ongoing global efforts to better
understand brain function.144–149 Although the use of small
molecules as PET tracers for misfolded protein aggregates has
been reported,145,150 the use of small molecules has some limi-
tations. The pathological accumulation of misfolded proteins
can vary in composition and isoform. In addition, the
morphology of the protein construct changes between disease
states.151 Therefore, different binding sites can arise and the
affinities of tracers can vary signicantly between isoforms and
ith TCO in PBS at 37 °C and corresponding stability assessed in PBS at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Examples of strained dienophiles for IEDDA reactions, from left to right with slow to high reaction kinetics.
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morphologies of protein aggregates. Currently, no well-
characterised, highly selective small molecule-based PET
tracers are available for use in competitive binding studies that
would allow the determination of Ab, tau brils, or a-synuclein-
specic signalling over the dynamic range of disease
progression.

Instead of small molecules, monoclonal antibodies (mAbs)
with their high specicity, high affinity, and serum stability can
also be used for molecular imaging to target radionuclides in
vivo on protein aggregates of interest. Many studies have
demonstrated the use of mAb-targeted imaging (Immuno-PET)
for a variety of purposes, e.g., monitoring disease progressions
and the effect on a therapeutic agent in pharmaceutical
research and development.152–155 Antibody-based radioligands
have so far only been described for peripheral targets related to
cancer diagnostics and theranostics, including some clinical
applications.156,157 The main hurdle for an antibody-based
radioligand to be delivered to the brain is the blood–brain
barrier (BBB). In 1994, it was demonstrated that only 0.1% of
a peripherally administered immunoglobulin G (IgG) reaches
the brain.158 However, the BBB uses natural receptors expressed
Fig. 13 Pretargeting workflow. In the first step, a BBB-penetrating TCO-m
BBB and binds to a target. In the second step, a PET nuclide-labelled Tz
misfolded proteins.

© 2022 The Author(s). Published by the Royal Society of Chemistry
on brain endothelial cells (BECs) for active transport purposes.
The transferrin receptor (TfR) has, due to its expression on the
BBB, an interesting role as a BBB delivery receptor. A Brain
Shuttle (BS) technology was developed to allow the delivery of
mAbs with fully functional bivalent IgG antigen bindings, anti-
brain target and anti-TfR.159 This is achieved by fusing the BS
module to the C-terminal part of the heavy chain (Fc) constant
region. Therefore, these BS-antibodies could allow their use as
PET radioligands within the CNS.160

While antibodies allow prolonged circulation in the body
due to their molecular size and structure, but even more due to
their interaction with the neonatal Fc receptor, which protects
IgGs from degradation,161 this prolonged half-life is a limitation
in molecular imaging due to higher background signals when
using PET radionuclide-labelled mAbs. Compared to conven-
tional imaging techniques in which a molecule is directly
labelled with a radionuclide, the pretargeting approach offers
an uncoupling of the PK half-life of the biological molecule of
interest from the physical half-life of the radionuclide (Fig. 13).

The pretargeting approach allows an antibody to be pre-
localised to a target before injecting aer 1–3 days a small
odified antibody is injected. ThemAb is actively transported across the
is injected and clicks with the TCO-mAb to generate PET-images of
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radiolabelled effector to recognise and specically covalently
bind to it via an in vivo click reaction.162 Applications are found,
for example, in cancer imaging and targeted radionuclide
therapy.163 So far, an in vivo bioorthogonal click reaction
approach of a TCO-modied antibody with a PET nuclide-
labelled Tz in the CNS has not been reported. The require-
ment for a successful click response is a brain-penetrating Tz
that is stable and can react quickly with the pretargeted TCO-
mAb. With this technique and the resulting imaging of mis-
folded proteins within the CNS, valuable information can be
provided to accelerate drug development, monitor disease
progression, and offer great benet to patient care.
Conclusions

Radioactive labelling of molecules from novel modalities, such
as oligonucleotides, peptides, and antibodies, is oen a major
challenge. The established labelling methods used for small
molecules have limited applicability for large, polar, highly
charged molecules. The choice of radionuclide depends not
only on the type of study, but also on molecular properties such
as biological half-life, hydrodynamic radius, molecular surface
charge, or target binding. This review provides an overview of
current labelling methods for oligonucleotides, peptides, and
antibodies for use in tracking, monitoring, and imaging
studies. In conclusion, there is an urgent need for new and
efficient labelling concepts for molecules such as oligonucleo-
tides, peptides, antibodies, and their characterisation in terms
of a label impact on the molecular properties.
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13 S. Heskamp, R. Raavé, O. Boerman, M. Rijpkema,
V. Goncalves and F. Denat, 89Zr-immuno-positron
emission tomography in oncology: state-of-the-art 89Zr
radiochemistry, Bioconjugate Chem., 2017, 28, 2211–2223.

