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Abstract: Bioorthogonal chemistry involves selective biocom-
patible reactions between functional groups that are not
normally present in biology. It has been used to probe
biomolecules in living systems, and has advanced biomedical
strategies such as diagnostics and therapeutics. In this review,
the challenges and opportunities encountered when trans-
lating in vitro bioorthogonal approaches to in vivo settings
are presented, with a focus on methods to deliver the
bioorthogonal reaction components. These methods inclu-

~

de metabolic bioengineering, active targeting, passive target-
ing, and simultaneously used strategies. The suitability of
bioorthogonal ligation reactions and bond cleavage reactions
for in vivo applications is critically appraised, and practical
considerations such as the optimum scheduling regimen in
pretargeting approaches are discussed. Finally, we present
our own perspectives for this area and identify what, in our
view, are the key challenges that must be overcome to
maximise the impact of these approaches. )

1. Introduction

Bioorthogonal chemistry involves selective chemical reactions
between functional groups that are not normally present in
biological systems. In the last two decades, this approach has
revolutionised the study of biomolecules in their native environ-
ment, has advanced imaging and diagnosis strategies, and has
afforded drug delivery strategies for living cells™ To be
effective in vivo, and hence maximise the clinical impact of the
approach, it is essential that the reactions proceed at relatively
fast reaction rates under physiological conditions."® More-
over, the bioorthogonal moieties must be nontoxic and stable
in vivo."*" As a consequence of these challenges, fewer in vivo
applications of bioorthogonal reactions have been reported
compared with in vitro applications. Those that have been
reported focus on the labelling of biomolecules for imaging
purposes, tracking the in vivo journey of cell therapeutics in
regenerative medicine, targeted drug delivery, and in-situ
prodrug activation.

Many excellent reviews detail the types of bioorthogonal
reactions developed so far,"""*'% and their in vitro applications,
with a focus on diagnosis"” and therapy."® Recent bioorthogo-
nal chemistry strategies to image and detect biomolecules in
intracellular compartments have also been reviewed.'” In this
complementary review, we focus specifically on the in vivo
applications of bioorthogonal reactions of therapeutic rele-
vance, and uncouple the different elements that lead to a
promising bioorthogonal-based application in biological sys-
tems. First, the development of bioorthogonal reactions, and
their suitability for translation to in vivo settings, are discussed
(Section 2). Second, the targeting mechanisms used to deliver
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the bioorthogonal components are classified and their effective-
ness are discussed (Section 3). Then, Section 4 investigates the
scheduling approaches that have been proposed for delivering
the two bioorthogonal reaction components (pretargeting
approach) for radiolabelling. Finally, in Section 5, we present
our own perspectives for this area and identify what, in our
view, are the key challenges that must be overcome to
maximise the impact of these approaches.

2. Bioorthogonal Reactions

Bioorthogonal chemistry is a term that was first introduced by
Bertozzi® in 2003 to refer to chemical reactions that can
proceed under physiological conditions without interfering with
biological processes and biomolecules. Before 2003, bioorthog-
onal reactions were often classified as chemoselective ligation
reactions involving, for example, carbonyl ligations,?'** the
Staudinger ligation, %" 1,3-dipolar cycloadditions,®
thioesters®” and thioethers.”® These advances were under-
pinned by work from the 1990s, where chemical ligation (also
known as orthogonal reactions) was reported as an evolving
novel synthetic strategy for the construction of proteins and
multimeric protein assemblies from unprotected peptide frag-
ments in aqueous solution through multiple bioorthogonal
reactions.”="

Over the past 20 years, bioorthogonal chemistry has con-
tinued to facilitate many significant advances in chemical
biology for example by allowing biomolecules to be studied in
their native environment!'®"*1%32 Herein we discuss and
critically appraise the bioorthogonal reactions that are reported
to be successfully used in vivo, and provide the context for the
development by highlighting the key milestones in the
development of each reaction.

1

2.1. Staudinger reactions

The Staudinger ligation was one of the first reported bioorthog-
onal reactions. It originates from the classical Staudinger
reaction between an azide and triphenylphosphine that pro-
gresses via an unstable iminophosphorane intermediate to
afford amine and phosphine oxide products (Figure 1). In 2000,
Bertozzi reported the modified reaction, the Staudinger ligation,
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for selective ligation of two molecules.”™ Thus, introduction of
an electrophilic trap (usually an acyl group) onto the phosphine
moiety captures the iminophosphorane intermediate and
subsequent hydrolysis then forms an amide bond between the
two reactants. In the same year, Bertozzi*” and Raines®”
simultaneously reported a further Staudinger ligation reaction
called the traceless Staudinger ligation for chemoselective
synthesis of amide bonds. A cleavable linkage is added between
the phosphine and the electrophilic trap such that cleavage of
the iminophosphorane transfers the acyl group to the
azide bearing molecule to form a stable amide bond (Figure 1).

Additional developments have also allowed prodrug activa-
tion, for example in 2006 Azoulay et al.*¥ reported the release
of doxorubicin from a carbamate-linked doxorubicin/triphenyl-
phosphine prodrug through a rearrangement of the aza-
ylide intermediate formed during the Staudinger ligation. In
2008, Brakel etal® also reported a Staudinger reaction-
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mediated release of doxorubicin from a prodrug through a
complementary mechanism (Figure 1). The doxorubicin was
linked to the azide trigger instead of the phosphine by a
carbamate linker and the release mechanism involved the
reduction of the azide into an amine through its reaction with
the triphenylphosphine activator which leads to a 1,6-elimina-
tion drug release mechanism.

Staudinger ligation is advantageous in terms of its high
selectivity between the azide and phosphine. In terms of the
biocompatibility, the azideis a small and biocompatible func-
tional group and the intramolecular cyclisation step is fast and
durable with complex biomolecules in aqueous environment
making it a good candidate for use in living systems
applications.®® However, the main limitation for its applications
in vivo is its slow kinetics (k=10>M""s™") which mean that
high concentrations of both reactants are needed. Also, the
phosphines are prone to oxidation under physiological con-
ditions making control of their concentration invivo very
challenging.

In 2017, Ramstrom and Yan“” reported a development of
the Staudinger ligation using perfluoroaryl azides (PFAAs) that
can react with triarylphosphines to afford stable, nonhydrolysed
iminophosphorane intermediates hence removing the need for
electrophilic traps. This reaction has improved kinetics with a
rate constant of 18M™"'s™".

The applications of Staudinger reactions have been widely
reported in  chemical biology research including
peptide synthesis,*?  cell imaging,*®**” antigen  cross-
presentation™®” and controlling protein function®*' analysis.*"
Staudinger ligation was first applied in vivo to prove the validity
of metabolic glycan engineering (MGE) in living animals using
Ac,ManNAz to introduce the azide on cell surfaces’ glycans.”™ A
light-activated Staudinger —Bertozzi reagent has also been
developed in an approach to photocage the phosphine moiety
and prevent its oxidation until it reaches the desired site of
action.*® Recently, nanocarriers modified with triphenylphos-
phine side chains that carry active drugs that react with
engineered azide reporters on the surface of tumour cells have
been reported for in vivo tumour targeting.””!

371

2.2. Carbonyl ligation

Carbonyl ligations involve condensation of hydrazines or
hydroxylamines with aldehydes or ketones to form oximes or
hydrazones (Figure 2). In vitro, the reaction was reported for
developing a strategy to study carbohydrate-mediated cell
surface interactions”® and small-molecule drug delivery.?** It
has also been used in protein synthesis,”" protein labelling,
BR96-doxorubicin immunoconjugates synthesis for doxorubicin
release in tumour lysosomes®" and 3D in vitro tissue structure
model generation.”?

Although both aldehydes and ketones can be introduced to
cell surfaces to serve as an anchor for in vivo bioorthogonal
ligations, ketones are generally preferred as they are more inert
towards biomolecules. However, they bring the disadvantage of
being less reactive than aldehydes. Translation of carbonyl

[50]

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOLULLOD aA IR 8ol [dde 8y Aq peussnob afe sapoiLe YO ‘8sn Jo Se|nl 10} Aig1 8UIUO 4|1 UO (SUOTIPUOD-PUR-SWLR/LL0D A8 1M Aelg Ul |uoy/:Sdiy) SUONIPUOD pue SWi 1 8U) 885 *[£202/90/80] U Arigiauljuo AB[IM ‘189 L AQ 26802202 Weud/Z00T 0T/10p/wod Ao |im Akelqipuljuoadoine-Ans iWeyd//:sdny wolj pepeojumoq ‘0g ‘szlzz ‘G9/€ETZST



Chemistry
Review Europe .
Chemistry—A European Journal doi.org/10.1002/chem.202203942 Socrmtas Publiahing

[ Staudinger Reaction ]
N, N, NH,

©/ PPhy ©/ PPhy  H,0 ©/ . oM

_ L J  — -
/ Staudmger L:gatlon ] \ / [Staudinger Reaction drug release ]
o]

- H

. © B—R m.u;/N\(o nuu,/u\f

P=Ph J—R 0

p=
fn PN p"
H~O
+« PPhs oM
[ “Traceless” Staudinger Ligation ]

Cleavable linkag

o \ + Drug—NH,
. /U\ xJK XH
o
R—N; + p) ‘;) H0 ‘,/l PR
P Ph — " ppy N—R T pp Yo * H—y
Ph Ph H
X=S,0,N
[Staudinger Ligation drug release]
0 R
o)l\R; j/ /R1
p-Ph (
Ph ‘Ph
\"h + Drug—NH;
Ry— n —_— —
o 0
.
o @k
Orug 'I)n 9

Figure 1. Summary of Staudinger reactions.
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o RS 2.3. Azide-alkyne cycloadditions reactions
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R2
Cycloaddition reactions between azides (1,3-dipole) and alkynes

(dipolarophile) to produce a 1,2,3-triazole are classified into two
groups of reactions, the copper-catalysed azide-alkyne cyclo-
addition (CuAAC) and the strain-promoted azide-alkyne cyclo-
addition (SPAAC)( Figure 3).

