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Abstract: The pretargeting strategy has recently emerged in order to overcome the limitations of
direct targeting, mainly in the field of radioimmunotherapy (RIT). This strategy is directly dependent
on chemical reactions, namely bioorthogonal reactions, which have been developed for their ability
to occur under physiological conditions. The Staudinger ligation, the copper catalyzed azide-alkyne
cycloaddition (CuAAC) and the strain-promoted [3 + 2] azide–alkyne cycloaddition (SPAAC) were
the first bioorthogonal reactions introduced in the literature. However, due to their incomplete
biocompatibility and slow kinetics, the inverse-electron demand Diels-Alder (IEDDA) reaction was
advanced in 2008 by Blackman et al. as an optimal bioorthogonal reaction. The IEDDA is the fastest
bioorthogonal reaction known so far. Its biocompatibility and ideal kinetics are very appealing for
pretargeting applications. The use of a trans-cyclooctene (TCO) and a tetrazine (Tz) in the reaction
encouraged researchers to study them deeply. It was found that both reagents are sensitive to acidic
or basic conditions. Furthermore, TCO is photosensitive and can be isomerized to its cis-conformation
via a radical catalyzed reaction. Unfortunately, the cis-conformer is significantly less reactive toward
tetrazine than the trans-conformation. Therefore, extensive research has been carried out to optimize
both click reagents and to employ the IEDDA bioorthogonal reaction in biomedical applications.

Keywords: pretargeting; click chemistry; bioorthogonal reaction; IEDDA; tetrazine; trans-cyclooctene

1. The Emergence of the Pretargeting Approach
1.1. Limitations of Direct Targeting

Radiolabeled antibodies have been used over the last decades in radioimmunodiagno-
sis (RID) and radioimmunotherapy (RIT) to image and treat tumors. They are attractive
biovectors due to their ability to target specific antigens expressed at the surface of tumor
cells. Antibodies were first labeled by covalent incorporation of radioiodine to the tyrosine
residues of the antibody [1]. Then, various radiometals were conjugated to the antibody
via chelators [2,3]. The biological half-life of antibodies is typically expressed in days
and, therefore, long-lived radionuclides such as indium-111 (t1⁄2 = 2.8 days), zirconium-89
(t1⁄2 = 3.3 days) and iodine-124 (t1⁄2 = 4.2 days), are required to warrant optimal accu-
mulation of the radionuclide at the target site [1,4–6]. However, the long circulation of
radiolabeled antibodies in the blood stream is a major challenge since it directly leads to
unnecessary radiation exposure to healthy tissues such as the radiosensitive bone mar-
row [5,7]. Thus, many investigations on antibody fragments, active removal of labeled
antibodies from the blood and pretargeting have been recently carried out to reduce
radiotoxicity associated with radiolabeled antibodies [4,8–10].
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1.2. Basic Principle of the Pretargeting Approach

Pretargeting was introduced in the 1980s by Dayton D. Reardan and David Good-
win [11–13]. Many pretargeting strategies have been described in the literature, but meth-
ods based on biotin and avidin and bispecific monoclonal antibodies (mAbs) are the most
common [5]. The pretargeting concept was developed to overcome the limitations en-
countered during direct targeting of tumors with radiolabeled antibodies [14]. It relies
on four main steps (Figure 1) [7,15–17]. The first step consists of the administration of an
unlabeled and modified biovector (i.e., monoclonal antibody) possessing the ability to bind
an antigen or receptor and a radiolabeled small molecule. The second step is the slow
accumulation of the biovector at the tumor site and its clearance from the body. The third
step is the injection of the radiolabeled small molecule. Finally, the last step is based on
the rapid binding of the radiolabeled small molecule to the biovector at the tumor site and
its rapid clearance from the blood [10,18–21]. A clearing agent can also be employed at
the end of the second step to remove the excess of biovector from the blood stream. The
biovector is then transported to the liver or the spleen where it can be metabolized and
eliminated from the body [14]. Several studies demonstrated that the clearing agent does
not interact with the biovector already bound at the surface of the cancer cells but only
with free molecules present in the blood circulation, as illustrated by SPECT/CT imag-
ing studies [14,22–26]. Recently, Myrhammar and coworkers proposed a lactosaminated
peptide nucleic acid-antibody conjugate as a potential clearing agent, whereas Cheal et al.
developed a glycodendrimer-based clearing agent for pretargeting studies [27,28].
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Figure 1. Illustration of the four basic steps of the pretargeting approach.

The main key factor of the pretargeting approach is the rapid pharmacokinetics of
the radiolabeled small molecule to favor high radioactivity accumulation at the tumor
sites while avoiding radiocytotoxic effects on healthy organs. However, success of the
pretargeting strategy is directly dependent on the chemical reaction that allows efficient
and selective binding of the radiolabeled small molecule to the biovector. Conventional
bioconjugation reactions involving amine-carboxylic acid and thiol-maleimide result in
undesirable conjugates in physiological conditions due to interferences with biomolecules
present in the system. Hence, bioorthogonal reactions have gained a lot of attention for



Molecules 2021, 26, 4640 3 of 19

in vivo applications [29–33]. A bioorthogonal reaction is defined by: (1) fast reaction rate,
(2) chemoselectivity, (3) no interference with the living system, (4) no toxicity and (5) stable
starting materials and end-products. Moreover, the reaction has to occur in aqueous media
at very low concentrations and under physiological temperature and pH [31,34,35].

2. Bioorthogonal Reactions

Click reactions were introduced in the early 2000s by Sharpless and coworkers [36].
According to the authors, a click reaction must be modular, stereospecific, high yielding,
wide in scope and produce inoffensive products. However, the reaction should preferably
be insensitive to oxygen and water and to occur in mild reaction conditions. Besides, the
starting materials should be easily accessible, the products easily isolated and stable under
physiological conditions. Importantly, a click reaction usually leads to a single product. To
meet all these criteria, a click reaction needs to have a very high thermodynamic driving
force, usually greater than 20 Kcal·mol−1 [36]. A bioorthogonal reaction is typically a click
reaction which is feasible under biologically friendly conditions [34,35,37–39]. Most of the
requirements for a bioorthogonal reaction are possessed by the azido group, and therefore it
has been extensively employed as click functionality in the literature due to its stability and
inertness towards other functional groups present in biological systems [31]. Furthermore,
the small size of the azido group is particularly interesting because its conjugation to a
biovector does not significantly impact the bioactivity of the resulting conjugate [31,40].

2.1. The Staudinger Ligation

This bioorthogonal reaction was discovered by Staudinger and Meyer in 1919
(Table 1) [41,42]. It involves the formation of an aza-ylide via coupling of a triarylphosphine
and an azide. The reaction can occur in a living organism and is highly selective because
both reagents are abiotic and don’t react with biogenic functionalities of biomolecules.
However, the main shortcoming of this reaction is the lack of stability of the aza-ylide
product in water [43,44]. Therefore, Saxon and coworkers proposed stabilization of the
product of the Staudinger ligation by an intramolecular cyclization. They used an elec-
trophilic trap to capture the nucleophilic aza-ylide by adding an ester group on one of
the aryl groups of the phosphine reagent at the ortho position of the phosphorus atom.
The reaction led to a stable product via an amide bond formation [43]. Later on, Saxon
and coworkers developed another method, dubbed the “traceless” Staudinger ligation,
allowing obtention of the amide bond between the two reagents without the intervention
of the triarylphosphine group [45].

The Staudinger ligation has been extensively studied in the context of in vitro and
in vivo applications [46,47]. However, despite all the efforts to optimize the reaction, it
still suffers from some limitations prohibiting its application to in vivo studies. In fact,
oxidation of the phosphine and slow kinetics (k ∼ 10−3 M−1s−1) are the main obstacles
hampering successful application of the Staudinger reaction in a living system [44,48].
Consequently, further investigations in the realm of bioorthogonal chemistry have been
pursued to find click reactions with better chemical properties.

