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Bioorthogonal Decaging Reactions
for Targeted Drug Activation
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Abstract: Bioorthogonal decaging reactions are highly selective transformations which involve the cleavage of
a protecting group from a molecule of interest. Decaging reactions can be classified into subgroups depending
on the nature of the trigger; they can be photo-, metal- or small molecule-triggered. Due to their highly selective
and biocompatible nature, they can be carried out in living systems as they do not interfere with any endogenous
processes. This gain-of-function allows controlled activation of proteins and release of fluorophores and drugs
in vivo. Although there are many examples of fluorophore/protein release, this review focuses on the application
of bioorthogonal decaging reactions for targeted drug activation. One strategy for targeted drug delivery is tis-
sue-selective activation of prodrugs and antibody–drug conjugates (ADCs). Bioorthogonal decaging provides a
highly selective, controllable method for activating prodrugs and ADCs, reducing toxicity due to the off-target
drug release that occurs in endogenous activation strategies. Here we focus on the development of bifunctional
linkers that enable studies of bioorthogonal chemistry for activation of ADCs.
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1. Introduction

A reaction can be classified as bio-
orthogonal if it can be carried out in liv-
ing systems without affecting any endog-
enous processes.[1] For this to be the case,
the reaction must be highly selective with
no cross reactivity observed with any bio-
molecules. The reaction should also have
a high rate constant under physiological
conditions and at the low concentrations
(µM–nM) that are required for the rea-
gents to be non-toxic. In reality, most re-
ported bioorthogonal reactions do not fulfil
all these criteria and are often limited by
either slow reaction rates, cross reactivity
with biomolecules, stability to biological
conditions or toxicity.

Initial research focussed on bioorthog-
onal ligation (bond-forming) reactions
which led to developments in the labelling
and studying of biomolecules. The appli-
cations of bioorthogonal chemistry have
been greatly expanded by bioorthogonal
decaging reactions in which a bond is bro-
ken to release a molecule of interest. This
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undergoes intersystem crossing to a triplet
state. In the presence of reducing agents,
such as glutathione, electron transfer oc-
curs to generate a radical anion which then
releases the alcohol. Meanwhile, under
aerobic conditions toxic reactive oxygen
species (ROS) are generated.

2.1 Bifunctional Linkers
Schnermann reported anADC contain-

ing a near-IR cyanine-based cleavable link-
er (Fig. 1d), which connected (Z-CA4), an
inhibitor of microtubule polymerization,
to monoclonal antibody panitumumab
(pan).[4,5] Z-CA4 is significantly less po-
tent than most ADC payloads, therefore
was deemed unsuitable for in vivo tumour
treatment. However, using the fact that the
cyanine caging group is intrinsically fluo-
rescent, it was shown that this first gener-
ation ADC had good in vivo stability, high
tumour uptake and that irradiation with
near-IR caused a decrease in fluorescence,
implying decay of the linker and therefore
drug release.[5] In a later publication, the
linker was modified in order to improve
stability and to shift the absorbance maxi-
ma to a longer wavelength. This modified
linker was then conjugated to a more po-

release of drugs[11] and therefore the blue-
light mediated reaction should be adapt-
able to drug release. Using light of a lower
energy and longer wavelength (near-IR,
650–900 nm) is appealing as it offers in-
creased tissue penetration and low toxicity
in comparison to UV radiation. Therefore,
near-IR cleavable linkers offer greater po-
tential for drug activation in vivo.

In an early example, near-IR light was
used to decage an oestrogen receptor an-
tagonist, hydroxy-cyclofen, in mammalian
cells (Fig. 1b).[12]A prodrug consisting of a
cyanine fluorophore connected to an alco-
hol-containing drug was developed and it
was shown that upon irradiation with near-
IR light, photooxidative C–C bond cleav-
age occurs. This is followed by hydrolysis
to release a free amine which then under-
goes intramolecular cyclisation to release
the alcohol.

In another example, an alcohol-con-
taining drug, combretastatin A4 (Z-CA4),
was converted into a silicon phthalocy-
anine prodrug (Fig. 1c).[13] Light with a
wavelength of 690 nm was shown to result
in drug release via axial ligand exchange
in hypoxic conditions. Near-IR light pro-
duces an excited singlet state which then

enables gain-of-function studies of com-
pounds which have previously been chem-
ically modified to render them inactive.
This strategy can be applied to biomole-
cules such as proteins, fluorophores and
small molecule drugs.[2] In this review we
focus on the use of bioorthogonal decaging
reactions for targeted drug activation.