Figure 2. Carbonyl ligation reactions.

ligations to in vivo settings poses further challenges as the
overall reaction kinetics under physiological conditions are very
slow, due to acidic conditions being required for better ligation
rates. Also, although oximes are more stable than hydrazones

to hydrolysis at physiological pH, the products are all suscep- Azide-alkyne cycloaddition reactions
tible to hydrolysis in aqueous media. Furthermore, the reactions

are limited to the cell surface as aldehydes and ketones are R1 R1
prone to intracellular metabolism. Catalysts such as aniline,®® ..fRz + ..\2

saline®™ and m-phenylenediamine®’ and ortho substitutions on

the aromatic carbonyl ring like halogens®® and boronic acid®”

were reported to be used to increase the reaction rate in vitro.
Due to these challenges, in vivo oxime ligation has not been M%

widely investigated. However, it has proved successful for

targeted cancer treatment approaches where O-dodecyloxy-

amine has been successfully encapsulated in liposomes to label _

1,5-isomer 1,4-isomer

/é’\v

R2 1,4-isomer

— R2

cancer cells with the oxyamine functional group allowing RI—N, O N!“@
+ N 5
subsequent targeting with aldehyde-modified nanoparticles.*® R? R!j

Figure 3. Azide-alkyne cycloaddition reactions.
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2.3.1. Copper-catalysed azide-alkyne cycloaddition

The mechanism and kinetics of 1,3-dipolar cycloadditions were
extensively studied and reported by Huisgen in 1963.5¥ The
uncatalysed reaction kinetics are slow under physiological
conditions and need elevated temperatures which lead to the
formation of two regioisomers. Meldal® and Sharpless®
reported in 2002 that the addition of a Cu' catalyst increases the
reaction kinetics and regioselectivity, introducing the concept
of click chemistry.

The toxicity of reactive oxygen species (ROS) produced by
the copper catalyst makes the CuAAC reaction less suitable for
biological applications. In living systems, the Cu' is oxidised to
Cu" in a redox cycle consuming ascorbates that generates ROS
causing oxidative degradation of proteins and peptides with
different extents.®"*? To address this, auxiliary triazole-based
ligands®® such as tri-(triazolylmethyl)amines have been devel-
oped to decrease the Cu' concentration and hence the oxidative
stress level in living cells, allowing successful in vivo imaging of
glycans.*™ A complementary strategy to protect the cells from
ROS damage has been developed by Ting et al. in which the
azide contains an internal pyridylmethyl azide copper-chelating
moiety which acts as a sacrificial reductant during site-specific
labelling of cell-surface proteins.® Recently, Qu et al. reported
the development of a heterogeneous copper catalyst on a
metal-organic framework that can accumulate preferably at the
mitochondria for in-situ site-specific drug synthesis in mito-
chondria This has been applied invivo for the localised
synthesis of resveratrol-derived drugs for tumour therapy.®®
Entrapment of the copper catalyst in nanoparticles has also
resulted in decreased copper toxicity®”’ and these have been
used to catalyse the in-situ synthesis of combretastatin A4 from
azide and alkyne precursors both in vitro and in vivo where a
zebrafish model demonstrated its biocompatibility.

2.3.2. Strain-promoted azide-alkyne cycloaddition (SPAAC)

SPAAC is a Cu-free click reaction established by Bertozzi in
2004"°¥ to improve the slow kinetics of the uncatalysed azide-
alkyne cycloaddition and remove the potentially toxic copper
catalyst. The slow rate of the reaction and the high concen-
trations of the bioorthogonal components required initially
hampered progress in this area (CUAAC k~10"M~"'s™', SPAAC
k~107M""s™"). However, incorporation of electron withdraw-
ing substituents such as fluorine,”" fused rings, and nitrogen-
containing rings including 4-dibenzocyclooctynols DIBO,"
bicyclononynes BCN™ and aza-dibenzocyclooctynes DIBAC!
increased the ring strain and thereby increased the reaction
rate (k~10""M~'s7"). SPAAC reactions have been one of the
mostly commonly used bioorthogonal reactions for modifica-
tion and imaging of biomolecules in living cells due to their
high selectivity and the availability of azide-modified mono-
saccharide precursors for efficient cellular expression of the
azide functional group which can be subsequently reacted with
a strained alkyne that is attached to a fluorescent dye.*®’3”
Conjugation of dibenzocyclooctyne (DBCO) or azadibenzocy-

74]
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clooctyne (ADIBO) to florescent dyes has enabled live tracking
of exosomes,” chondrocytes”” and cell therapeutics” that
have engineered azide groups on their surface, in vivo. Con-
jugation of DBCO to a targeting peptide such as the dimeric
NGR peptide, and an azideto a fluorescent dye, has also
facilitated tumour imaging in vivo.”

2.4. Cycloaddition of azide and trans-cyclooctene (TCO)

The 1,3-dipolar cycloaddition between an azide and TCO, to
form a highly unstable triazoline product that rearranges after
loss of nitrogen to give an aldimine, ketimine and aziridine, was
first reported in 1992 by Shea.®” Gamble et al. hypothesised
that the imine intermediates could be used for prodrug
activation, by hydrolysis and 1,6-elimination, when attached to
an electron-deficient linker. This activation mechanism was
validated invitro for prodrug activation where an azide-
doxorubicin prodrug was activated by trans-cyclooctene in
melanoma cells restoring doxorubicin’s cytotoxicity.®" Protein
activation through trans-cyclooctene activation of p-azidoben-
zyloxycarbonyl lysine in HEK293T cells® also validated the
mechanism. In vivo, a p-azidobenzylcarbamate doxorubicin
prodrug was successfully activated at the tumour site after
tumour pretargeting of a functionalised TCO appended to
cetuximab-EGFR Ab in a murine melanoma mice model®
(Figure 4).

2.5. Metal-catalysed bioorthogonal reactions

Palladium-mediated ligation of biomolecules was first reported
in 2006 for protein modification;®®" tuning of the palladium
catalyst to optimise the rate of the reaction has also been
reviewed."*'® Palladium-mediated bond cleavage has also been
widely used, due to the specificity and chemical stability of the
transition metal catalysts, to deprotect amino and hydroxyl
groups allowing prodrug and protein deprotection and bio-
activation in living cells®2®®#? (Figure 5). For example Bradley
etal. have reported the development of palladium nano-
particles trapped within polystyrene microspheres that can
enter the cell in order to mediate allylcarbamate cleavage and
Suzuki-Miyaura cross-coupling reactions. These have facilitated
cellular labelling, and synthesis of modulators or inhibitors of
cell function.®™ In vivo applications of Pd-mediated reactions
have been hindered due to concerns about tissue accumula-
tion, stability, solubility and toxicity. However, they have been
reported for in-situ prodrug activation where the Pd complex
can be encapsulated in a nanoparticle that accumulates at the
tumour site due to the enhanced permeability and retention
(EPR) effect, hence minimising the systemic distribution to off-
target tissues. Weissler et al. reported the usage of a nano-
formulation of bis[tri(2-furyl)phosphine]palladium(ll) dichlori-
de (PACI,(TFP),)-PEG for allylcarbamate cleavage allowing the
activation of an allyloxycarbonyl-caged doxorubicin prodrug
and a bis(allyloxycarbamate)-caged rhodamine-110
fluorophore.”” Wu et al. reported the use of a Pd-ferrocene

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Palladium-mediated bond cleavage reactions.

complex encapsulated in a liposome to activate a nitrogen
mustard prodrug linked to a coumarin fluorophore whose
fluorescence was quenched by the intramolecular charge trans-
fer effect of a propargyl group. The Pd complex catalyses a
cascade starting with the depropargylation of the propargyl
group to release the active drug moiety and release the
quenching system which simultaneously activates the
fluorophore.”® Bernardes et al. reported the use of platinum-
complexes (K,PtCl, and cisplatin) for the decaging of pentynoyl
tertiary amides and N-propargyls into secondary amines in the
presence of water. Cisplatin-mediated depropargylation of a 5-
flourouracil propargyl prodrug was also demonstrated in an
in vivo zebrafish colorectal cancer model.”

Chem. Eur. J. 2023, 29, e202203942 (6 of 24)

2.6. Inverse electron demand Diels-Alder (IEDDA) reactions

IEDDA reactions involve a cycloaddition between a diene (i.e,,
tetrazine) and a dienophile with the elimination of N,. The
reaction was first reported in 2008 by Blackman et al.®¥ and
Devaraj et al.”” Tetrazine has been reported to have [4+1]
cycloadditions with isonitriles and [4+2] cycloadditions with
trans-cyclooctenes.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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2.6.1. [4+ 1] Cycloadditions of isonitrile with tetrazine

Tetrazines can react with isonitriles through either bioorthogo-
nal ligation or cleavage. When primary and secondary isonitriles
are used, isopyrazoles form and these isomerise to iminopyr-
azoles that eventually hydrolyse to form an aldehyde or ketone,
and an amine, making them unsuitable for bioorthogonal
ligation. Tertiary isonitriles are better suited for ligation
reactions as the isopyrazoles thus formed are more stable; these
do not isomerise and hence they only hydrolyse slowly in
aqueous media® (Figure 6). The tertiary isonitrile-tetrazine
reaction rate is high (57.5x102M's™") and it has been
reported to be used in metabolic glycan imaging in vitro.””