2.2. Copper-Catalyzed [3 + 2] Azide–Alkyne Cycloaddition (CuAAC)

The azide-alkyne cycloaddition was originally introduced by Huisgen. This classical
[3 + 2] cycloaddition is characterized by relatively slow kinetic, thus it is not compatible
with pretargeting in biological environments. In 2002, the copper catalyzed azide-alkyne
cycloaddition (CuAAC) was described by Sharpless and Mendal [49,50]. The use of
Cu(I), as a catalyst increased the second order reaction rate by seven orders of magnitude
compared to the uncatalyzed reaction [37]. The kinetics of CuAAC (10 M−1 s−1 in presence
of 20 µM of Cu(I)) are 1000-fold faster than the Staudinger ligation (Table 1) [51]. Moreover,
the CuAAC fulfills all the conditions to be classified as a click reaction. The small size of
the two functional groups involved, namely azide and alkyne, enabled the incorporation
of the click handles into biomolecules without disrupting their biochemical properties.
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Thus, CuAAC has been applied to the labeling of peptides and proteins [52]. Nevertheless,
biological applications of CuAAC has been hampered by the cytotoxicity of copper, which
is known to participate in the generation of reactive oxygen species (ROS) [53]. In fact, in
2009, Bertozzi et al. reported that mammalian cells could survive only one hour exposure
to low concentrations of copper (lower than 500 µM) [37]. Therefore, to improve the
biocompatibility of the reaction, water-soluble Cu(I) ligands were developed to stabilize
the metal and prevent the release of toxic copper ions [54,55]. Another approach is to
perform the [3 + 2] azide–alkyne cycloaddition with a strained alkyne, which avoids the
need of copper catalyst.

2.3. Strain-Promoted [3 + 2] Azide–Alkyne Cycloaddition (SPAAC)

The strain-promoted [3 + 2] azide–alkyne cycloaddition (SPAAC) was introduced in
2004 by Bertozzi et al. [56]. The main advantage of SPAAC in comparison to CuAAC is
that the reaction occurs under physiological conditions and without a catalyst. However,
the reaction kinetics (1.2–2.4 × 10−4 M−1 s−1) are slower than CuAAC and comparable to
those of the Staudinger ligation [57]. Nevertheless, the slow kinetics of the reaction were im-
proved by structural modifications of the alkyne, such as fluorination and sp2-hybridization
of ring atoms [57,58]. By reaching 0.1 M−1 s−1, Bertozzi et al. were able to accelerate by
60-fold the reaction kinetics (Table 1) [59,60]. SPAAC has been tested in different systems
including the labeling of glycol chitosan nanoparticles with copper-64 or pretargeted ra-
dioimmunotherapy (PRIT) of non-Hodgkin lymphoma [61–63]. Although SPAAC does not
require toxic catalyst and exhibits kinetics 100-fold faster than the Staudinger ligation, it
has been shown not to be perfectly bioorthogonal. The cyclooctyne ring can potentially
react with nucleophiles present in living systems. Therefore, new type of bioorthogonal
reaction offering higher kinetics and better chemoselectivity are needed.

Table 1. Chemical characteristics of the bioorthogonal reactions covered in this review.

Bioorthogonal
Reaction Reaction Scheme k (M−1 s−1) Advantages Drawbacks

Staudinger
ligation

A: Staudinger reaction
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2.4. Inverse Electron-Demand Diels-Alder (IEDDA)

IEDDA was introduced in 2008 by Blackman et al. as the fastest bioorthogonal
reaction [66]. The reaction occurs between a diene, such as 1,2,4,5-tetrazine (Tz), and
a dienophile. Contrary to the electron-demand Diels-Alder reaction, an electron-rich
dienophile reacts with an electron-poor diene in IEDDA. According to the frontier molec-
ular orbital theory (FMO), the fast reaction kinetics of IEDDA are due to the low energy
gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the dienophile and diene, respectively [48]. The reaction
can be set in organic solvents, water, as well as biological media, and does not require
activation by a catalyst [66]. Moreover, reactants can be used at very low concentration for
their conjugation to large biomolecules due to the high chemoselectivity of the reaction [48].

Trans-cyclooctene (TCO) is the most commonly used dienophile due to its high reac-
tivity towards diene. In fact, TCO is seven-fold more reactive than the cis-cyclooctene in
IEDDA reaction. Tetrazines are generally employed as dienes, and the IEDDA is sometimes
called tetrazine ligation [67]. The Tz and TCO pair shows very high reaction specificity,
and they are not reactive toward thiols, amines and other potential nucleophiles present
in the biological system. This irreversible process leads to the release of N2 gas, as the
only side product during the reaction [68]. The reaction between Tz and a dienophile can
be monitored spectroscopically by following the disappearance of the absorption band
between 510 and 550 nm [69]. This method was used by Sauer and coworkers to perform
kinetic studies proving that this reaction is incredibly fast [70]. Its exceptional fast kinetics
are reported between 1 and 106 M−1 s−1. Due to all those reasons, IEDDA is so far the
most efficient bioorthogonal reaction reported in the literature [71].

3. Dienes

Dienes are one of the two click functionalities required for the IEDDA reaction, and
their stability is a key issue for in vivo pretargeting. Tetrazines (Tz) are the most commonly
used dienes for IEDDA. The reactivity of Tz is influenced by the substitutions performed
on the tetrazine backbone (Figure 2A) [14]. Installation of an electron-withdrawing group
(i.e., aryl group) on Tz lowers the LUMO energy and leads to high reactivity. Unfortunately,
the reactivity of tetrazines is inversely correlated with their stability. In 2016, Maggi et al.
investigated the stability of a series of 10 tetrazines to understand the effects of different
substituents on the tetrazine core (Figure 2B) [72]. In general, C1-monoaryl-substituted
tetrazines (2, 4, 8, 9) were found to easily decompose under biological conditions (PBS or
FBS). The stability can be restored by introduction of a methyl group at the C4-position
(1, 3, 5). Installation of electron-donating group at either the C1 or both C1/C4 positions
stabilized the tetrazine core but also reduced the reactivity (6, 7). However, the reactivity
between Tz and TCO can be enhanced by increasing the polarity of the solvent or the
temperature [73]. The di-aryl substituted tetrazine, 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine 10,
is the diene that exhibited the worst stability, as well as the best reactivity among all
tetrazines tested. Recently, Steen et al. developed a library of 45 tetrazines and compared
their lipophilicity (clogD7.4), topological polar surface areas (TPSAs) and in vivo IEDDA
reactivity [74]. A strong correlation was noticed between the tetrazine ligation efficiency
and the lipophilicity of the Tz. Negative clogD7.4 values of −3.0 or lower great improve
IEDDA efficiency. However, no correlation was observed between TPSA and the click
reactivity. They also reported that a very high second-order rate constant (>50,000 M−1 s−1)
is important to achieve efficient in vivo IEDDA reaction.
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4. Dienophiles