Localised, controlled drug release is
advantageous as it reduces toxicity due to
off-target interactions and therefore allows
higher doses to be administered. Prodrugs
have the potential to be selectively activat-
ed at the target site, resulting in targeted
drug release. However, previously they re-
lied on activation by endogenous factors,
such as low pH,metabolic enzymes or high
thiol concentrations in the target cells.[3]
This results in low selectivity and often
background release occurs due to degrada-
tion of the prodrug elsewhere in the body.
Prodrug activation using bioorthogonal
decaging offers a greater degree of control
and selectivity as, without the external trig-
ger, no drug release should be observed.

One method of selectively targeting
drug release is by using antibody–drug
conjugates (ADCs). Bioorthogonally
cleavableADCs have been reported, where
an antibody is connected to a drug via a
bioorthogonally cleavable bifunctional
linker.[4–9] After administration, the ADC
is allowed to accumulate at the desired
site before the trigger is used to react with
the linker and release the active drug. As
the activation mechanism does not rely on
intracellular triggers, this also allows non-
internalising antibodies to be used.

This review covers the three subclasses
of bioorthogonal decaging reactions: pho-
to-, metal- and small molecule-triggered
decaging, with representative examples
of bifunctional linkers being discussed in
each case. Their application to targeted
drug activation is discussed, with a particu-
lar focus on the development of bifunction-
al linkers for drug release fromADCs.

2. Near-infrared-triggered
Decaging

In a photo-triggered decaging reaction,
a protecting group absorbs photons and is
transferred to an excited state where it then
undergoes a reaction which causes release
of the molecule of interest (Fig. 1a). UV-
triggered decaging is the most extensive-
ly used bioorthogonal decaging reaction.
However, UV light (350–365 nm) suffers
from issues of cytotoxicity and poor tissue
penetration, limiting its use in vivo. Blue
visible light has also been utilised success-
fully for the RNA-templated decaging of
fluorophores in zebrafish.[10] The self-im-
molative linker used in this system has
been demonstrated in cell culture for the
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by using solid-supported gold nanoparti-
cles, reaction with large thiol-containing
biomolecules could be prevented, allowing
deprotection of small molecule drugs in
biological systems. The decaging of three
alkyne-protected cancer drugs (doxoru-
bicin, 5-fluorouracil and vorinostat) using
heterogeneous gold nanoparticles was
shown in live cells. This was also the first
bioorthogonal decaging reaction to be car-
ried out in the brain of zebrafish embryos.
Intracranial activationof a caged rhodamine
was achieved, highlighting the potential of
gold-mediated decaging reactions in vivo.

3.1 Bifunctional Linkers
In the area of drug activation, palladi-

um-triggered decaging has mainly been
used to cleave monofunctional protecting
groups from anticancer prodrugs. To our
knowledge, only two examples of bifunc-
tional linkers have been reported. The first
of these was developed for target pull-
down assays for application in phenotype
screening.[24] Kinase inhibitor BIRB796
was conjugated to a reactive capture tag
via a palladium cleavable bifunctional
linker. Once it had bound to its targets in
cell lysates, the reactive tag was captured
onto immobilised HaloTag and separated
from the cell lysates. Palladium complex-

occur locally at the site of the palladium
resin. Palladium-catalysed depropargyla-
tion of Floxuridine, a cytotoxic anti-cancer
drug, under hypoxic conditions in cells has
also been reported.[20] Palladium-mediated
decaging has also been extended to the
release of hydroxamic acid functional
groups. Successful activation of vorinostat,
a histone deacetylase, was achieved in cells
using palladium-catalysed depropargyla-
tion to release a phenol which then under-
goes 1,6-elimination to release the alcohol
of the hydroxamic acid group.[21]

Ruthenium has also been used for
prodrug activation (Fig. 2b). Meggers de-
veloped organometallic ruthenium cata-
lysts for decaging of N-allyloxycarbonyl
(N-Alloc) protected amines which have
high turnover numbers of up to 270 cycles
under biological conditions.[22] These cata-
lysts were shown to be highly cell permea-
ble and were active in the presences of thi-
ols at millimolar concentrations. Catalytic
activation of doxorubicin was achieved in
the cellular cytoplasm of HeLa cells which
resulted in apoptosis.