Tetrazine-isonitrile cycloadditions have also been reported
to lead to bioorthogonal cleavage. [4+ 1] Cycloaddition reac-
tions between  3-isocyanopropyl-masked  probes and
tetrazylmethyl derivatives proceed through cycloreversion,
tautomerisation and hydrolysis under physiological conditions
to release phenols and amines (Figure 6). In vitro, 3-isocyano-
propyl-masked prodrugs of doxorubicin and mitomycin C were
reported to be activated through reaction with a PEG-dipyridyl
tetrazine activator to restore their potent drug activity in A549
adenocarcinoma cells.”® In vivo, the same reaction was shown
to restore the fluorescence of caged-dyes, and to release
mexiletine after reaction of 3-isocyanopropyl-masked resorufin
and tetrazylmethyl-caged-O-carboxymethyl fluorescein in zebra-
fish embryos.™

[4+1] Cycloadditions of isonitrile with tetrazine

[4+1] Cycloaddition of isonitriles and tetrazines
R‘

1 R!
o
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[4+1] Cycloaddition of isonitriles and tetrazines leading to cleavage
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Figure 6. [4+ 1] Cycloaddition reactions of isonitriles and tetrazines.

[4+2] Cycloadditions of TCO with tetrazine
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Figure 7. [4+ 2] Cycloaddition of trans-cyclooctene and tetrazines for
ligations.
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2.6.2. [4+ 2] Cycloadditions of trans-cyclooctenes with tetrazine

Strained alkenes such as TCO are the most common dienophiles
used for tetrazine ligation. Thus 1,2,4,5-tetrazines react with
TCO to form fused dihydropyridazines with very high reaction
rates making the reaction very suitable for applications in
biological systems"™ (Figure 7). Many dienophiles have been
incorporated including bicyclononyne (BCN),"®" norbornenes,*”
cyclopropenes,'®'® and N-acylazetine."® Vinylboronic acids
(VBAs) were also introduced as stable, nontoxic and water-
soluble non-strained dienophiles offering high reaction rates
(27 M~"s7").'% |n terms of stability, TCO can isomerise to its less
reactive cis-isomer in the presence of thiols." Dioxolane-fused
TCO (d-TCO) has been reported to be a more stable replace-
ment affording a higher reaction rate.'™ The stability of
tetrazines in aqueous environments is low when an electron
withdrawing group is present at the 3 and 6 positions.
Monomethyl tetrazines® and 1,2,4-triazines"™ have been
reported to be more stable to hydrolysis. As tetrazine ligation
by the IEDDA reaction is the fastest click bioorthogonal reaction
(k,=~2000M"'s") in biological systems, it is the most
commonly used bioorthogonal reaction in vivo.

Robillard etal. have reported the functionalisation of
TCO—Tz in order to establish bioorthogonal cleavages that be
used for prodrug activation."'” An axial carbamate-linked drug
(e.g., doxorubicin) is attached at the allyl position of the TCO
moiety and upon reaction with tetrazine, the 4,5-dihydropyr-
idazine ligation product isomerises to a 1,4-dihydropyridazine
which releases the carbamate-linked drug by decarboxylation
(Figure 8). The reaction was proved to release the active
doxorubicin in vitro with relatively fast kinetics. The reaction
was further applied in vitro for protein activation,"'" and also
in vivo for in-situ activation of prodrugs, imaging probes and
enzymes in tumours. For example, a DOX-TCO prodrug has
been selectively activated invivo by an IEDDA in many
approaches, one of which involved the separate encapsulation
of DOX-TCO and the tetrazine derivative in micellar nano-
particles that were unstable at low pH and upon exposure to
matrix metalloproteinase 2, These conditions therefore lead to
site-specific prodrug activation.'?

Another approach involved the usage of phosphatase
enzyme-instructed supramolecular self-assembly systems to
allow accumulation of tetrazine-bearing self-assembly precur-
sors in cancer cells for selective activation of DOX-TCO in Hela
tumour-bearing mice."™® Antibody drug conjugates (ADCs)
have also been used to selectively deliver anti-TAG72 mAb
CC49-tagged DOX-TCO for insitu activation by tetrazine-
dextran activators in a colon cancer mice model."" TCO-linked
monomethyl auristatin E (MMAE) has been reported to be
formulated as an ADC through its linking of PEG to anti-TAG72
mAb CC49. lts in-situ activation by tetrazine-PEG activators in
colon cancer and ovarian mice models was demonstrated."™
Imaging probes such as the hemicyanine NIR dye have been
caged by TCO for invivo activation by carbon nanotubes
bearing tetrazines, for tumour imaging in colon carcinoma-
bearing mice."'® Caging of the key lysine residue in the kinase
ATP-binding pocket with TCO and using tetrazine to activate it

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOLULLOD aA IR 8ol [dde 8y Aq peussnob afe sapoiLe YO ‘8sn Jo Se|nl 10} Aig1 8UIUO 4|1 UO (SUOTIPUOD-PUR-SWLR/LL0D A8 1M Aelg Ul |uoy/:Sdiy) SUONIPUOD pue SWi 1 8U) 885 *[£202/90/80] U Arigiauljuo AB[IM ‘189 L AQ 26802202 Weud/Z00T 0T/10p/wod Ao |im Akelqipuljuoadoine-Ans iWeyd//:sdny wolj pepeojumoq ‘0g ‘szlzz ‘G9/€ETZST



Review
Chemistry—A European Journal

doi.org/10.1002/chem.202203942

Chemistry
Europe

European Chemical
Societies Publishing

RIO
NN ‘
N\fN +

R

[4+2] Cycloadditions of tetrazine with TCO

[4+2] Cycloaddition of trans-cyclooctene and tetrazines for prodrug activation

o HN—Drug
)LN,Drug Oﬁ\o \
R
O G
PN
NN N
NN N Z
YO - H e
RZ
R f
OYN‘Drug “Drug

kHN—Drug
O
{0 R! R!
N THZ Z N
| I
=N Active Drug XN
2 2
R +CO, R
R
O UN.
“Drug
RO R._OH
-~
N II\IHR 7N
N-=H — Active Drug 4 R/ N
+CO,

Figure 8. [4 + 2] Cycloaddition of trans-cyclooctene and tetrazines for prodrug activation.

has been reported for controlled and selective kinase activation.
Luciferase’s key lysine residue (K529) was masked with TCO, and
HEK293T cells expressing the fLuc-K529TCOK variant were
injected in mice before subsequent activation through an
injection of dimethyl tetrazine.'"”

Recently, Robillard etal. reported a new mechanism for
bioorthogonal cleavage involving TCO and tetrazine where the
carbamate payload is installed on the tetrazine instead of the
TCO. This modification boosts the reactivity of the TCO moiety
increasing the reaction rate by three orders of magnitude com-
pared to the parent TCO-tetrazine cleavage reaction, whilst also
allowing simple non-allylic substituted TCOs to be used. The
reaction was validated in vitro by using an ADC comprising a
mAb CC49 with tetrazine-linked monomethyl auristatin E
(MMAE), in-situ activation by TCO, and human colorectal cancer
cells.""®

A complementary cleavage system reported in 2016 by
Devaraj etal. comprised a tetrazine and a vinyl ether-caged
compound (active drug/dye). After a cascade ligation-elimina-
tion reaction, the tetrazine is converted into a diazine
compound releasing the caged compound™™ (Figure 9). The
reaction was further applied in vivo to activate a vinyl ether-
masked camptothecin prodrug encapsulated in liposome using
a tetrazine derivative either encapsulated in a separate
liposome!"® or a PEGylated tetrazine on gold nanorods"?" for
tumour chemotherapy and photothermal therapy.

In 2017, Bernardes etal. reported vinyl ether-tetrazine
systems for the traceless release of alcohols in cells, with vinyl
ether duocarmycin being successfully activated by a tetrazine
derivative in vitro."*? This concept was further developed by
Bradley et al. to allow the traceless activation of two prodrugs
simultaneously, where both tetrazine and vinyl ether were used
as masking groups for two different drugs."*

Chem. Eur. J. 2023, 29, e202203942 (8 of 24)

[4+2] Cycloadditions of tetrazine with vinyl ether
Reaction of vinyl ether and tetrazines for prodrug activation
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Figure 9. [4 + 2] Cycloaddition of vinyl ether and tetrazines for prodrug
activation.

2.7. SuFEx click chemistry

Sulfur (VI) fluoride exchange (SuFEx), reported by Sharpless,
involves the application of S(VI)-F motifs such as arylflourosul-
fates as connective linkers in polymer synthesis."**'* This
pioneering work has promoted the development of covalent
protein drugs through a latent, bioreactive, fluorosulfate-L-
tyrosine (FSY) amino acid that is genetically encoded in a
programmed cell death protein-1 (PD-1). This has been used
in vivo in immunodeficient lung cancer and glioblastoma mice
models (Figure 10). The covalently bonded, non-hydrolysable,
linkage between PD-1 and PD-L1 results in an irreversible
antagonist which restores the antitumour immune response.?”
SUFEx click chemistry also underpinned the more recently
reported covalent nanobody-based PROTAC strategy for the
targeted degradation of membrane proteins. Nanobody chime-
ras engineered with bioreactive amino acids including FSY are
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Figure 10. Sulfur (V1) fluoride exchange “SuFEx” click chemistry.

designed to irreversibly react with membrane proteins in order
to trigger the internalisation and degradation of the protein.'?"!
Covalent protein mini-binders engineered with FYS have also
been reported to irreversibly block the spike receptor binding
domain in different SAR-COV-2 variants preventing their
immune escape and providing a therapeutic strategy against
SARS-CoV-2.'*®

3. Targeting Mechanisms

One of the most important factors that affects the success of
bioorthogonal reactions’ applications in vivo is the method used
to deliver the bioorthogonal components. This section reviews
the main targeting mechanisms (metabolic bioengineering,
active targeting, passive targeting and simultaneously used
strategies) that are reported for selective delivery of the

bioorthogonal components to the desired site of action, as
summarised in Figure 11.