The reaction of an electron-rich dienophile and an electron-poor diene is the basis of
the IEDDA reaction. Norbornene (11) is one of the earliest dienophiles applied for pretar-
geting studies (Figure 3A). Devaraj et al. demonstrated that tetrazine-substituted imaging
probe specifically conjugated to a norbornene-modified HER2-antibody in the presence
of live cells and serum [75]. However, the slow kinetics of this reaction (k2 = 1.9 M−1 s−1)
prevented further applications. IEDDA kinetics are highly dependent on the reaction
substrates, and therefore the activity of various dienophiles has been extensively inves-
tigated in recent years. Since the 1990s, Sauer’s group and other research groups have
examined the reactivity of substituted dienophiles and several principal rules have been
summarized: (1) dienophiles with electron-rich substituents are favorable for fast kinetics;
(2) strained dienophiles are more reactive, and (3) an increase of the steric effect hampers
reactivity. Currently, the most widely used dienophile for IEDDA-based pretargeting
studies is trans-cyclooctene (TCO). TCO is usually functionalized with a hydroxyl group at
the 5-position, known as 5-hydroxy-trans-cyclooctene (5-OH-TCO), for further conjugation.
There are two stereoisomers of 5-OH-TCO (12 and 13), possessing different reactivity. The
axial isomer 13 was found to be more reactive than the corresponding equatorial isomer 12.
However, despite the fast kinetics observed with these TCOs, the TCO-tag was found to
be partially deactivated in vivo through isomerization to a slow-reactive cis-cyclooctene
(CCO) [76]. Elaboration of TCO with a short linker was found to extent the half-life of the
trans-configuration of TCO. In addition to TCO, other dienophiles with higher reactivity
(14 and 15) [77] or better stability (16) [78] have been reported. Furthermore, a bifunctional
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dienophile (trans,trans-1,5-cyclooctadiene, ((E,E)-COD)), allowing double click reactions
was reported by Leeper’s group. COD is capable of undergoing a (3+2) cycloaddition with
1,3-dipoles to generate triazoline-TCOs (17), followed by an IEDDA reaction with tetrazine
moieties [79]. The chemistry allowed less-tedious chemical modification of TCO and was
exploited by Longo et al. to prepare several TCO derivatives for live-cell fluorescent imag-
ing. However, the kinetics of 17 were too slow for an in vivo pretargeting study [80]. So
far, and to the best of our knowledge, no other dienophiles than 5-OH-TCO have been
successfully advanced to in vivo pretargeting studies.
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5-OH-TCO was first reported in antibody-based pretargeting studies by Robillard
et al. [22]. In this study, (R)-5-OH-TCO was functionalized with a benzoic acid-oligoethylene
glycol hybrid linker (NHS-PEG12-Bz-TCO, 18) and conjugated to the anti-TAG72 antibody
CC49 (Figure 3B). The resulting TCO-CC49 had a second order rate kinetic constant of
13′090 M−1s−1 in PBS buffer. It was demonstrated that TCO-CC49 was still reactive after
24 h blood circulation, thus indicating good in vivo stability. In 2016, Cook et al. intro-
duced the activated cyclooctyne DIBO onto 5-OH-TCO (DIBO-PEG12-TCO) for site-specific
labeling of antibody. Four azido functional groups were installed on the heavy chain of the
sshuA33 antibody via a modular chemoenzymatic strategy with β-1,4-galactosidase and
galactosyltransferase (Gal-T(Y289L)). Then, the azido-antibody was conjugated to DIBO-
PEG12-TCO (19) according to a SPAAC reaction to adapt the antibody to IEDDA-mediated
pretargeting studies [18]. MALDI-TOF mass spectrometry and denaturing SDS-PAGE
analyses showed that approximately 2.4 TCO groups were attached on the heavy chain
of the antibody, while immunoreactivity of the conjugate was almost not influenced by
the modifications (94%). Another site-specific labeling method based on reaction between
cysteine and carbonylacrylic group was recently reported [81]. 5-OH-TCO was functional-
ized with a carbonylacrylic group (20) and conjugated to THIOMAB LC-V205C, a modified



Molecules 2021, 26, 4640 8 of 19

anti-HER2 antibody with cysteines in the light chain. LC-mass spectrometry analysis of
THIOMAB LC-V205C-TCO revealed that the immunoconjugate was modified with two
TCO/mAb. The reaction kinetics of THIOMAB LC-V205C-TCO were investigated by
performing the click reaction with [111In]In-DOTA-Tz. It resulted in ~92% conversion yield,
but the immunoreactivity of the conjugate was not reported.

5. Applications
5.1. Radiolabeling of Monoclonal Antibodies (mAbs) with Short-Lived Radionuclides and Pretargeting

Radiolabeled mAbs are widely used in preclinical and clinical positron emission
tomography (PET) imaging studies due to their high selectivity for specific antigens ex-
pressed at the surface of tumor cells [82–85]. However, the long biological half-life of
mAbs calls for labeling with long-lived radionuclides to warrant sufficient accumulation
of radioactivity at the tumor sites. This approach is unfortunately limited by the long
circulation of the radiolabeled molecule in the blood and the radiotoxicity induced to
nontargeted organs [86]. To overcome this limitation, Ruivo and coworkers made use of
the pretargeting method to combine the specificity of mAbs with the fast pharmacokinetics
of radiolabeled small molecules. IEDDA-mediated pretargeting gave them the opportunity
to perform PET imaging with mAbs and short-lived radionuclides. In 2015, Houghton et al.
applied a similar strategy to improve the prognosis of pancreatic ductal adenocarcinoma
(PDAC) [87]. In fact, carbohydrate antigen 19.9 (CA19.9) is highly expressed in PDAC
and can be selected as molecular target for PET imaging of pancreatic cancer. However,
its secretion in blood results in an increase of circulating CA19.9-targeting radiotracer
and decrease in tumor uptake. Therefore, the authors proposed a pretargeting strategy
based on TCO-modified monoclonal antibody targeting CA19.9 (5B1-TCO) and copper-64
labeled tetrazines ([64Cu]Cu-NOTA-Tz and [64Cu]Cu-NOTA-PEG7-Tz). They evaluated
the optimal time interval (48, 72 and 120 h) between the two injections and compared
the pharmacokinetics of the two radiolabeled tetrazines. It was found that 72 h gave
the best balance between blood clearance and chemical stability of TCO. Furthermore,
the addition of the PEG7 linker improved hydrophilicity of the 64Cu-labeled tetrazine
and reduced accumulation in the gastrointestinal tract. Later, they reported a fluorine-18
labeled tetrazine (Tz-PEG11-Al [18F]-NOTA), which could be obtained in mild reaction con-
ditions to avoid alkaline degradation of the tetrazine [88]. Imaging of athymic mice bearing
subcutaneous CA19.9-expressing BxPC3 xenografts was performed with Tz-PEG11-Al[18F]-
NOTA 72 h after injection of 5B1-TCO. Ex vivo biodistribution revealed increase tumor
uptake overtime, which was confirmed by PET imaging data. Several other 18F-labeled
tetrazines have been developed due to the attractive decay properties (t1/2 = 109.8 min) of
fluorine-18 for PET imaging [86]. Keinänen et al. described a method for the preparation of
a 18F-labeled glycosylated tetrazine by oxime ligation between 5-[18F]fluoro-5-deoxyribose
and an aminooxy functionalized tetrazine [89]. Addition of the sugar moiety reduced the
lipophilicity of the labeled tetrazine. In vitro stability of the radiofluorinated tetrazine in
PBS buffer and mouse plasma showed no degradation in PBS over 6 h, while 90% of the
compound remained intact in plasma. Ex vivo biodistribution studies revealed low level of
in vivo defluorination and rapid elimination of the radiotracer via the bladder, confirming
the potential of this 18F-labeled tetrazine for pretargeting purposes.

Zeglis and coworkers reported several IEDDA-mediated pretargeting studies using
monoclonal antibodies functionalized with a TCO and a radiolabeled tetrazine [90–94].
They recently described an efficient radiosynthetic approach based on IEDDA to prepare
actinium-225 radioimmunoconjugates [90], while previous methods presented major limi-
tations, such as radiolytic degradation or the need of a high number of chelate per antibody
(~10), which could potentially affect the radioimmunoreactivity of the conjugate. Meyer
et al. reported a masking agent to neutralize the free circulating mAb-TCO before the
injection of the radiolabeled tetrazine. The main objective was to increase the target-to-
background ratios without affecting tumoral uptake. It was shown that the quality of the
PET images was significantly improved for the mice who received the masking agent in
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comparison to the control animals [91]. Then, Cook and coworkers investigated the possi-
bility to increase the number of TCO groups per antibody. They synthesized a TCO-bearing
scaffold based on a disulfide-core poly(amidoamine) (PAMAM) dendrimer, which was
regioselectively attached to the sshuA33 antibody (sshuA33-DEN-TCO). Biodistribution
and microPET showed that the tumor uptake after injection of [64Cu]Cu-SarAr-Tz was
two-fold higher in mice treated with sshuA33-DEN-TCO compared to the animals treated
with sshuA33-PEG12-TCO [95].