14 M. Mosley, J. B. Torres, D. Allen and B. Cornelissen,
Immuno-imaging of ICAM-1 in tumours by SPECT, Nucl.
Med. Biol., 2020, 84, 73–79.

15 C. R. Correa, A. L. B. de Barros, C. de Aguiar Ferreira,
A. M. de Goes, V. N. Cardoso and A. S. R. de Andrade,
Aptamers directly radiolabeled with technetium-99m as
a potential agent capable of identifying carcinoembryonic
antigen (CEA) in tumor cells T84, Bioorg. Med. Chem. Lett.,
2014, 24, 1998–2001.

16 Y. Liu, G. Liu and D. J. Hnatowich, A brief review of
chelators for radiolabeling oligomers, Materials, 2010, 3,
3204–3217.

17 S. M. Larson, J. A. Carrasquillo, N.-K. V. Cheung and
O. W. Press, Radioimmunotherapy of human tumours,
Nat. Rev. Cancer, 2015, 15, 347–360.

18 S. Vallabhajosula, A. Nikolopoulou, Y. S. Jhanwar, G. Kaur,
S. T Tagawa, D. M Nanus, N. H Bander and S. J Goldsmith,
Radioimmunotherapy of metastatic prostate cancer with;
177Lu-DOTAhuJ591 anti prostate specic membrane
antigen specic monoclonal antibody, Curr. Radiopharm.,
2016, 9, 44–53.

19 K. J. Allen, R. Jiao, M. E. Malo, C. Frank, D. R. Fisher,
D. Rickles and E. Dadachova, Comparative
radioimmunotherapy of experimental melanoma with
novel humanized antibody to melanin labeled with
213bismuth and 177lutetium, Pharmaceutics, 2019, 11, 348.

20 R. Eychenne, M. Chérel, F. Haddad, F. Guérard and
J.-F. Gestin, Overview of the most promising
radionuclides for targeted alpha therapy: The “hopeful
eight”, Pharmaceutics, 2021, 13, 906.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06236d


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

3/
02

/2
02

6 
11

:2
8:

35
 P

G
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
21 S. Poty, L. C. Francesconi, M. R. McDevitt, M. J. Morris and
J. S. Lewis, a-Emitters for radiotherapy: from basic
radiochemistry to clinical studies—part 1, J. Nucl. Med.,
2018, 59, 878–884.

22 S. Poty, L. C. Francesconi, M. R. McDevitt, M. J. Morris and
J. S. Lewis, a-emitters for radiotherapy: from basic
radiochemistry to clinical studies—part 2, J. Nucl. Med.,
2018, 59, 1020–1027.

23 G. Sgouros, L. Bodei, M. R. McDevitt and J. R. Nedrow,
Radiopharmaceutical therapy in cancer: clinical advances
and challenges, Nat. Rev. Drug Discovery, 2020, 19, 589–608.

24 T. E. Witzig, Yttrium-90-ibritumomab tiuxetan
radioimmunotherapy: a new treatment approach for B-cell
non-Hodgkin's lymphoma, Drugs Today, 2004, 40, 111–120.

25 U. Hennrich and K. Kopka, Lutathera®: the rst FDA-and
EMA-approved radiopharmaceutical for peptide receptor
radionuclide therapy, Pharmaceuticals, 2019, 12, 114.

26 C. Kay, N. Skotte, A. Southwell andM. Hayden, Personalized
gene silencing therapeutics for Huntington disease, Clin.
Genet., 2014, 86, 29–36.

27 C. Rinaldi and M. J. Wood, Antisense oligonucleotides: the
next frontier for treatment of neurological disorders, Nat.
Rev. Neurol., 2018, 14, 9–21.

28 S. T. Crooke, J. L. Witztum, C. F. Bennett and B. F. Baker,
RNA-targeted therapeutics, Cell Metab., 2018, 27, 714–739.

29 A. Khvorova and J. K. Watts, The chemical evolution of
oligonucleotide therapies of clinical utility, Nat.
Biotechnol., 2017, 35, 238–248.

30 T. C. Roberts, R. Langer and M. J. Wood, Advances in
oligonucleotide drug delivery, Nat. Rev. Drug Discovery,
2020, 19, 673–694.

31 I. S. Blagbrough and C. Zara, Animal models for target
diseases in gene therapy—using DNA and siRNA delivery
strategies, Pharm. Res., 2009, 26, 1–18.

32 I. S. Blagbrough and A. A. Metwally, Chapter 7: siRNA and
Gene Formulation for Efficient Gene Therapy, in Gene
Therapy-Tools and Potential Applications, ed. F. M. Molina,
IntechOpen, 2013, pp. 135–173.

33 R. S. Geary, B. F. Baker and S. T. Crooke, Clinical and
preclinical pharmacokinetics and pharmacodynamics of
mipomersen (Kynamro®): a second-generation antisense
oligonucleotide inhibitor of apolipoprotein B, Clin.
Pharmacokinet., 2015, 54, 133–146.
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