3.1. Metabolic bioengineering

Metabolic bioengineering is the use of unnatural reporter-
modified metabolic precursors to interfere with the normal
biosynthetic pathways of biomolecules to finally express these
unnatural reporters on cell surfaces. This concept has been
used to intercept the biosynthesis of cell surface glycans and
phospholipids using modified monosaccharide precursors or
modified choline analogues, respectively (Figure 12). These
monosaccharide precursors or choline analogues are chemically
modified to have a bioorthogonal component (usually an
azide group) which enables the incorporation (i.e., delivery) of
this bioorthogonal component to the cells.

3.1.1. Metabolic glycoengineering (MGE)

Metabolic glycoengineering (MGE) is an extensively developed
technique in which functionalities that are not naturally present
within cell glycans or any other molecule in vivo, are expressed
within the cell-surface glycans through the interception of the
biosynthetic  pathways of glycans using  unnatural
monosaccharide precursors'®*" (Figure 12A). In the context of

In vivo
targeting

—) mechanisms

v b

r

!

Metabolic
bioengineering

Active targeting

&
&

Passive targeting

Tumor cells

T

v k4 v
MGE + AT MGE + PT AT+PT
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Figure 11. Summary of the main targeting mechanisms reported to deliver bioorthogonal components in vivo: Metabolic glycoengineering (MGE), active

targeting (AT) and passive targeting (PT).
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Figure 12. Metabolic bioengineering principle: A) Chemically modified monosaccharides that intercept the glycans’ biosynthesis pathway and hence are
expressed within cell-surface glycans. B) Azide-modified choline analogue that intercepts the phospholipids’ biosynthesis pathway and hence expresses an

azide within cell-surface phospholipids.

bioorthogonal reaction applications in biological systems, MGE
provides a valuable means to deliver bioorthogonal compo-
nents.

Many unnatural monosaccharides have been explored as
substrates for MGE, among them: N-acetylmannosamine (Man-
NAc), N-acetylglucosamine (GIcNAc), N-acetylgalactosamine
(GalNAc) and N-acetylneuraminic acid (Neu5Ac)™**"3¥ (Fig-
ure 12A). These substrates target the biosynthesis pathway for
sialic acid. The most reported monosaccharide for MGE is N-
acetylmannosamine (ManNAc), as it is the most efficient
monosaccharide to intercept the biosynthesis of sialic acid
leading to higher level of reporter group expression compared
to GIcNAc and GalNAc. Once expressed on the cell surface, the
reporter group can be chemically reacted with another moiety
by click chemistry for delivery of dyes, imaging probes, radio-
labelled probes, polymers and prodrugs.*®'*>'3¢ Examples of
the most used reporter groups (i.e., bioorthogonal compo-
nents) that are delivered by MGE are azide™ and
bicyclo[6.1.0lnonyne (BCN)."*! The level of the reporter expres-
sion is dependent on the concentration of the modified sugar

used for the MGE; the higher the concentration, the higher the
level of incorporation and surface expression.

In vivo, the first bioorthogonal application that used MGE to
deliver bioorthogonal components was labelling and tracking
of therapeutic cells and biovesicles. Azide-modified monosac-
charide precursors are used to engineer the azide bioorthogo-
nal component on the cell surface glycans of these therapeutic
cells. Then, the second bioorthogonal component (usually
dibenzocyclooctyne DBCO or azadibenzocyclooctyne ADIBO)
reacts with the azide reporter through click bioorthogonal
chemistry. The DBCO/ADIBO component can be attached to a
fluorescent dye, prodrug or targeting peptide for labelling and
imaging, targeted drug release or enhanced targeting profile,
respectively.137713

Different types of therapeutic cells and biovesicles have
been tracked in vivo by MGE and bioorthogonal chemistry to
determine their fate and homing properties for degenerative
diseases’ therapies (Table 1). Although in many cases, cell
labelling using bioorthogonal reactions is done in vitro first
before the labelled therapeutic cell/ biovesicles is injected for in

complementary probe and their reported in vivo model.

Table 1. Summary of reported therapeutic cells and biovesicles that are metabolically glycoengineered to express an azide reporter, their bioorthogonal

Therapeutic cells/biovesicles Modified sugar for Complementary  Disease/ In vivo model Ref.
MGE probe targeted tissue

Human embryonic stem cells-derived endothelial Ac,ManNAz DBCO-CY5 Ischemic dis- Hind limb ischemia [141]

progenitor cells “hEPCs” Ac,GalNAzAc,GIcNAz eases mice model

Adipose tissue-derived mesenchymal stem cells Ac,;ManNAz DBCO-RK, Liver injury Acetaminophen-induced acute [78]

“ADSCs” DBCO-ICG liver failure model

Chondrocyte Ac,ManNAz DBCO-650 Cartilage Healthy mouse model [77]

Exosomes Ac,ManNAz DBCO-CY5 Lung adenocar-  A549 tumour-bearing mice [76]

cinoma model
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vivo tracking, the stability of the ligation bond is critical for
optimum tracking results.

The advantages of the MGE technique are that it does not
affect the proliferation ability of these cells, and it does not
cause cytotoxicity either to the therapeutic cells or to the host
cells. This makes the non-invasive MGE labelling technique safer
compared to traditional fluorescence labelling agents that bind
physically to therapeutic-cell membranes."*”

In addition to labelling and tracking of cells and exosomes,
the MGE approach has also been exploited in targeted prodrug
activation for cancer therapy."*? For this, MGE is used to deliver
the activator part of the bioorthogonal reaction (azide), then
the prodrug (cisplatin conjugated to DBCO) reacts with the
azide groups on the cancer cells. Instead of using Ac,ManNAz,
histone deacetylase/cathepsin L-responsive acetylated azido-
mannose (DCL-AAM) was used. As histone deacetylase (HDAC)
and cathepsin L (CSTL) are overexpressed enzymes in tumour
cells,"*'* DCL-AAM can be cleaved in tumour cells to release
the azide-modified sugar for selective MGE and azide expres-
sion on the tumour cells’ surfaces.

3.1.2. Metabolic bioengineering of lipids

A further metabolic bioengineering approach instead intercepts
the biosynthesis of phospholipids within cell surface mem-
branes using an azide-modified choline analogue, azidoethyl-
choline (azide-Cho;™*' Figure 12B). The installed azide groups
are then targeted by DBCO/ADIBO in a bioorthogonal reaction
to deliver dyes. This strategy has been applied in labelling and
in vivo tracking of exosomes that were separated from different
tumours cells (MCF-7, MDA-MB-231 and HS578T) to determine
the fate of each type."*

3.2. Active targeting

Active targeting utilises ligands such as antibodies,™*
peptides,'*” proteins*® and small molecules such as folate
that selectively bind to their complementary antigens or
receptors on cells for selective delivery. Ab—Ag selectivity makes
active targeting advantageous in bioorthogonal components’
selective delivery invivo despite the weak interaction (com-
pared to covalent binding), the limited number of specific
Ab—Ag, and tumour heterogeneity."*® It has been widely used
for delivering drugs and theranostics to tumour cells.*" This
section will review how the active targeting principles are
applied in vivo for bioorthogonal applications and the types of
active targeting moieties that have been used.

149]

3.2.1. Monoclonal antibodies (mAbs)

Monoclonal antibodies (mAbs) are the most reported active
targeting moieties for in vivo applications of bioorthogonal
reactions. They are functionalised in radioimaging and radio-
therapy of tumours through their conjugation to radionuclides.
However, these radiolabelled mAbs suffer from long half-lives
and long circulation times which usually results in off-site
accumulations. In addition, synthesis of some radiolabelled
mAbs like cetuximab can be complex, for example requiring
high temperatures and lengthy processes. Active targeting in
conjugation with bioorthogonal reactions has aided in over-
coming these limitations."*?

Various antibodies have been used to target different
tumour antigens (Table 2). The strategy requires conjugation of
a bioorthogonal component (usually trans-cyclooctene TCO)
with the mAb, the bioorthogonally tagged mAb then actively
targets the tumour. This first step, termed pretargeting
(discussed in Section 4), is essential to ensure the efficient

probe and their reported in vivo model.

Table 2. Summary of reported mAbs/peptides that are conjugated to bioorthogonal moieties, their antigen/receptor, their bioorthogonal complementary

Antibody/peptide Antigen/ Complementary ~ Tumour In vivo model Ref.
receptor probe

Cetuximab-TCO EGFR *®Ga-Tz Colorectal and head & neck  EGFR-expressing A431 xenograft-bearing [158]
cancers mice.