In the previous studies, the dienophile was conjugated to the biovector, while the
diene was radiolabeled. However, due to the long-term in vivo instability of TCO, Maggi
et al. proposed attachment of the tetrazine to the antibody and radiolabeling the TCO
moiety [72,76,96]. Radiofluorination of TCO was attempted to obtain [18F]F-TCO, but the
tracer was rapidly metabolized and a nonspecific accumulation in bones via defluorination
was observed. Consequently, [18F]F-TCO has not been successfully applied to pretargeting
studies [97,98]. In 2017, Billaud et al. performed fluorine-18 labeling of a pegylated TCO
for pretargeted immuno-PET imaging. Animals with HER-2 positive xenografts were
first injected with a trastuzumab-tetrazine conjugate, followed by the administration 48
to 72 h later of the 18F-labeled TCO. The HER-2 overexpressing tumors could clearly be
visualized on the PET images, proving that pretargeting immuno-PET imaging can be
achieved with this fluorinated TCO analog [99]. Later, Ruivo and coworkers modified the
TCO labeling method by using the 1,4,7-triazacyclononane-N,N’,N”-triacetic acid (NOTA)
chelator. TCO was radiolabeled by complexation of Al[18F]F by the NOTA chelator, and
[18F]F-MICA-205 was evaluated in vivo as a probable counterpart for the IEDDA reaction
with a tetrazine-modified CC49 antibody. In vivo stability studies showed that 67.7± 0.43%
of [18F]F-MICA-205 remained intact 15 min after injection (p.i.) of the tracer, whereas it
decreased to 51.9± 5.16% at 1 h p.i.. Notably, it was identified that the main radiometabolite
at the later timepoint was the cis-isomer (Figure 4A). However, the trans to cis isomerization
was not considered a major limitation because of the fast kinetics of the IEDDA reaction.
Biodistribution of [18F]F-MICA-205 in healthy mice showed both a hepatobiliary and a renal
excretion due to the hydrophobic character of the tracer. As illustrated in Figure 4B, most of
the radioactivity was found in the kidneys, the liver, and the small intestine. The low uptake
in bones demonstrated the in vivo stability of the radiotracer. In vivo pretargeting studies
were performed in LS174T tumor-bearing mice pretreated with the anti-TAG-72 mAb
CC49 or with the same antibody conjugated to a stable methyl-tetrazine. [18F]F-MICA-205
was injected and microPET imaging was performed 1 h after administration of the tracer
(Figure 5). The tumor uptake in mice pretreated with CC49-Tz (0.67 ± 0.16% ID/g) was
significantly higher than the control animals preinjected with CC49 (0.16 ± 0.08% ID/g). It
clearly demonstrated that the radiolabeled TCO, [18F]F-MICA-205, could be applied to an
in vivo pretargeting strategy.
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5.2. Radiolabeling of Nanoparticles

The fast kinetics and chemoselectivity of IEDDA are particularly attractive for the
selective labeling of complex molecules such as nanoparticles. Recently, Goos et al. de-
veloped nanostars for multimodality molecular imaging and endoradiotherapy [100].
Nanoparticles were complexed with Gd3+ for T1-weighted magnetic resonance imaging
and functionalized with a TCO group, p(TCO-AEA-co-OEGA-co-[Gd3+]VDMD, to enable
radiolabeling via IEDDA reaction. Tetrazine ligation was performed between p(TCO-AEA-
co-OEGA-co-[Gd3+]VDMD and [177Lu]Lu-Tz-PEG7-DOTA to obtain p([177Lu]Lu-DPAEA-
co-OEGA-co-[Gd3+]VDMD. The 177Lu-labeled nanostars showed high uptake in the tu-
mor tissue in comparison to other nanoparticles previously reported in the literature. In
2019, van Onzen and coworkers also used the selectivity of the bioorthogonal reaction
between Tz and TCO to radiolabel nanoparticles, which were intrinsically fluorescent,
and obtained dual-modality imaging probes (Figure 6) [101]. They incorporated a trans-
cylooctene moiety to small molecule-based nanoparticles (SMNP) followed by the addition
of a tetrazine-DOTA conjugate (Tz-DOTA) previously labeled with indium-111. The
dual-modality imaging probe was obtained in over 97% radiochemical yield by reacting
[111In]In-DOTA-Tz with the cyclooctene unit (amp-TCO) in buffer for 30 min. The authors
also compared this radiosynthetic strategy with two conventional labeling approaches
where the DOTA chelate was directly attached to the SMNPs (amp-DOTA) or conjugated
to the nanoparticles by strain-promoted azide-alkyne cycloaddition. The radiolabeling
yield dropped to 45% for [111In]In-DOTA-amp, and the radiochemical purity reached 88%
after purification of the labeled nanoparticles by size exclusion chromatography. However,
no reaction was observed during SPAAC with the azido-modified SMNPs (amp-azide),
probably due to steric hindrances. This example clearly demonstrates the advantages of
IEDDA over other techniques to radiolabel nanoparticles.
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Recently, Keinänen et al. reported the development of an imaging strategy based on
the IEDDA reaction and mesoporous silicon nanoparticles (PSi-NPs) [103]. Mesoporous
silicon is an interesting material for targeted drug delivery in nanomedicine due to the
biodegradability and nontoxicity of Psi-NPs. TCO-NPs were obtained by SPAAC reaction
with TCO-PEG12-DBCO after the conjugation of 3-azidopropylamine onto the NPs. IEDDA
was carried out with [18F]fluorodeoxyribose-tetrazine ([18F]FDR-tetrazine). TCO-NPs
were administrated intravenously to healthy mice 15 min or 24 h prior to the injection
of [18F]FDR-tetrazine. A control group was treated only with [18F]FDR-tetrazine. PET-
CT images revealed that the highest radioactive uptake was found in the spleen for the
group treated with TCO-NPs 15 min prior [18F]FDR-tetrazine administration, as typically
observed for NPs. Authors reported that the click reaction between both moieties, TCO
and Tz, was rapid and that 11.0 ± 1.9% ID/g was found in the spleen (vs. 2.8 ± 0.5%
ID/g for the control group). However, no click reaction was observed for the group treated
with TCO-NPs 24 h before the administration of the radiolabeled Tz. This might be due to
the loss of reactivity of the TCO group and conversion to its unreactive cis-isomer, or the
TCO-NPs were already completely internalized.

5.3. Drug to Release

The principle of the pretargeting strategy, consisting of the injection of the targeting
vector followed by the administration of an active ingredient interacting solely with the
targeting vector, has not exclusively been used for the safe administration of a radioactive
substance but also for the site-specific release of a drug. In 2018, Rossin et al. showed that
the reaction of a tetrazine with a TCO linked to an antibody-drug conjugate (ADC) bound to
a noninternalizing cancer cell receptor could lead to intracellular release of the drug while
sparing the surrounding healthy tissues (Figure 7) [104]. In fact, their “click-to-release”
strategy was based on previously published results showing the specific cleavage of allylic
carbamates from TCO upon reaction with Tz [105,106].
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Figure 7. Triggered drug release using “click-to-release” chemistry in vivo: on-tumor liberation
of a cell permeable drug (monomethyl auristatin E, MMAE) from a trans-cyclooctene-linked ADC
following systemic administration of a tetrazine activator [104].

As proof-of-concept, the authors selected the tumor-associated glycoprotein-72 (TAG72),
as the noninternalizing receptor, and CC49 diabody conjugated to a PEG24 linker and
coupled to trans-cyclooctene bound to a tubulin-binding antimitotic MMAE (tc-ADC) to
target TAG72. tc-ADC was compared to vc-ADC containing an enzymatically cleavable
valine-citrulline linker and nb-ADC, a nonbinding anti-PSMA containing the TCO linker.
To release the drug by the IEDDA reaction, a 3-methyl-6-trimethylene-tetrazine (activator)
was employed. This tetrazine is known to be less reactive than the 3,6-bispyridyl-tetrazine
previously reported for successful in vivo IEDDA, but it presents better releasing properties.
To determine the efficiency of the “click-to-release” strategy, the click reaction was first
performed in PBS buffer and in serum. Upon addition of the Tz activator, 90% of the
drug was released in PBS buffer within 1 h of incubation at 37 ◦C, whereas in serum
80% of drug was released in 20 h. Subsequently, in vivo studies in LS174T-tumor bearing
mice were carried out after the injection of the activator 48 h after the injection of tc-ADC.
Biodistribution was performed at 72 or 96 h post injection of tc-ADC. MMAE release was
estimated by mass spectrometry from liver and tumor homogenates as well as plasma.
MMAE levels were 100-fold higher in the tumors treated by the subsequent injections of
tc-ADC and the activator in comparison to the liver, the plasma or tumors treated solely
with tc-ADC. Then, therapy studies were performed to compare the efficacy of tc-ADC
+ 3-methyl-6-trimethylene-tetrazine and vc-ADC. It was found that the click-to-release
approach had a strong and durable response in OVCAR-3 xenografts without any signs
of toxicity up to four months after treatment, while vc-ADC was not effective in this
tumor model.