Recently, the first example of gold-me-
diated decaging was reported (Fig 2c).[23]
Gold is known to coordinate preferentially
to alkynes, however it also has a high af-
finity for thiols. The authors proposed that

tent duocarmycin payload to produce a
second generation ADC which resulted in
a significant decrease in tumour size and
increased survival of the mice after a sin-
gle dose.[6] It has since been shown that a
larger therapeutic effect is observed when
this near-IR cleavableADC is used in com-
bination with an antibody–photoabsorber
conjugate.[14] This is an antibody connect-
ed to a photosensitizer that absorbs near-
IR light and generates reactive oxygen
species which can kill tumour cells. This
combination therapy resulted in great-
er tumour shrinkage and survival time of
the mice and highlights the potential of
near-IR light for decaging reactions in vi-
vo and next-generation targeted therapeu-
tics. Near-IR cleavable bifunctional link-
ers have already made fantastic progress,
with the second generation ADC showing
increased stability and therapeutic index.
Important challenges remain however, in
developing a site-selective conjugation
strategy, determining the depth of biolog-
ical tissue at which decaging is still pos-
sible and the potential of using antibody
fragments or derivatives to enable greater
tumour penetration.

3. Metal-triggered Decaging

Metal-triggered decaging reactions
have been more extensively reported
than small molecule-mediated decaging.
Palladium-mediated decaging is the most
studied method, with the largest number of
prodrug examples and in vivo applications
reported (Fig. 2a). Palladium complex-
es have been shown to be cell-penetrant
and do not form reactive oxygen species
in mammalian cells.[15] Furthermore, ef-
fective methods to administer the palla-
dium trigger in vivo have been reported,
for example via nanoencapsulated pal-
ladium.[16,17] When administered in tu-
mour-bearing mice, these palladium na-
noparticles resulted in efficient, targeted
activation of a doxorubicin prodrug, which
led to the inhibition of tumour growth and
increased survival time of the mice.[16]

In 2014 Weiss demonstrated the use of
a biocompatible palladium resin to cleave
a propargyl group from a 5-fluorouracil
prodrug in vitro. Fluorescence recovery
was performed in vivo for the imaging
of zebrafish embryos.[18] The same group
then reported carbamate prodrugs of gem-
citabine which could also be activated
using palladium-mediated decaging.[19]
The most successful carbamate protecting
group tested was N-propargyloxycarbonyl
(N-Proc) which resulted in the greatest
amount of free drug release, and therefore
cytotoxicity, in cells. In addition, the ac-
tivation of N-Proc-rhodamine in zebrafish
embryos was shown by fluorescence to
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activation followed by 1,6-elimination.[34]
Tetrazines have also been used for the
cleavage of a benzonorbornadiene protect-
ing group from amines (Fig. 3d). This re-
action is also significantly slower than the
TCO-carbamate reaction (k

2
= 0.028M–1s–1

in 10% H
2
O/DMSO for the cycloaddition

step). However, it offers other advantag-
es, such as the simple synthesis of the
benzonorbornadiene probes and the high
stability of the probe under physiological
conditions.[39]

Recently, 3-isocyanopropyl protecting
groups have been cleaved by reaction with

tetrazine, resulting in the release of drugs
containing amines (doxorubicin and mi-
tomycin C), alcohols (SN-38) and thiols
(mercaptopurine) in vitro.[40] The cyano
groupundergoesa [4+1]cycloadditionwith
the tetrazine to generate a pyrazole-imine
intermediate which is then hydrolysed to
a 3-oxypropyl species. β-elimination then
occurs to release the molecule of interest
and acrolein, a highly toxic compound
which may be a limitation of this reac-
tion. Advantages include fast kinetics,
near-quantitative yields and the synthetic
ease of the protecting group. Tetrazine-
modified beads were then implanted in
zebrafish embryos and the release of mex-

Alder (IEDDA) reaction between trans-cy-
clooctene derivatives and tetrazines[36]
has kinetics that are several orders of
magnitude higher than other reported bio-
orthogonal reactions (k