Cetuximab-d-TCO EGFR N;-DOX prodrug ~ Melanoma B16-F10-Luc2-EGFR cells-bearing mice [83]

CC49-TCO TAG-72 #MTc-Tz Pancreatic and colon can- LS174T colon cancer-bearing mice [159]
cers

CC49-TCO-DOX TAG-72 "7Lu-Dextran-Tz  Pancreatic and colon can- LS174T colon cancer-bearing mice [114]
cers

CC49-TCO-MMAE TAG-72 "n-PEG-Tz Pancreatic and colon can- LS174T colon cancer-bearing mice [115]
cers -OVCAR-3 xenograft-bearing mice
-Ovarian cancer

THIO-MAB-TCO HER2 Mn-Tz Breast and gastric cancers HER2* mouse model [153]

huA33-TCO A33 #Cu-Tz Colorectal cancer A33 antigen-expressing SW1222 colorectal [160,161]

cancer-bearing mice
Anti-CEA 35 A7-TCO CEA 77Lu-Tz Peritoneal carcinomatosis Orthotopic tumours (A431-CEA-Luc cells)- [162,163]
bearing mice

Anti-TSPAN8-TCO TSPAN8 CY5-Tz Peritoneal carcinomatosis Human HT29 xenograft- bearing mice [163]

Anti-PSMA-TCO PSMA MB-Tz Prostate cancer Prostate carcinoma-bearing mice [164]

GEBP11 vascular-homing GEBP11re-  CY5.5-Tz Gastric tumours Human gastric carcinoma xenograft-bearing [157]

protein-TCO ceptor mice

Dimeric NGR-DBCO CD13 recep- CY5.5-N; Prostate, colon and pancre-  HT-1080 tumour-bearing mice [79]

tor atic cancers
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arrival of the first bioorthogonal component to the targeted site
of action by active targeting. The second step is the conjugation
of the second bioorthogonal component (usually tetrazine Tz)
with the radionuclide/fluorescent dye that will be selectively
delivered to the tumour site through the bioorthogonal
reaction between TCO and Tz (Figure 13A).

This strategy has been applied in vivo in different imaging
techniques (positron emission tomography (PET), single-photon
emission computerised tomography (SPECT) and ultrasound
imaging) and radioimmunotherapy of tumours. The efficiency
of this strategy is dependent on many factors, first is the level
of antigen expression on the targeted tumours. High levels of
antigen expression are required to ensure significant accumu-
lation of the first bioorthogonal component at the tumour site.
However, targets in solid tumours are only overexpressed in a
limited number of cancer patients making the attainment of
sufficient accumulation in vivo very challenging. Second is the
influence of the bioorthogonal modification on the antibody’s
immunogenicity and pharmacokinetics. TCO modification is
reported to not generally affect an antibody’s immunogenicity,
but in a few cases such as for the THIO-MAB antibody, it
influenced its pharmacokinetics by increasing the antibody
serum half-life leading to high blood radioactivity after the
administration of the Tz-tagged radionuclide."™ Third is the
characteristics of the radionuclide used. Radionuclides with a
short half-life (i.e., ®*Ga) might have limited usage even with the
pretargeting strategy due to their rapid clearance. Radio-
nuclides with hydrophobic characteristics (i.e., *™Tc) also cause
high background distribution.

In the context of optimising the bioorthogonal reactivity
and pharmacokinetics of the two components, PEGylation has
been widely used. A PEG linker is added either between the
TCO moiety and the Ab (increasing the TCO group’s loading on
the Ab and thus increasing reactivity with Tz radionuclides) or
between the Tz and the radionuclide. With Anti-CEA 35 A7
mAb"* and anti-TSPAN8 mAb (Ts29.2),"** the PEGylation of
Abs increased the average number of TCO moieties conjugated
to the Abs especially when increasing the PEG chain length (n=
12), but it inversely affected the efficiency of the click reaction
between TCO and Tz. The PEG linker between the Tz moiety
and the radionuclide is hypothesised to improve the radioli-
gand’s pharmacokinetic parameters. However, a long PEG chain
length (n=11) increased the radionuclide clearance due to its
higher hydrophilicity. These studies suggest that the PEGylation
of the radiolabelled-Tz probe is more functional than PEGylation
of the TCO-modified antibody and can add to the selectivity
that is established by active targeting and bioorthogonal
reaction.

Using antibodies for targeted delivery of the TCO moiety
has also been implemented for prodrug activation in situ
through bioorthogonal reactions (TCO with Tz or azide). In
pancreatic and colon cancers, a TCO-DOX/MMAE prodrug is
attached to the CC49 mAb and injected first for pretargeting,
then the complementary Tz is injected for prodrug
activation."™""”! For melanoma, cetuximab-TCO is injected first
for pretargeting, then the azide-DOX prodrug is injected for
activation.®™ As TCO is known for its instability in blood, due to
its isomerisation into the unreactive cis-isomer upon contact
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peptides followed by fluorescence Tz.
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with serum proteins and albumin,™® many strategies have
been tested to minimise this deactivation. One strategy
introduced rigidity through a cis-dioxolane-fused TCO (cetux-
imab-d-TCO), resulting in decreased TCO isomerisation alongsi-
dea four- to six-fold increased rate of activation. These
advantages are notable and to a certain extent compensate for
the lower physiological stability (t;,~24 h in 50% serum) of the
modified TCO compared with simpler TCO forms (t,,~
5 days).®™ Inserting a spacer such as a lysine-branched spacer
with a PEG,, moiety between the TCO and the mAb also proved
valuable for shielding the TCO from interaction with copper-
binding sites in serum proteins and hence minimised its
subsequent isomerisation (t;,,~24 h in 50% mouse serum).!""

3.2.2. Peptides

Some studies have used peptides as the active targeting moiety
(Table 2). While in both cases this strategy has been applied for
fluorescence imaging of tumours, in principle the same strategy
can be applied for the delivery of drugs. As discussed for mAbs,
the peptides are conjugated to one bioorthogonal component
(TCO for the IEDDA reaction™” or DBCO for the SPAAC
reaction”) while the fluorescent dye (CY5.5) is conjugated to
the second bioorthogonal component (Tz for the IEDDA
reaction or azide for the SPAAC reaction). The bioorthogonal
approach improved the tumour accumulation and fluorescence
imaging compared to direct labelling of peptides with dyes
(Figure 13B).

3.2.3. Challenges in the use of active targeting

Antibody-based therapeutics have achieved fast growing
success, with more than 70 antibody-based therapeutics already
in clinical use. However, many challenges should be considered
when suggesting antibodies for targeting purposes. These
include the heterogeneous nature of the targets on cancers
cells, interactions with the host immune system, the tissue’s
accessibility and more general pharmacokinetic considerations
like blood circulation time and clearance. Moreover, since the
antibodies targets are often expressed, albeit at lower levels, on
normal cells, off-site interactions are also likely to occur.

The level of radiolabelling achieved by active targeting
mechanisms in vivo for bioorthogonal applications has been
reported to be promising (in terms of magnitude and time). The
pretargeting strategy (further discussed in Section 4) has also
improved the labelling practice by lowering the doses needed
for in vivo labelling. TCO-mAb doses required for labelling
in vivo are reported to be around 100 pg (or around 0.7 nmol)
which are reported to be sufficient for subsequent labelling by
radionuclides (ca. 10 MBg or 0.7 nmol) over 24-48 h['s315%-161
Translation from invivo to clinical settings needs careful
consideration particularly for parameters such as the binding
rate between the mAb and its target, the radionuclide dose,
and the labelling time. In terms of the radionuclide dose, the
dilution factor increases when transferring from invivo to

Chem. Eur. J. 2023, 29, €202203942 (13 of 24)

clinical setting, this may lead to a decrease in the concentration
of the bioorthogonal reaction component which may impair
the reaction rate and efficiency. In terms of binding rate, for
mAbs with high binding rates, the association k,, and
dissociation k. between the mAb and target are affected by
the mAb diffusion rate which means they will depend on the
tumour environment rather than the binding rate. mAbs with
high affinities ky (pM or nM) require a long time (hours to days)
to reach binding equilibrium with their targets.'®'®® Therefore,
even with high affinity Abs, long labelling times are required
which make translation of the prelabelling approach to the
clinic very challenging.

3.3. Passive targeting

Passive targeting is a targeting mechanism in which drugs or
drug delivery vehicles reach their targeted delivery site as a
result of their physicochemical properties such as size or
lipophilicity. Many in vivo applications for bioorthogonal reac-
tions have used nanoparticles for the targeted delivery of one
or both the bioorthogonal components.

3.3.1. Enhanced permeability and retention (EPR) effect

The vast majority of studies that have suggested passive
targeting mechanisms for the delivery of bioorthogonal
components rely on the enhanced permeability and retention
(EPR) effect. This concept has been mainly applied for cancer-
related applications because in tumours, the leaky neovascula-
ture allows the passive accumulation of molecules with certain
size (10-500 nm; >40 KDa)."""'* For drugs and probes to be
delivered by this passive mechanism, they are typically required
to circulate for an appropriate time to allow accumulation.
Therefore, one of the mechanisms to deliver the bioorthogonal
components selectively to tumour sites is their conjugation
with a nanovebhicle to increase their circulation time.

Tumour accumulation of bioorthogonal components by the
EPR effect can be quantified according to the level of radio-
activity, in imaging applications, and by fluorescence intensity,
in prodrug activation applications. The level of tumour accumu-
lation (i.e., tumour-to-tissue ratio) that was observed was very
heterogenous and ranged from one-fold and less"*"" to
eleven-fold.'?*'2"172774 This variation is highly affected by the
clearance rate of the nanoparticles from the body.

Some studies hypothesise passive accumulation through
the EPR effect, but do not measure the actual extent of it. For
instance, some systems designed to accumulate into tumours
through the EPR effect, are, in fact, directly injected intra-
tumourally during in vivo testing.*®*?