Recently, Li et al. used the same technique to investigate localized molecular imaging
with tumor specificity and spatiotemporal precision [107]. In fact, fluorescence imaging
showed very promising results in tumor diagnosis, but due to poor tissue penetration
the results showed modest outcome. Therefore, in this study, single-walled carbon nan-
otubes (SWCNTs) attached to Tz (Tz@SWCNTs) were used as delivery vehicles to increase
accumulation in tumors via enhanced permeability and retention effects (EPR). For the
second reagent of the IEDDA reaction, TCO was coupled to hemicyanine to yield (tHCA).
tHCA is a fluorogenic near infrared probe that becomes fluorescent upon activation. The
authors reported the ability of tHCA to diffuse deeply into the cancer tissue and to lead to
tumor-specific imaging upon click reaction with Tz@SWCNTs. Thus, this strategy allowed
deep tissue penetration via SWCNTs, and high signal-to-noise ratio by the activation of
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tHCA. This method enabled specific, nondestructive and real-time imaging. Then, they
investigated pretargeted fluorogenic imaging in live cells, as well as in vivo. For their
in vitro studies, MCF-7 cells were incubated with Tz@SWCNTs for 6 h before the addition
of tHCA. The first fluorescent signal was reported after 5 min and its intensity increased
over 30 min. In vivo studies were performed in CT26 tumors bearing BALB/c mice. For
the group of mice intended for pretargeted imaging, mice were injected intravenously with
Tz@SWCNTs and 2 h later with tHCA. The images showed a signal emerging from the
tumor at 3 h post injection of tHCA. The intensity of the signal continued to increase up to
24 h after administration of tHCA. Based on their results, the authors identified a method
for real-time fluorescence imaging with spatiotemporal control.

5.4. Activatable Fluorescence Probes

Fluorescence imaging of live cells with caged fluorescent probes is a powerful tech-
nique to study dynamic cellular processes and events [108]. In 2010, Weissleder et al. first
reported that Tz-BODIPY conjugates (e.g., tetrazine-BODIPYFL) exhibited strongly reduced
fluorescence compared to their parent BODIPYs [109]. The quenching mechanism was
suggested to be the result of a Förster resonance energy transfer (FRET) process between the
electron-poor Tz and the fluorophore. Upon reaction with a dienophile, such as TCO, the
fluorescence could be restored in the order of 15 to 20-fold. For live-cell study, the authors
sequentially treated PtK2 kidney cells with taxol-TCO and tetrazine-BODIPYFL. In vitro,
the IEDDA reaction was successfully demonstrated by clear visualization of the cellular
tubule networks. Recently, the same authors developed another series of “superbright
turn-on probes” (e.g., mTz-BODIPY, HELIOS) based on a through-bond energy transfer
(TBET) process in which the Tz, acting as a quencher was attached to the fluorophore via a
rigid linker [110,111]. Fluorescence increase in the order of 103 to 104 was observed after
TCO-activation of the probes. From a mechanistic point of view, the TBET-based quenching
process can be applied to any type of fluorophore, and Kele’s group reported Tz-caged
probes based on various fluorophores, including phenoxazine, coumarin, siliconrhodamine
and rhodamine analogs [112–115]. The feasibility of applying the probes to cell-based
imaging has also been demonstrated by confocal microscopy. Later, Kele et al. developed
new IEDDA-activatable fluorogenic photocages based on a vinylene linked coumarinyl-Tz,
which could be activated through the IEDDA reaction with a strained alkyne. Live-cell pho-
touncaging was demonstrated by pretargeting the cells with an alkyne (TPP-BCN) followed
by the addition of the fluorogenic rhodol-coumarinyl-Tz agent, resulting in fluorescence
signal located in cell mitochondria [116].

5.5. Photodynamic Therapy

Photodynamic therapy (PDT) is a clinically approved medical treatment that involves
a photosensitizing molecule and a light source to destroy malignant cells. The treatment
depends on the direct or indirect generation of cytotoxic singlet oxygen (1O2) or other ROSs
(e.g., peroxide radicals, hydroxyl radicals) under exposure of the photosensitizer (PS) to
light. Because the lifetime and diffusion distance of 1O2 is short, specific delivery of PS at
the target site is essential. Recently, Renard et al. took advantage of the IEDDA reaction
to simultaneously label an EGFR-targeted VHH antibody with a complexed radionuclide
(111In-DTPA) and a PS (IRDye700DX) [117]. Micro-SPECT and near infrared fluorescence
(NIFR) imaging showed that the tracer specifically accumulated in the tumor. Moreover,
the dual-modality VHH exhibited dose-dependent cytotoxicity upon illumination with
60 J/cm2 690 nm light in an in vitro assay. Despite the success of targeted PDT, controllable
activation of the PS is still under investigation to improve the effectiveness of PDT. Pioneer
work on halogenated BODIPY-Tz by Vázquez’s group demonstrated that the photosensi-
tizer could be turned on and effectively generate 1O2 through IEDDA reaction [118]. In this
study, the tetrazine on the PS not only played the role of a TBET quencher but also a PS in-
activator. PS activity could be restored by changing the nature of this quencher via IEDDA
reaction. To validate the concept, a 5-vinyl-2′-deoxyuridine (VdU) was incorporated, as
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a dienophilic activator, into the DNA of HeLa cells. The cells were treated with mTz-2I-
BODIPY and irradiated with a light at 525 nm for 1O2 generation. The DNA-targeted
PS activation proved to be successful because the product of the IEDDA reaction led to
significant phototoxicity in HeLa cells. They concluded that the IEDDA-based activatable
photodynamic strategies could be a useful tool for PDT. Next, Vázquez and coworkers de-
veloped a bioorthogonal turn-on peptide PS (Tz-C(2I-BODIPY)-PEPTIDE) [119]. Unlike the
previous BODIPY/Tz photosensitizer, the tetrazine and BODIPY moieties were separately
integrated into a cell membrane-targeted peptide. In vitro IEDDA reaction followed by
proper irradiation led to significant suppression of the HeLa cell viability, showing that the
new PS/quencher pair was successfully turned on by TCO treatment. Another example of
IEDDA reaction-mediated activatable PS was reported by Dong et al. [120]. They used a
tumor pH-responsive polymer containing a tetrazine, which formed unreactive micelles at
neutral pH. However, micelles disassembled under the acidic tumor microenvironment
(pH 6.5), leading to the activation of the caged PS. The authors demonstrated that the
Tz-polymers were released at pH 6.5 and activated the CyPVE (a vinyl-ether-caged fluoro-
genic PS) through the IEDDA reaction, resulting in the photodynamic cytotoxicity of 4T1
cells. On the contrary, no cytotoxicity was observed at pH 7.4 because the Tz-micelles were
stable under neutral conditions. In vivo PDT studies showed that 4T1 tumor xenografts
shrunk after 12 days of treatment by the Tz micelles/CyPVE. The successful example of
the IEDDA reaction in the context of the acidic tumor microenvironment may provide a
general strategy for bioorthogonal prodrug activation.

6. Conclusions

To summarize, bioorthogonal reactions have been widely studied over the last few
decades for their ability to potentially overcome the limitations in RIT. Although, several
click reactions have been introduced, the IEDDA discovered in 2008 by Blackman et al.,
has been a game changer due to its fast kinetics, high selectivity and biocompatibility.
Nowadays, most biological studies involving a bioorthogonal reaction are based on the
IEDDA. However, even if some dienes and dienophiles reagents are commonly used,
optimization of their chemical properties is still required. Indeed, the in vivo stability
of TCO can be compromised in acidic conditions or by the presence of copper ions and
nucleophiles in the biological system. Similarly, an equilibrium between reactivity and
stability has to be found for the tetrazine. To overcome these limitations, various dienes
and dienophiles have been synthesized to optimize the efficiency of the click reaction.
For instance, norbornene derivatives or strained cyclopentene have been developed to
replace TCO.