2
= 57.7 M–1s–1 in

MeCN for the cycloaddition step).[37] The
group of Robillard demonstrated that this
reaction could be converted into a decag-
ing reaction for the release of amines (Fig.
3b).[37] When applied to lysine decaging
in cells, a greater decaging yield was ob-
served in the TCO-carbamate reaction
with optimised tetrazines than for the cor-
responding photodecaging method.[38]

Other examples of tetrazine-mediated
IEDDA decaging have been reported, for
example, the vinyl ether-tetrazine reac-
tion for the release of alcohols.[32–34] Our
group applied this to the decaging of a vi-
nyl ether-duocarmycin prodrug in live cells
(Fig. 3c).[32] This reaction is considerably
slower than the TCO-tetrazine reaction (k

2
= 5.37 x 10–4 M–1s–1 in 10% H

2
O/DMF for

the cycloaddition step), however, it has
expanded the scope of functional groups
that can be used in bioorthogonal chem-
istry. The vinyl ether handle has also been
connected to a self-immolative linker and
applied to the tetrazine-triggered release of
doxorubicin via remote functional group

es were then used to cleave the linker and
the cellular targets of kinase inhibitors
BIRB796 could be identified using mass
spectrometry.

Recently, our group reported a bifunc-
tional thioether propargyl carbamate linker
for palladium-mediated drug release (Fig
2d).[7] The thioether group was shown to
bind to palladium and direct the decaging.
After demonstrating palladium-triggered
drug release from a PEGylated doxoru-
bicin prodrug in live cells, the applica-
tion was extended to the development of
a palladium-activated ADC. Doxorubicin
was connected to a nanobody targeted
to the HER2 antigen via the bifunctional
thioether propargyl carbamate linker. The
ADC proved stable and thioether-directed
palladium-triggered decaging in cells was
achieved using non-toxic concentrations of
palladium.Although this is amajor advance
in the area of metal-triggered decaging for
drug release from ADCs, further work is
required before this can be extended to in
vivo applications. For example, the poten-
tial off-target toxicity of metal complexes
and their fate after administration to ani-
mals must be assessed. Nanoencapsulation
of catalysts may offer a solution to this
problem and should therefore be tested in
combination with ADCs.

4. Small Molecule-triggered
Decaging

Most small molecule decaging reac-
tions are modified forms of bioorthogo-
nal ligation reactions. For example, the
SPAAC (strain-promoted azide-alkyne cy-
cloaddition)[25] has been developed into a
decaging reaction by attaching the azide to
a self-immolative linker (Fig. 3a).[26]When
reacted with trans-cyclooctene (TCO), the
azide undergoes a 1,3-dipolar cycloaddi-
tion to give an unstable 1,2,3-triazoline
intermediate which rearranges to an im-
ine via alkyl migration. Acid-catalysed
hydrolysis of the imine then occurs, caus-
ing 1,6-elimination and release of a free
amine. The Staudinger ligation[27,28] has
also been modified to enable the release
of amines[11,29,30] and alcohols[30] in vitro.
Other decaging reactions have been re-
ported which are not extensions of ligation
reactions such as the reaction of N-oxides
with diboron reagents to release tertiary
amines.[31] Most examples so far have fo-
cussed on the release of amines with some
examples of alcohols[32–35] and recently
carboxylic acids.[35]

Trans-cyclooctene and its derivatives
have proved to be very promising reagents
for bioorthogonal chemistry. Due to high
ring strain, the alkene is extremely reactive,
which results in fast reaction rates. In par-
ticular, the inverse electron-demand Diels-
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iletine (a voltage-gated sodium channel
blocker) was successfully shown to cause
a decrease in heart rate.