While an extensive discussion of the EPR effect is beyond
the purpose of this review, it should be noted that the EPR
effect is much more complex and variable than originally
thought.">'7® For example, some have argued that the EPR
effect is essentially a murine artefact.'”>"”” Others have
proposed that different transport mechanisms underpin macro-
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molecular accumulation in tumours."®'7® Perhaps the most
interesting research in this field has shown remarkable hetero-
geneity in the magnitude of the EPR effect across different
patients, which has also been shown to be affected by tumour
characteristics like type and stage. Additional strategies have
been suggested to maximise the EPR effect (and perhaps even
bypass the need for it altogether). Techniques known to affect
tissue permeability like radiotherapy and hyperthermia have
been proposed by inducing endothelial cell apoptosis."’?'®!
Antiangiogenic  drugs,"® inflammatory  cytokines and
vasodilators"®? are suggested to modify tumour blood flow and
vascular permeability. Functionalising nanoparticles to incorpo-
rate tumour-targeting moieties to bind selectively to comple-
mentary moieties in tumours (i.e., combining active and passive
targeting principles to achieve more selective tumour retention)
is another valued approach."®"" As such, in relation to
bioorthogonal reactions, studies reporting delivery of one or
more of the components through the EPR effect should be
considered with caution, in this quickly developing context.

3.3.2. Passive targeting of the bioorthogonal components

In the context of passive targeting, one or both components of
the bioorthogonal reaction, could be delivered by passive
targeting.

Application to one component. Some studies have applied
the passive targeting concept to deliver only one component of
the bioorthogonal reaction. These studies are mainly in vivo
imaging applications, either tumour imaging"’®"’? or athero-
sclerosis imaging."”®! One bioorthogonal component is solely
delivered by passive targeting (usually the TCO moiety) while
the second bioorthogonal component (Tz) is conjugated with
the radiolabelled nuclide purposed for imaging and delivered
systemically (Figure 14A).

A) Passive i lication to one bioor

orthogonal component

. ——
BTN O 1) S~ S W
> > @"

One component is
delivered first by NPs

Pretargeting step

B) Passive il ication to two bioorth:

Tumour accumulation, ()

o0+ ®

*) .
( ]
@ and drug release .$

Bioorthogonal reaction
°

Two components
are delivered
simultaneously
by NPs

Figure 14. Passive targeting. A) Delivering one bioorthogonal component
only by passive targeting. B) Delivering both bioorthogonal components by
passive targeting.
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Application to both components: Conventional bioorthogo-
nal-based prodrug activation requires stepwise administration
of the prodrug and trigger in order to avoid early activation.
This stepwise administration is difficult to optimise to afford the
desired ratio of both components at the desired site of action
and needs extensive metabolism studies which makes its
clinical application more challenging. Using nanoparticles
provides a means to solve this problem as it enables the
encapsulation of each component (prodrug and trigger) in a
separate nanoparticle for co-administration. Both nanoparticles
can effectively reach the tumour site without premature contact
between the prodrug and the trigger (Figure 14B).

This has been proposed for the delivery of anti-cancer drugs
such as camptothecin (CPT),"?*"?" nitrogen mustard,”® combre-
tastatin  A4"% and nitrogen oxide (NO)."®* They are first
converted to prodrugs and encapsulated into a phospholipid
liposome and the trigger is encapsulated in a separate
phospholipid liposome®®'® or immobilised on a nanorod.'*"
With combretastatin A4, two analogues of the drug precursors
(i.e., azide and alkyne analogues) are encapsulated in a nano-
capsule and the bioorthogonal catalyst (i.e., copper nano-
catalyst) is encapsulated in a different nanocapsule. At the
tumour site, the catalyst commences the bioorthogonal reac-
tion between the two precursors for in-situ drug synthesis.

Other than prodrug activation, the same strategy can be
applied to other in vivo bioorthogonal applications including
tumour imaging. Each of the bioorthogonal components is
enclosed in a separate nanoparticle and one of them can be
modified with a radiolabelled nuclide for imaging.®®

3.3.3. Types of nanosystems

The nanocarriers for the bioorthogonal components vary
between organic-based nanoparticles (i.e, liposomes) and
inorganic-based nanoparticles (i.e., gold nanorods) according to
the application purpose. Variations in the type and size of the
used nanoparticles (Table 3) affect the tumour accumulation
rate, which ranges from five minutes"’® to hours"*'?"7" and
days."7#174185) Nanoparticles with smaller sizes like nanostars
and mesoporous silica nanoparticles have the slowest tumour
accumulation rates (3 and 6 days, respectively).

In addition to variations in the size and type of the
nanosystems used to deliver the bioorthogonal components,
the nature of conjugation between the nanoparticle and the
bioorthogonal moiety that it is carrying also varies. This
conjugation is either physical or chemical. For example,
chemical modification of the nanoparticle surface can allow
incorporation of the bioorthogonal moiety that is to be
delivered. Usually a PEG polymer linker is inserted between the
surface functional groups (i.e., amino or thiol group) on the
nanoparticle surface and the bioorthogonal moiety!?"'7%'3
rather than direct chemical attachment™” for better biocom-
patibility (i.e., decreasing captivation by spleen, liver and lungs
and increasing blood circulation time)."®® Physical conjugation
involves encapsulation of the bioorthogonal moiety inside the
nanoparticle. Nanoparticles with smaller sizes like nanostars,
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Table 3. Summary of reported nanoparticle vehicles that are used to deliver bioorthogonal moieties, their sizes, their bioorthogonal complementary probe
and their reported in vivo model.

Nano particle Size Complementary ~ Tumour In vivo model Ref.
probe

Supramolecular nanoparticles-TCO 100 nm %4Cu-Tz Solid tumours U87 glioblastoma -bearing mice. [171]
Nanostars-TCO 13,14 ¥F-Tz Solid tumours CT26 colon cancer-bearing mice. [172]

and

40 nm
Mesoporous silica nanoparticles- N/A "C-Tz Lung Healthy mouse. [170]
TCO
Mesoporous silica nanoparticles- 60— BE-N, Subcutaneous tu- Subcutaneous U87MG tumour-bearing mice [173]
DBCO 80 nm mours and atheroscle-  and ApoE — /- mice (atherosclerosis) mice.

rosis

Liposome-Oa 136 nm *Cu-Ald Breast cancer 4T1 tumour-bearing mice. [58]

Liposome-CPT-vinylether 105- Liposome-dye-

Liposome-N mustard- propargyl 200 nm Tz cancer
Liposome- Pd-
DPPF
cLANC-azide and alkyne analogues ~ N/A cLANC-Cu Colorectal cancer HT29 tumour-bearing mice. [174]
of combretastatin A4 precursors
Liposome-NO donor 71, Liposome-Tz Melanoma, glioma HCT-116 cells implanted into the yolk sac [185]
131 nm and colon cancer zebrafish embryos
Tz-Single-walled carbon nanotubes 200 nm TCO-hemicya- colon cancer CT26 tumour-bearing mice [116]
long nine
Tz-hydrogel 12 nm TCO-Doxorubi- Metastatic cervical Hela tumour-bearing mice [113]

cin cancer

Metastatic cervical

Hela tumour-bearing mice [92,120,121]

nanorods and mesoporous silica nanoparticles are usually
chemically conjugated with the bioorthogonal moiety, while
larger nanoparticles like supramolecular nanoparticles, lip-
osomes and cross-linked lipoic acid nanocapsule physically
encapsulate the bioorthogonal moiety.

Recently, the Shasqi company reported the development of
a CAPAC™ (click activated protodrugs against cancer) platform,
which is currently under phase 1/2a clinical studies (Clinical-
Trials.gov Identifier: NCT04106492). A click reagent (tetrazine-
modified sodium hyaluronate-based biopolymer) is injected
locally in the tumour to subsequently activate a systemically
infused protodrug (TCO-modified cytotoxic doxorubicin). In
vivo, the maximum tolerated dose (MTD) of the combined
SQL70 (Tz-biopolymer) and SQP33 (TCO-doxorubicin) was found
to be 19.1 times higher than the conventional doxorubicin.
Moreover, a single-dose injection of SQL70 was able to activate
multiple SQP33 doses (10.8 times the MTD of doxorubicin) as it
retains its activity over a 5-day dosing period.['®"'¢®

3.4. Simultaneously used strategies

Combining two or more of the previously discussed targeting
strategies (i.e., MGE, active and passive targeting) has been
proposed with the aim of enhancing their advantages, and
addressing the challenges of each individual strategy.

3.4.1. MGE with passive targeting

Passive targeting has been combined with MGE for applications
of bioorthogonal reactions in three approaches. The first
approach used nanoparticles to passively deliver a modified
sugar intended for MGE (first component of the bioorthogonal
reaction). The second approach used the nanoparticles to
passively deliver the imaging probe/drug (second component
of the bioorthogonal reaction). Finally, the third approach used
nanoparticles to passively deliver both components (Table 4,
Figure 15).

Passive delivery of the modified sugar: This approach has
proved particularly valuable for targeting tumours and brain
sialo-glycoproteins due to the physicochemical properties of

vivo model.

First component Second component Tumour

Table 4. Summary of azide-modified monosaccharides used for MGE, their bioorthogonal complementary probe, their nanovehicle and their reported in

In vivo model Ref.

Nano- Ac;,ManNAz LIP-DBCO-ZnPc Solid tumours

Nano-MPs ADIBO-CY5.5 Various tumours

LIP-9-azido sialic acid ~ DBCO-650 Brain

Ac,;ManNAz Nano-BCN-CY5.5 Lung, brain and breast cancers
Ac,ManNAz Nano-DBCO-DOX/ZnPc Breast cancer

Ac,ManNAz Nano- triarylphosphine-Dox  Colorectal cancer

Ac,ManNAz Nano-BCN-CY5.5 Brain stroke

U87 tumour-bearing mice [
Healthy mouse model [
U87 tumour-bearing mice [
MCF-7 cells tumour-bearing mice [194
CT26 subcutaneous tumour-bearing mice [
Healthy mouse and photothrombotic stroke mouse. [
A549 tumour-bearing mice [
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Figure 15. Combining MGE with passive targeting. A) Delivering only
modified sugar by passive targeting. B) Delivering only imaging probe/drug
by passive delivery. C) Delivering both components by passive targeting.

nanoparticles which enhance the delivery of the modified
sugar.