Many preclinical studies with TCO or Tz-modified antibodies have shown encour-
aging results. However, in vivo IEDDA applications with smaller biomolecules, such as
peptides, have been barely investigated. Furthermore, implementation of such strategy
into clinic is a logistic challenge, considering the number and time between the injections.
Additionally, clinical deployment of IEDDA will only be effective for imaging and therapy
if it remains affordable. To conclude, IEDDA is a valuable tool for biomedical research to
overcome current limitations encountered with direct targeting. However, despite promis-
ing preclinical results, further optimization is likely required for the clinical translation of
this novel targeting approach.

Author Contributions: Writing and original draft preparation, M.H.; writing, review, and editing,
M.H., K.-T.C. and Y.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Dutch cancer society (KWF), grant number 12259.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2021, 26, 4640 15 of 19

References
1. Sharkey, R.M.; Goldenberg, D.M. Advances in Radioimmunotherapy in the Age of Molecular Engineering and Pretargeting.

Cancer Investig. 2006, 24, 82–97. [CrossRef]
2. Carroll, V.; Demoin, D.; Hoffman, T.; Jurisson, S. Inorganic chemistry in nuclear imaging and radiotherapy: Current and future

directions. Radiochim. Acta 2012, 100, 653–667. [CrossRef] [PubMed]
3. Keire, D.A.; Jang, Y.H.; Li, L.; Dasgupta, S.; Goddard, W.A.; Shively, J.E. Chelators for radioimmunotherapy: I. NMR and ab

initio calculation studies on 1,4,7,10-tetra(carboxyethyl)-1,4,7,10-tetraazacyclododecane (DO4Pr) and 1,4,7-tris(carboxymethyl)-
10-(carboxyethyl)-1,4,7,10-tetraazacyclododecane (DO3A1Pr). Inorg. Chem. 2001, 40, 4310–4318. [CrossRef] [PubMed]

4. Boerman, O.C.; Van Schaijk, F.G.; Oyen, W.J.G.; Corstens, F.H.M. Pretargeted radioimmunotherapy of cancer: Progress step by
step. J. Nucl. Med. 2003, 44, 400–411.

5. Zeglis, B.M.; Sevak, K.K.; Reiner, T.; Mohindra, P.; Carlin, S.; Zanzonico, P.; Weissleder, R.; Lewis, J.S. A Pretargeted PET Imaging
Strategy Based on Bioorthogonal Diels–Alder Click Chemistry. J. Nucl. Med. 2013, 54, 1389–1396. [CrossRef]

6. Keinänen, O.; Fung, K.; Pourat, J.; Jallinoja, V.; Vivier, D.; Pillarsetty, N.K.; Airaksinen, A.J.; Lewis, J.S.; Zeglis, B.M.; Sarparanta,
M. Pretargeting of internalizing trastuzumab and cetuximab with a 18F-tetrazine tracer in xenograft models. EJNMMI Res. 2017,
7, 95. [CrossRef]

7. Altai, M.; Membreno, R.; Cook, B.; Tolmachev, V.; Zeglis, B.M. Pretargeted Imaging and Therapy. J. Nucl. Med. 2017, 58, 1553–1559.
[CrossRef]

8. Batra, S.K.; Jain, M.; Wittel, U.; Chauhan, S.C.; Colcher, D. Pharmacokinetics and biodistribution of genetically engineered
antibodies. Curr. Opin. Biotechnol. 2002, 13, 603–608. [CrossRef]

9. Sharkey, R.M.; Blumenthal, R.D.; Hansen, H.J.; Goldenberg, D.M. Biological considerations for radioimmunotherapy. Cancer Res.
1990, 50, 964–970.

10. Patra, M.; Zarschler, K.; Pietzsch, H.-J.; Stephan, H.; Gasser, G. New insights into the pretargeting approach to image and treat
tumours. Chem. Soc. Rev. 2016, 45, 6415–6431. [CrossRef]

11. Reardan, D.T.; Meares, C.F.; Goodwin, D.; McTigue, M.; David, G.S.; Stone, M.R.; Leung, J.P.; Bartholomew, R.M.; Frincke, J.M.
Antibodies against metal chelates. Nature 1985, 316, 265–268. [CrossRef]

12. Goodwin, D.A.; Mears, C.F.; McTigue, M.; David, G.S. Goodwin1986.Pdf. Nucl. Med. Commun. 1986, 7, 569–580. [CrossRef]
13. Goodwin, D.; Meares, C.; Diamanti, C.; McCall, M.; Lai, C.; Torti, F.; McTigue, M.; Martin, B. Use of specific antibody for rapid

clearance of circulating blood background from radiolabeled tumor imaging proteins. Eur. J. Nucl. Med. Mol. Imaging 1984, 9,
209–215. [CrossRef] [PubMed]

14. Stéen, E.J.L.; Edem, P.; Norregaard, K.; Jørgensen, J.T.; Shalgunov, V.; Kjaer, A.; Herth, M.M. Pretargeting in nuclear imaging and
radionuclide therapy: Improving efficacy of theranostics and nanomedicines. Biomaterials 2018, 179, 209–245. [CrossRef]

15. Bailly, C.; Bodet-Milin, C.; Rousseau, C.; Faivre-Chauvet, A.; Kraeber-Bodéré, F.; Barbet, J. Pretargeting for imaging and therapy
in oncological nuclear medicine. EJNMMI Radiopharm. Chem. 2017, 2, 6. [CrossRef] [PubMed]

16. Liu, G. A Revisit to the Pretargeting Concept—A Target Conversion. Front. Pharmacol. 2018, 9, 1476. [CrossRef]
17. Tienken, L.; Drude, N.; Schau, I.; Winz, O.H.; Temme, A.; Weinhold, E.; Mottaghy, F.M.; Morgenroth, A. Evaluation of a

Pretargeting Strategy for Molecular Imaging of the Prostate Stem Cell Antigen with a Single Chain Antibody. Sci. Rep. 2018, 8,
1–9. [CrossRef] [PubMed]

18. Cook, B.E.; Adumeau, P.; Membreno, R.; Carnazza, K.E.; Brand, C.; Reiner, T.; Agnew, B.J.; Lewis, J.; Zeglis, B.M. Pretargeted PET
Imaging Using a Site-Specifically Labeled Immunoconjugate. Bioconjug. Chem. 2016, 27, 1789–1795. [CrossRef]

19. Zeglis, B.M.; Brand, C.; Abdel-Atti, D.; Carnazza, K.E.; Cook, B.E.; Carlin, S.; Reiner, T.; Lewis, J.S. Optimization of a Pretargeted
Strategy for the PET Imaging of Colorectal Carcinoma via the Modulation of Radioligand Pharmacokinetics. Mol. Pharm. 2015,
12, 3575–3587. [CrossRef] [PubMed]

20. Adumeau, P.; Carnazza, K.E.; Brand, C.; Carlin, S.D.; Reiner, T.; Agnew, B.J.; Lewis, J.S.; Zeglis, B.M. A Pretargeted Approach for
the Multimodal PET/NIRF Imaging of Colorectal Cancer. Theranostics 2016, 6, 2267–2277. [CrossRef]

21. Houghton, J.L.; Membreno, R.; Abdel-Atti, D.; Cunanan, K.M.; Carlin, S.; Scholz, W.W.; Zanzonico, P.B.; Lewis, J.S.; Zeglis, B.M.
Establishment of the invivo efficacy of pretargeted radioimmunotherapy utilizing inverse electron demand diels-alder click
chemistry. Mol. Cancer Ther. 2017, 16, 124–133. [CrossRef]

22. Rossin, R.; Verkerk, P.R.; Van Den Bosch, S.M.; Vulders, R.C.M.; Verel, I.; Lub, J.; Robillard, M.S. In vivo chemistry for pretargeted
tumor imaging in live mice. Angew. Chem. Int. Ed. 2010, 49, 3375–3378. [CrossRef]

23. Liu, G.; Dou, S.; Chen, X.; Chen, L.; Liu, X.; Rusckowski, M.; Hnatowich, D.J. Adding a Clearing Agent to Pretargeting Does Not
Lower the Tumor Accumulation of the Effector as Predicted. Cancer Biother. Radiopharm. 2010, 25, 757–762. [CrossRef]