4.1 Bifunctional Linkers
So far, the TCO-tetrazine IEDDA re-

action is the only small molecule decaging
reaction to be applied in vivo. Mejía-Oneto
demonstrates a method for controlling drug
release fromaDox-TCOcarbamate prodrug
by installing a tetrazine-modified hydrogel
at the site of the tumour in mice.[41] In an
alternative strategy, Robillard developed an
ADC containing a bifunctional TCO linker
that enabled targeted drug release in mice
(Fig. 1e).[8] The TCO-carbamate prodrug
was attached to an antibody via functionali-
sation of the 5-position of TCOwith an acti-
vated succinimidyl ester.When reactedwith
a tetrazine ~65% decaging was observed
after 2 min in PBS, and ~25% in mouse se-
rum. Isomerisation of the trans alkene in the
TCO-carbamate prodrug occurs in biologi-
cal systems due to the presence of copper
ions. This limits the utility of the hydrogel
approach as deactivation of the prodrug
may occur before it can reach the tetra-
zine-modified hydrogel. However, theADC
displayed good stability in vivo with a half-
life almost identical to the free antibody,
due to steric hindrance preventing this de-
activating isomerisation from occurring.[42]
This highlights the fact that the ADC af-
fects the stability and reactivity of the cag-
ing group. Importantly, when applied to a
tumour xenograft in mice, theADC showed
excellent tumour uptake and reaction oc-
curred with a radiolabelled tetrazine. It was
shown that good levels of free doxorubicin
were retained in the tumour, however it
was not shown that this resulted in tumour
shrinkage or increased survival of the mice.
Although this was a huge breakthrough as
the first example of ADC activation using
click-chemistry, there are still several fac-
tors which limit its widespread application,
including the challenging 11-step synthesis
(which requires a specialisedUV-irradiation
under flow).[8]

Recently Robillard reported the first
example of therapy using bioorthogonal
decaging in tumour-bearing mice.[9] An
ADC consisting of a cytotoxic payload,
monomethyl auristatin E (MMAE), con-
jugated to the cysteine residues in a dia-
body via a bifunctional TCO linker was
developed for targeting non-internalising
receptors. Near-quantitative drug release
was achieved by the use of new tetrazine
derivatives. It was found that installing a
DOTA chelate on the tetrazine reduced the
rate of clearance and therefore increased
the decaging yield. It also enabled direct
imaging of the tetrazine trigger which
was used to show that a good distribution
throughout the tumour occurred. TheADC
showed selective uptake in the tumour

and fast blood clearance. Importantly, a
potent therapeutic effect was observed in
two mouse xenograft models. In the same
models, an analogous ADC bearing the
valine-citrulline linker that is cleaved in-
tracellularly by proteases failed to control
tumour growth. This work expands the
scope of ADCs to non-internalising re-
ceptors and therefore, the range of solid
tumours that can be treated using ADC
therapy. It also highlights the potential
of small molecule-triggered decaging re-
actions for therapeutics. Further work is
required to make this strategy more wide-
ly applicable by increasing the number of
targets, antibodies and payloads which can
be used.

5. Future Perspectives

The ability of bioorthogonally cleavable
bifunctional linkers toallowspatiotemporal-
ly controlled release of biologically active
compounds has the potential to make them
some of the most powerful tools in chem-
ical biology. They have shown promise in
challenging applications such as the target-
ed delivery of toxic compounds to specific
cells both in vitro and in vivo. As prodrug
activation from bioorthogonally cleavable
linkers occurs via an external trigger, they
could also offer important insights into the
effects of extracellular delivery.

Compared with the number of decag-
ing reactions that have been reported,
there are few examples of bioorthogonally
cleavable bifunctional linkers. This is like-
ly due to the fact that many of the reported
decaging reactions suffer from limitations,
mainly slow reaction rates, and efforts are
focussed on improving and expanding the
repertoire of decaging reactions before ap-
plying these reactions in vivo. However,
as it has been shown that the bifunctional
linker can alter the reactivity and stability
of the probe compared to the monofunc-
tional linker, there is a need for more em-
phasis on bifunctional linkers in the area of
bioorthogonal decaging.

With a few exceptions, most report-
ed decaging reactions have been applied
solely to the release of cancer drugs. As
well as the improvement of the decaging
reactions, there is potential for widening
the scope of payloads and targets which
can be used. Recently, tetrazine-triggered
decaging of a TCO-protected epitope was
shown to control T-cell proliferation in
vivo.[43] Following this example, future
applications should extend to the delivery
of more diverse payloads, for example hor-
mones, neurotransmitters, radionuclides or
immunotherapeutics. This will enable the
study of the effects of these payloads upon
specific cell types or tissues in complex bi-
ological systems.

The use of bioorthogonal cleavage re-
actions has already shown potential for tar-
geted drug delivery. The number of report-
ed bioorthogonal decaging reactions and in
vivo applications is constantly expanding
and we anticipate exciting developments in
this area in the future.
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