DOI: 10.1002/cbic.201900098

Communications

Tetrazine-Triggered Release of Carboxylic-Acid-Containing
Molecules for Activation of an Anti-inflammatory Drug
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introduced by Fox et al.,[9] this reaction has been used in numerous biological applications such as cell and in vivo pretargeting imaging.[12–14] Recently, bioorthogonal cleavage reactions have emerged as promising strategies to control the activation of caged proteins, fluorophores, and small-molecule
drugs in living systems.[15] The TCO–tetrazine iEDDA ligation
can be re-engineered into a cleavage reaction by placing a
leaving group at the allylic position of TCO. After the initial cycloaddition and elimination of nitrogen, the 4,5-dihydropyridazine now contains an appropriately placed substituent that
eliminates upon tautomerisation.[10] Robillard’s group reported
the first use of the TCO–tetrazine reaction for bioorthogonal
decaging to release amine-containing drugs (Figure 1 A), in
which they demonstrated the release of doxorubicin (Dox)
from a TCO carbamate prodrug in vitro.[16] They then applied
this “click-to-release” strategy to successfully trigger the release
of Dox and monomethyl auristatin E (MMAE) from an antibody–drug conjugate (ADC).[17, 18] Mejia Oneto and co-workers
also reported targeted in vivo activation of a Dox–TCO carbamate prodrug by injecting an alginate hydrogel modified with
tetrazines near the tumour site.[19] A limitation of the click-torelease strategy is the need for delivery, and therefore optimisation of the pharmacokinetic properties, of both the prodrug
and the tetrazine.[20, 21] However, the previously mentioned
approaches demonstrate the potential of bioorthogonal decaging reactions for targeted drug activation in vivo.
Bioorthogonal chemistry has also been applied for the release of alcohols. Our group[22] and the groups of Bradley[23]
and Devaraj[24] independently reported using the vinyl ether
protecting group, which could be cleaved by reaction with tetrazines to release alcohols (Figure 1 B). This is, however, significantly slower than the TCO reaction for the release of amines.
In addition, Robillard recently reported bioorthogonal cleavage
of ethers, carbonates and esters from TCO to release alcohols
(Figure 1 C) or carboxylic acids (Figure 1 D), respectively. However, the reported TCO-protected carboxylic acids proved
highly unstable (  90 % fragmentation in 50 % mouse serum at
37 8C). In addition, the ether linker was only successfully used
to deprotect tyrosine and control cell growth in tyrosine-free
medium.[25]
Previous examples of drug release have so far been limited
to the release of amine- (Figure 1 A) or alcohol-containing (Figure 1 B, C) anticancer drugs. These groups, although often
found in small-molecule drugs, are not always present and
might not be vital for the function of the drug; this means
that chemical modification at this site to form a prodrug does
not lead to reduced activity. For this reason, it is important to

In addition to its use for the study of biomolecules in living
systems, bioorthogonal chemistry has emerged as a promising
strategy to enable protein or drug activation in a spatially and
temporally controlled manner. This study demonstrates the
application of a bioorthogonal inverse electron-demand Diels–
Alder (iEDDA) reaction to cleave trans-cyclooctene (TCO) and
vinyl protecting groups from carboxylic acid-containing molecules. The tetrazine-mediated decaging reaction proceeded
under biocompatible conditions with fast reaction kinetics
(< 2 min). The anti-inflammatory activity of ketoprofen was
successfully reinstated after decaging of the nontoxic TCOprodrug in live macrophages. Overall, this work expands the
scope of functional groups and the application of decaging reactions to a new class of drugs.

Early research in the field of bioorthogonal chemistry focused
on ligation reactions such as the Staudinger reaction,[1] coppercatalysed azide–alkyne 1,3-dipolar cycloaddition (CuAAC),[2, 3]
palladium-catalysed cross-couplings,[4] ruthenium-catalysed
olefin metatheses,[5] strain-promoted azide–alkyne cycloaddition (SPAAC),[6] tetrazole photoinduced 1,3-dipolar cycloadditions,[7, 8] and inverse electron-demand Diels–Alder (iEDDA) tetrazine ligation.[9, 10] Of these, the iEDDA reaction between transcyclooctene (TCO) and a tetrazine is one of the more selective
and fastest bioorthogonal reactions to date.[11] Since it was first
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