24. Karmani, L.; Levêque, P.; Bouzin, C.; Bol, A.; Dieu, M.; Walrand, S.; Borght, T.V.; Feron, O.; Grégoire, V.; Bonifazi, D.; et al.
Biodistribution of 125I-labeled anti-endoglin antibody using SPECT/CT imaging: Impact of in vivo deiodination on tumor
accumulation in mice. Nucl. Med. Biol. 2016, 43, 415–423. [CrossRef]

25. Rossin, R.; Lappchen, T.; Bosch, S.M.V.D.; Laforest, R.; Robillard, M.S. Diels-Alder Reaction for Tumor Pretargeting: In Vivo
Chemistry Can Boost Tumor Radiation Dose Compared with Directly Labeled Antibody. J. Nucl. Med. 2013, 54, 1989–1995.
[CrossRef]

http://doi.org/10.1080/07357900500449553
http://doi.org/10.1524/ract.2012.1964
http://www.ncbi.nlm.nih.gov/pubmed/25382874
http://doi.org/10.1021/ic0010297
http://www.ncbi.nlm.nih.gov/pubmed/11487337
http://doi.org/10.2967/jnumed.112.115840
http://doi.org/10.1186/s13550-017-0344-6
http://doi.org/10.2967/jnumed.117.189944
http://doi.org/10.1016/S0958-1669(02)00352-X
http://doi.org/10.1039/C5CS00784D
http://doi.org/10.1038/316265a0
http://doi.org/10.1097/00006231-198608000-00002
http://doi.org/10.1007/BF00448541
http://www.ncbi.nlm.nih.gov/pubmed/6428891
http://doi.org/10.1016/j.biomaterials.2018.06.021
http://doi.org/10.1186/s41181-017-0026-8
http://www.ncbi.nlm.nih.gov/pubmed/29503847
http://doi.org/10.3389/fphar.2018.01476
http://doi.org/10.1038/s41598-018-22179-y
http://www.ncbi.nlm.nih.gov/pubmed/29491468
http://doi.org/10.1021/acs.bioconjchem.6b00235
http://doi.org/10.1021/acs.molpharmaceut.5b00294
http://www.ncbi.nlm.nih.gov/pubmed/26287993
http://doi.org/10.7150/thno.16744
http://doi.org/10.1158/1535-7163.MCT-16-0503
http://doi.org/10.1002/anie.200906294
http://doi.org/10.1089/cbr.2010.0800
http://doi.org/10.1016/j.nucmedbio.2016.03.007
http://doi.org/10.2967/jnumed.113.123745


Molecules 2021, 26, 4640 16 of 19

26. Mirallié, E.; Saï-Maurel, C.; Faivre-Chauvet, A.; Regenet, N.; Chang, C.-H.; Goldenberg, D.M.; Chatal, J.-F.; Barbet, J.; Thedrez,
P. Improved pretargeted delivery of radiolabelled hapten to human tumour xenograft in mice by avidin chase of circulating
bispecific antibody. Eur. J. Nucl. Med. Mol. Imaging 2005, 32, 901–909. [CrossRef] [PubMed]

27. Myrhammar, A.; Vorobyeva, A.; Westerlund, K.; Yoneoka, S.; Orlova, A.; Tsukahara, T.; Tolmachev, V.; Karlström, A.E.; Altai, M.
Evaluation of an antibody-PNA conjugate as a clearing agent for antibody-based PNA-mediated radionuclide pretargeting. Sci.
Rep. 2020, 10, 1–12. [CrossRef] [PubMed]

28. Cheal, S.M.; Patel, M.; Yang, G.; Veach, D.; Xu, H.; Guo, H.-F.; Zanzonico, P.B.; Axworthy, D.B.; Cheung, N.-K.V.; Ouer-
felli, O.; et al. An N-Acetylgalactosamino Dendron-Clearing Agent for High-Therapeutic-Index DOTA-Hapten Pretargeted
Radioimmunotherapy. Bioconjug. Chem. 2020, 31, 501–506. [CrossRef]

29. Zheng, M.; Zheng, L.; Zhang, P.; Li, J.; Zhang, Y. Development of Bioorthogonal Reactions and Their Applications in Bioconjuga-
tion. Molecules 2015, 20, 3190–3205. [CrossRef] [PubMed]

30. Devaraj, N.K. The Future of Bioorthogonal Chemistry. ACS Cent. Sci. 2018, 4, 952–959. [CrossRef]
31. Liu, B. Bio-orthogonal Click Chemistry for In Vivo Bioimaging. Trends Chem. 2019, 1, 763–778. [CrossRef]
32. Knight, J.; Cornelissen, B. Bioorthogonal chemistry: Implications for pretargeted nuclear (PET/SPECT) imaging and therapy. Am.

J. Nucl. Med. Mol. Imaging 2014, 4, 96–113. [PubMed]
33. Porte, K.; Riberaud, M.; Châtre, R.; Audisio, D.; Papot, S.; Taran, F. Bioorthogonal Reactions in Animals. ChemBioChem 2021, 22,

100–113. [CrossRef]
34. Sletten, E.M.; Bertozzi, C.R. Bioorthogonal Reactions. Acc. Chem. Res. 2011, 44, 666–676. [CrossRef]
35. McKay, C.; Finn, M. Click Chemistry in Complex Mixtures: Bioorthogonal Bioconjugation. Chem. Biol. 2014, 21, 1075–1101.

[CrossRef] [PubMed]
36. Kolb, H.C.; Finn, M.G.; Sharpless, K.B. Click Chemistry: Diverse Chemical Function from a Few Good Reactions. Angew. Chem.

Int. Ed. 2001, 40, 2004–2021. [CrossRef]
37. Sletten, E.M.; Bertozzi, C.R. Bioorthogonal Chemistry: Fishing for Selectivity in a Sea of Functionality. Angew. Chem. Int. Ed. 2009,

48, 6974–6998. [CrossRef] [PubMed]
38. Jewett, J.C.; Bertozzi, C.R. Cu-free click cycloaddition reactions in chemical biology. Chem. Soc. Rev. 2010, 39, 1272–1279.

[CrossRef] [PubMed]
39. Baskin, J.M.; Bertozzi, C.R. Bioorthogonal Click Chemistry: Covalent Labeling in Living Systems. QSAR Comb. Sci. 2007, 26,

1211–1219. [CrossRef]
40. Best, M.D. Click Chemistry and Bioorthogonal Reactions: Unprecedented Selectivity in the Labeling of Biological Molecules.

Biochemistry 2009, 48, 6571–6584. [CrossRef]
41. Ariza, X.; Urpí, F.; Vilarrasa, J. A practical procedure for the preparation of carbamates from azides. Tetrahedron Lett. 1999, 40,

7515–7517. [CrossRef]
42. Staudinger, H.; Hauser, E. Über neue organische Phosphorverbindungen IV Phosphinimine. Helv. Chim. Acta 1921, 4, 861–886.

[CrossRef]
43. Saxon, E.; Bertozzi, C.R. Cell surface engineering by a modified Staudinger reaction. Science 2000, 287, 2007–2010. [CrossRef]
44. Van Berkel, S.S.; Van Eldijk, M.B.; Van Hest, J.C.M. Staudinger ligation as a method for bioconjugation. Angew. Chem. Int. Ed.

2011, 50, 8806–8827. [CrossRef]
45. Saxon, E.; Armstrong, J.I.; Bertozzi, C.R. A “traceless” Staudinger ligation for the chemoselective synthesis of amide bonds. Org.