In tumours, the EPR effec previously discussed, enhan-
ces the selective delivery of the modified sugar to tumour sites
(Figure 15A). In this context, nanosized metabolic precursors
(nano-MPs) which are composed of an Ac;ManNAz-conjugated
succinic acid-terminated generation-4 poly(amidoamine) den-
drimer have been reported. These nano-MPs can localise in
tumours more effectively than free metabolic precursors thus
generating the azide reporters on tumour cells’ surfaces specif-
ically after the intravenous administration (4.7-fold higher than
the free Ac;ManNAZ).'™

For delivery to the brain, the lipophilic nature of liposomes
has proved valuable for enhancing the ability of the modified
sugars to cross the blood-brain barrier. A liposome-assisted

t,“ 89]

Piggybacking
strategy

\

‘ .

‘ MGE Brain cell
{

Transporter
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bioorthogonal reporter (LABOR) approach has been developed
in which the azide-modified sugars (i.e., 9-azido sialic acid and
ManNAz) are encapsulated in liposomes to enhance crossing of
the blood-brain-barrier.” Additionally, the liposomes were
surface PEGylated for stabilisation and to extend their half-lives.
Despite the efficient labelling of the brain sialoglycoproteins
with the azide reporters (detected by fluorescent imaging after
administration of DBCO-CY5), the lipophilic nature of the
liposomes caused non-specific labelling in other organs as well.
These results can be compared to the results from another
strategy called “the piggybacking” strategy in which neuro-
active carriers (valproic acid, nicotinic acid and theophylline-7-
acetic acid) were used to deliver azide-modified sugars to brain
cells for MGE"? (Figure 16). In terms of selectivity, both
strategies resulted in MGE and azide-reporter expression in
other organs along with the brain. Hence, the combined
approach did not solve the selectivity problem which makes
the two strategies (i.e., piggybacking and LABOR) nearly equal
in terms of benefits and drawbacks. These strategies could be
beneficial in exploring the biofunctions of brain sialoglycans
and understanding the development of neurological disorders
but not for other purposes like selective drug delivery to brain.

Passive delivery of the imaging probe/drug: This approach
makes use of the passive targeting concept for site specific
delivery of the second bioorthogonal component conjugated to
the imaging probe/drug after the MGE step takes place
(Figure 15B). The limitation of this approach is that the azide-
modified sugar (Ac;ManNAz) has to be administered intra-
tumourly to ensure site-specific MGE before the administration
of the second bioorthogonal component. This approach has
been used for in vivo fluorescence imaging of lung, brain and
breast cancers® and for delivery of doxorubicin.*”'*¥ Another
in vivo application for this approach is the labelling and tracking
of stem cells. MGE of stem cells’ surface glycans by Ac,ManNAz
is achieved first for azide expression, followed by their bio-
orthogonal reaction with BCN-modified nanoparticles which
encapsulate different imaging agents."*>'*® Then, these labelled
stem cells are administered in vivo for live tracking. This strategy
does not involve intratumoural administration of any compo-
nent. However, in terms of direct labelling of stem cells for in

LABOR strategy

BRI HE

R 4

Brain cell

N,

”
w
=

Ny
‘_’

Figure 16. lllustration of the difference between the piggybacking strategy and LABOR strategy in labelling brain cells’ surfaces.
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vivo tracking, using the MGE alone as discussed in section 3.1.1.
is much simpler in application and achieves the same purpose.

Passive delivery of both components: This approach makes
use of the passive targeting concept for site specific delivery of
both bioorthogonal components (Figure 15C). It has been
particularly reported for in vivo photothermal therapy of solid
tumours." The azide-modified sugar (Ac;,ManNAz) and the
photothermal probe zinc(ll)-phthalocyanine (ZnPc) are loaded
into nanocarriers (nanomicelle and liposome, respectively) for
site-specific MGE in tumour cells followed by bioorthogonal
reaction and generation of cytotoxic heat.

3.4.2. MGE with active targeting

Active targeting has been combined with MGE for studying T-
cell therapy in solid tumours. Two strategies have been
reported, both relying on the active recognition of T-cells by
tumour cells. The first strategy focused mainly on labelling and
in vivo tracking. MGE of T-cells’ surface glycans by Ac,ManNAz is
first achieved for azide expression, followed by their bioorthog-

onal reaction with DBCO-CY5.5"® (Figure 17A). This strategy
allows tracking of T-cells’ biodistribution and correlation with
the therapeutic response observed. The second strategy
focused on enhancing T-cells’ therapeutic recognition in vivo.
MGE of T-cells’ surface glycans by Ac,GalNAZ allows azide ex-
pression as well as MGE of tumour cells’ surface glycans by
Ac,ManNBCN for BCN expression. Bioorthogonal reaction
between azide and BCN, as well as antigen-antibody recog-
nition of T-cells to tumour cells, enhances the recognition and
thereby the immunotherapy effect* (Figure 17B).

3.4.3. Active targeting with passive targeting

Active targeting has been combined with passive targeting for
the delivery of drugs and imaging agents in cancer and
atherosclerosis in vivo (Table 5). The strategy suggests attaching
one bioorthogonal component (usually trans-cyclooctene TCO)
to a mADb to selectively bind to its antigen at the desired site of
action. This is then targeted with Tz-modified nanoparticles
(i.e., the second bioorthogonal component) which encapsulate

A) T-cell tracking 2
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Figure 17. Combining MGE with active targeting. A) Labelling T-cells by MGE to track their therapeutic response. B) Enhancing T-cells’ tumour recognition

through MGE and bioorthogonal reaction.

reported in vivo model.

Table 5. Summary of reported antibodies and nanoparticles that are conjugated to bioorthogonal moieties, their complementary antigens and their

rial HDL

First Second component Antigen Tumour In vivo model Ref.
component

CD11b- Dox-loaded MSNs-Tz CD11b* Breast cancer Orthotopic 4T1 breast tumour-bearing [200]
TCO mice.

E-06-TCO Tz-modified *®Ga iron oxiDe nano-radiomate-  Oxidised LDL and Atherosclerosis  Atherosclerosis mice model. [201]
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the imaging probe/drug (Figure 18). In tumours, combining
both delivery techniques with the bioorthogonal chemistry
ensured the deep delivery of the drug-loaded nanoparticles
(i.e., doxorubicin-loaded mesoporous silica nanoparticles) into
the avascular regions of the tumour instead of relying on the
EPR effect alone to deliver the drug (two-fold higher).? |n
atherosclerosis, this strategy caused more selective accumula-
tion of nano-radiomaterial in atherosclerotic plaques (five-fold
higher).2°"

Another approach in combining active with passive target-
ing principles has been applied in the cell-based therapy of
arterial wall injury.”®” Nanoparticles bearing glycoprotein 1ba.
(Gp 1ba) proteins and Tz are designed to target the injured
endothelial surface through the interactions between Gp Tba

1) Active 2) Passive
delivery of TCO  delivery of Tz

%) - ‘ T

[v e
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N

Figure 18. Combining active and passive targeting. Active delivery of TCO
bioorthogonal component followed by passive delivery of the Tz bioorthog-
onal component in tumours.
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and von Willebrand factor (vVWF) and hence coat the injured
vasculature wall. Then, transplanted endothelium cells conju-
gated with TCO are delivered for rapid capture by Tz leading to
homing of endothelial cells at the injury place.

3.4.4. MGE with active and passive targeting

When active targeting principles are applied together with
other targeting mechanisms, the intention is usually to enhance
the selectivity achieved by the bioorthogonal reaction. This is in
contrast to when passive targeting is applied together with
other targeting mechanisms, where the focus is to increase
tumour accumulation. One study applied the three targeting
mechanisms together to benefit from the enhanced recognition
afforded by active targeting, and high tumour accumulation
resulting from passive targeting, along with the high expression
levels of bioorthogonal components achieved by MGE. This
study enhanced photothermal therapy in breast, lung and
hepatic tumours.”® MGE was utilised to deliver both compo-
nents of the bioorthogonal reaction, MGE of T-cells’ surface
glycans by Ac,GalNAZ allows azide expression, and MGE of
tumour cells’ surface glycans by Ac,ManNBCN facilitates BCN
expression. Then, extraction of the T-cells’" membrane which is
labelled by azide is performed to coat a nano-photosensitiser
(indocyanine green, ICG) to yield an azide-labelled T cell
membrane-coated ICG-PLGA nanoparticle. The bioorthogonal
reaction (azide-BCN) along with immune recognition by T-cell
membrane coating the nanoparticles leads to more specific
binding of nanoparticles to tumour cells (Figure 19). Using
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Figure 19. lllustration of the dual targeting mechanism of Ns-labelled T cell membrane-coated ICG-PLGA nanoparticles for photothermal therapy. Stage 1)
Azide expression in T-cells through MGE by Ac,GalNAz and extraction of labelled T-membrane to coat ICG-PLGA polymeric core forming N,-TINPs. Stage 2)
BCN-expression in tumour cells through MGE by IT injection of Ac,ManNBCN. Bioorthogonal click reaction with the BCN groups beside the T-cell membrane
immune reaction, increases recognition and the selectivity of T-cells for the tumour.
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nanoparticles alone to deliver the photosensitiser is usually
insufficient to achieve the high intensity needed for photo-
thermal therapy.”® Moreover, using active targeting alone (T-
cell immunogenicity recognition) is also generally insufficient
due to tumour cells’ heterogenicity and non-specific distribu-
tion to different body organs.”® However, the specific MGE of
tumour cells’ surface glycans was achieved by the intratumour
injection of Ac,ManNBCN which makes it challenging for clinical
applications.