Lett. 2000, 2, 2141–2143. [CrossRef] [PubMed]
46. Hall, K.; Asfura, K.G.; Stabler, C. Microencapsulation of islets within alginate/poly(ethylene glycol) gels cross-linked via

Staudinger ligation. Acta Biomater. 2011, 7, 614–624. [CrossRef]
47. Vugts, D.J.; Vervoort, A.; Walsum, M.S.-V.; Visser, G.W.M.; Robillard, M.S.; Versteegen, R.; Vulders, R.; Herscheid, J.D.M.; Van

Dongen, G.A.M.S. Synthesis of Phosphine and Antibody–Azide Probes forin VivoStaudinger Ligation in a Pretargeted Imaging
and Therapy Approach. Bioconjug. Chem. 2011, 22, 2072–2081. [CrossRef]

48. Oliveira, B.; Guo, Z.; Bernardes, G.J.L. Inverse electron demand Diels–Alder reactions in chemical biology. Chem. Soc. Rev. 2017,
46, 4895–4950. [CrossRef]

49. Rostovtsev, V.V.; Green, L.G.; Fokin, V.V.; Sharpless, K.B. A stepwise huisgen cycloaddition process: Copper(I)-catalyzed
regioselective “ligation” of azides and terminal alkynes. Angew. Chem. Int. Ed. 2002, 41, 2596–2599. [CrossRef]

50. Tornøe, C.W.; Christensen, C.; Meldal, M. Peptidotriazoles on Solid Phase: [1,2,3]-Triazoles by Regiospecific Copper(I)-Catalyzed
1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides. J. Org. Chem. 2002, 67, 3057–3064. [CrossRef] [PubMed]

51. Kim, E.; Koo, H. Biomedical applications of copper-free click chemistry: In vitro, in vivo, and ex vivo. Chem. Sci. 2019, 10,
7835–7851. [CrossRef]

52. Uttamapinant, C.; Sanchez, M.I.; Liu, D.S.; Yao, J.Z.; White, K.A.; Grecian, S.; Clark, S.; Gee, K.R.; Ting, A.Y.; Clarke, S. Site-specific
protein labeling using PRIME and chelation-assisted click chemistry. Nat. Protoc. 2013, 8, 1620–1634. [CrossRef]

53. Chen, X.; Wu, Y.-W. Selective chemical labeling of proteins. Org. Biomol. Chem. 2016, 14, 5417–5439. [CrossRef]
54. Presolski, S.I.; Hong, V.; Cho, S.-H.; Finn, M. Tailored Ligand Acceleration of the Cu-Catalyzed Azide−Alkyne Cycloaddition

Reaction: Practical and Mechanistic Implications. J. Am. Chem. Soc. 2010, 132, 14570–14576. [CrossRef] [PubMed]
55. Soriano Del Amo, D.; Wang, W.; Jiang, H.; Besanceney, C.; Yan, A.C.; Levy, M.; Liu, Y.; Marlow, F.L.; Wu, P. Biocompatible

copper(I) catalysts for in vivo imaging of glycans. J. Am. Chem. Soc. 2010, 132, 16893–16899. [CrossRef]

http://doi.org/10.1007/s00259-005-1811-2
http://www.ncbi.nlm.nih.gov/pubmed/15864584
http://doi.org/10.1038/s41598-020-77523-y
http://www.ncbi.nlm.nih.gov/pubmed/33247180
http://doi.org/10.1021/acs.bioconjchem.9b00736
http://doi.org/10.3390/molecules20023190
http://www.ncbi.nlm.nih.gov/pubmed/25690284
http://doi.org/10.1021/acscentsci.8b00251
http://doi.org/10.1016/j.trechm.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24753979
http://doi.org/10.1002/cbic.202000525
http://doi.org/10.1021/ar200148z
http://doi.org/10.1016/j.chembiol.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25237856
http://doi.org/10.1002/1521-3773(20010601)40:11&lt;2004::AID-ANIE2004&gt;3.0.CO;2-5
http://doi.org/10.1002/anie.200900942
http://www.ncbi.nlm.nih.gov/pubmed/19714693
http://doi.org/10.1039/b901970g
http://www.ncbi.nlm.nih.gov/pubmed/20349533
http://doi.org/10.1002/qsar.200740086
http://doi.org/10.1021/bi9007726
http://doi.org/10.1016/S0040-4039(99)01449-5
http://doi.org/10.1002/hlca.19210040192
http://doi.org/10.1126/science.287.5460.2007
http://doi.org/10.1002/anie.201008102
http://doi.org/10.1021/ol006054v
http://www.ncbi.nlm.nih.gov/pubmed/10891251
http://doi.org/10.1016/j.actbio.2010.07.016
http://doi.org/10.1021/bc200298v
http://doi.org/10.1039/C7CS00184C
http://doi.org/10.1002/1521-3773(20020715)41:14&lt;2596::AID-ANIE2596&gt;3.0.CO;2-4
http://doi.org/10.1021/jo011148j
http://www.ncbi.nlm.nih.gov/pubmed/11975567
http://doi.org/10.1039/C9SC03368H
http://doi.org/10.1038/nprot.2013.096
http://doi.org/10.1039/C6OB00126B
http://doi.org/10.1021/ja105743g
http://www.ncbi.nlm.nih.gov/pubmed/20863116
http://doi.org/10.1021/ja106553e


Molecules 2021, 26, 4640 17 of 19

56. Agard, N.J.; Prescher, J.A.; Bertozzi, C.R. A Strain-Promoted [3 + 2] Azide−Alkyne Cycloaddition for Covalent Modification of
Biomolecules in Living Systems. J. Am. Chem. Soc. 2004, 126, 15046–15047. [CrossRef]

57. Debets, M.; Van Berkel, S.S.; Dommerholt, J.; Dirks, A.J.; Rutjes, F.P.J.T.; Van Delft, F.L. Bioconjugation with Strained Alkenes and
Alkynes. Acc. Chem. Res. 2011, 44, 805–815. [CrossRef]

58. Ning, X.; Guo, J.; Wolfert, M.; Boons, G.-J. Visualizing Metabolically Labeled Glycoconjugates of Living Cells by Copper-Free and
Fast Huisgen Cycloadditions. Angew. Chem. Int. Ed. 2008, 47, 2253–2255. [CrossRef] [PubMed]

59. Rondon, A.; Degoul, F. Antibody Pretargeting Based on Bioorthogonal Click Chemistry for Cancer Imaging and Targeted
Radionuclide Therapy. Bioconjug. Chem. 2019, 31, 159–173. [CrossRef]

60. White, B.W. Effect of temporal ordering on visual recognition. Percept. Mot. Ski. 1962, 15, 75–81. [CrossRef] [PubMed]
61. Bosch, S.V.D.; Rossin, R.; Verkerk, P.R.; Hoeve, W.T.; Janssen, H.; Lub, J.; Robillard, M. Evaluation of strained alkynes for Cu-free

click reaction in live mice. Nucl. Med. Biol. 2013, 40, 415–423. [CrossRef]
62. Lee, D.-E.; Na, J.H.; Lee, S.; Kang, C.M.; Kim, H.N.; Han, S.J.; Kim, H.; Choe, Y.S.; Jung, K.-H.; Lee, K.C.; et al. Facile Method to

Radiolabel Glycol Chitosan Nanoparticles with 64Cu via Copper-Free Click Chemistry for MicroPET Imaging. Mol. Pharm. 2012,
10, 2190–2198. [CrossRef] [PubMed]

63. Au, K.M.; Tripathy, A.; Lin, C.P.-I.; Wagner, K.; Hong, S.; Wang, A.; Park, S.I. Bespoke Pretargeted Nanoradioimmunotherapy for
the Treatment of Non-Hodgkin Lymphoma. ACS Nano 2018, 12, 1544–1563. [CrossRef]

64. Boutureira, O.; Bernardes, G.J. Advances in Chemical Protein Modification. Chem. Rev. 2015, 115, 2174–2195. [CrossRef]
65. Soellner, M.B.; Nilsson, B.L.; Raines, R.T. Reaction Mechanism and Kinetics of the Traceless Staudinger Ligation. J. Am. Chem. Soc.

2006, 128, 8820–8828. [CrossRef] [PubMed]
66. Blackman, M.L.; Royzen, M.; Fox, J.M. Tetrazine Ligation: Fast Bioconjugation Based on Inverse-Electron-Demand Diels−Alder

Reactivity. J. Am. Chem. Soc. 2008, 130, 13518–13519. [CrossRef]
67. Pagel, M. Inverse electron demand Diels-Alder (IEDDA) reactions in peptide chemistry. J. Pept. Sci. 2019, 25, e3141. [CrossRef]
68. Jamroz, D.; Fischer-Durand, N.; Palusiak, M.; Wojtulewski, S.; Jarzyński, S.; Stępniewska, M.; Salmain, M.; Rudolf, B. Inverse
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