4. Two-Step Pretargeting Approach in
Radiolabelling

In this section, we focus on the pretargeting cancer radio-
imaging and therapy approach to highlight its advantages and
challenges compared with other direct labelling approaches
such as direct conjugation of Abs to radioligands. Pretargeting
generally aims to separate the administration of the radio-
nuclide from the mAb, it was first developed in the mid-1980s
to overcome the long circulation time that is required for the
radiolabelled antibodies (directly attached radionuclides to
mAbs) that are used for cancer imaging and therapy.”™ Before
using bioorthogonal chemistry to selectively link the mAb with
the radionuclide after their two-steps administration, non-
covalent interactions like streptavidin-biotin were reported to
do the same purpose. An antibody linked with streptavidin is
administered first for tumour accumulation followed by a
radiolabelled biotin to limit the radioactivity to the tumour
site.?”2% |n bioorthogonal approaches, the antibody-bioor-
thogonal component conjugate is given first to allow sufficient
accumulation at the tumour site and clearance of unbound
antibodies from the blood and non-tumour tissues. Then, the
radioligand (diagnostic or therapeutic conjugated with the
second bioorthogonal component) is delivered® and the
bioorthogonal reaction ensures selectivity (Table 6). Despite the
high affinity and fast binding rate (3x10°-4.5x10’M~'s™")
between the streptavidin-biotin,?'® conjugating the mAb to
streptavidin was found to have certain drawbacks. First, it
increases accumulation of the mAb in the liver, compromising
the chances of effective tumour localisation of the biotin
radionuclide.”" Second, the streptavidin-mAbs have a higher
internalisation rate which decreases their availability to react

with the biotin. Finally, the streptavidin-mAbs can have
immunogenicity.?'? For these reasons, the bioorthogonal click
approach is considered a safer and more useful approach.
Nanoparticles have also been used to first pretarget the tumour
by the EPR effect before the administration of the radio-
nuclide (Table 6). This brings wider applications for solid
tumours compared to mAbs which rely on the targeting of
specific overexpressed proteins.

In imaging applications, the in vivo administration interval
between the bioorthogonally tagged mAb and the bioorthogo-
nally tagged radionuclide varies between studies (between 24
and 72 h). For NPs, the administration interval between the
bioorthogonally functionalised nanoparticles and the bioor-
thogonally tagged radionuclideis between 5 minutes and
8 days. This widerange is due to the variation in the
accumulation rate of the nanoparticles used for delivery of the
first bioorthogonal component. High tumour accumulation is
required before administration of the bioorthogonally tagged
radionuclide. For theranostic applications, two different bio-
orthogonally tagged radionuclides are usually used, a diagnos-
tic radioligand for imaging, and a therapeutic radioligand for
radioimmunotherapy. The interval between the administration
of the three components is critical for the efficiency of both
applications. This interval varies from 24-72 h between the
administration of the antibody and the diagnostic radioligand.
For therapeutic radioligands, the optimum window is usually
found to be 24 h as this allows the clearance of the unclicked
diagnostic radionuclide so it does not influence the biodistribu-
tion of the second radioligand.

The pretargeting strategy has generally improved tumour
imaging and radioimmunotherapy by decreasing the back-
ground distribution compared to direct targeting. It has also
helped to overcome some of the challenges associated with
radionuclides where the long half-lives that are required for
long term monitoring in vivo are associated with slow pharma-
cokinetic profiles and this usually causes background signals in
off-target tissues.”"

However, none of the TCO-modified Abs or peptides
(Table 6) have reached clinical trials to date. The challenges that
remain include adjusting the internalisation rates of the mAbs,
the radionuclide dose, the modified-Ab tumour accumulation
rate, and the clearance rate. Also, as two targeting entities are
involved in this two-step approach, their combined adminis-

Table 6. Summary of reported bioorthogonally modified targeting vectors, their complementary imaging and therapeutic radionuclides and the time

intervals between their administration in in vivo studies.

Targeting vector Imaging radionuclide

Therapeutic radionuclide

Interval between mAb/nanoparticle and radionuclide Ref.

MSN-TCO "C-Tz -
Cetuximab-TCO %Ga-Tz -
THIOMAB-TCO "Mn-Tz -
huA33-TCO %Cu-Tz 7Lu-Tz
Anti-CEA 35 A7-TCO 7TLu-Tz TLu-Tz
Supramolecular nanoparticle-TCO  *Cu-Tz -
CC49-TCO PmTc-Tz -
huA33-TCO %Cu-Tz Cu-Tz
Nanostars-TCO BF-Tz -
MSN-DBCO BE-N, -

5 minutes [170]
23 h [158]
24 h [153]
24 h [160]
24 h [162]
24 h [171]
48 h [159]
72h [e1]
72 h [172]
1-8 days [173]
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tration, toxicity profiles and cumulative doses must be
evaluated before clinical studies can commence.

5. Summary and Outlook

Over the past two decades, bioorthogonal click chemistry has
emerged as a facile means of studying biomolecules in their
native environment in living systems and in vivo. In this review,
advances in bioorthogonal chemistry-based in vivo applications
have been summarised according to their chemical mechanism,
and the targeting strategy that is used to deliver the
bioorthogonal components. Metabolic bioengineering is the
mechanism used most often to label cells with bioorthogonal
components due to the facile development of bioorthogonally
modified monosaccharides, the high metabolic rates of tumour
cells, and the lack of toxicity of these unnatural monosacchar-
ides. The main limitation of using metabolic bioengineering for
delivering bioorthogonal components in cancer-related applica-
tions is the low in vivo selectivity. Because these unnatural
monosaccharides are building blocks in the biosynthetic path-
ways of cellular glycans, they can be taken up by non-cancerous
cells. This makes metabolic bioengineering more suitable in
therapeutic cell-related applications than cancer-related appli-
cations, as therapeutic cells first undergo bioorthogonal label-
ling by metabolic bioengineering in vitro before their injection
in vivo. This eliminates the chances of labelling normal cells.

Active targeting is a more appropriate and selective
mechanism for the delivery of bioorthogonal components in
cancer-related applications as it depends on specific antigens or
receptors for its effectiveness. This targeting mechanism is most
often used for cancer radioimaging and radiotherapy applica-
tions in vivo due to the ease of chemical modification of the
antibodies with one bioorthogonal component (i.e,, TCO) and
modification of the radioligand with the complementary
bioorthogonal component (i.e., Tz) without affecting the anti-
body’s immunogenicity. This strategy has been developed to
afford pretargeting approaches in which a scheduling gap is
introduced between the administration of the bioorthogonal
components, to allow clearance of unbound antibodies and
hence minimise the background noise. However, optimising
this scheduling gap between the two bioorthogonal compo-
nents, the radioligand dose, and the bioorthogonally modified
antibody tumour accumulation and clearance rates is still the
main challenge to this strategy, and thus further research in vivo
is required before this method can be fully translated into the
clinic.

Passive targeting is the most convenient delivery mecha-
nism for bioorthogonal components in cancer-related applica-
tions owing to its many advantages over MGE and active
targeting approaches. As it relies on the EPR effect and not on
specific antigens/receptors to deliver components to tumour
regions, it can arguably address challenges associated with
tumour heterogeneity. It also allows the simultaneous admin-
istration of two bioorthogonal components with no time
interval needed between them. In this case, each of the
bioorthogonal components is enclosed in a nanoparticle, and

Chem. Eur. J. 2023, 29, €202203942 (20 of 24)

both nanoparticles are administered at the same time. This
makes it a more clinically applicable approach, particularly for
prodrug activation applications. However, as passive targeting
is mainly dependent on the EPR effect, which is highly affected
by tumour type, size and vasculature, the accumulation rates
and patient responses can vary extensively.

Using different targeting mechanisms simultaneously has
helped to address the challenges of each individual targeting
strategy. Combining MGE with passive targeting is advanta-
geous when functionalised to increase the saccharide selectivity
and hence the MGE so as to avoid off-site azide expression. It
allows the intravenous administration of the modified mono-
saccharide, which makes it clinically applicable and a better
option than using MGE alone for tumour-targeting applications.
Combining active with passive targeting resulted in a successful
strategy for deep delivery of chemotherapeutic drugs to deep
avascular tumour regions. Using passive targeting alone would
selectively deliver chemotherapeutic drugs to the tumour site
due to the EPR effect. However, this proved insufficient for
reaching deep avascular tumour regions meaning alternative
approaches would be required there.

The second factor for a successful in vivo bioorthogonal-
based application is maximising the efficiency of the bioorthog-
onal reaction itself. Despite the large number of reported
bioorthogonal reactions, only a few are applicable in vivo.
Reactions with fast kinetics are preferred for in vivo application
(IEDDA~10*M's'>CuAAC~10' M 's ' >SPAAC~
107" M~'s™" > Staudinger ligation~107>M™"'s™' > Oxime liga-
tion~10"*M~"s™"). The selectivity of the bioorthogonal reaction
is also an important factor to be considered. This is because in
the in vivo environment, there is a high dilution factor
compared to the in vitro environment, and for translation from
in vitro models to in vivo models and ultimately clinical models,
the reaction kinetics to overcome the decrease in target
concentration, the reagent’s dilution and the reagent’s clear-
ance need definite consideration. Using targeting mechanisms
such as passive and active targeting also plays a role in
decreasing this in vivo dilution factor to help amplify the
bioorthogonal reaction’s selectivity.

In summary, developments with in vivo applications of
bioorthogonal reactions have improved greatly over the past
two decades. As it is still an active research area, the likelihood
of further developments is high, thus making it an exciting and
impactful area for future clinical applications.
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