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Tetrazine Responsive Self-immolative Linkers
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Abstract: Molecules that undergo activation or modulation following
the addition of benign external small molecule chemical stimuli have

numerous applications. Here, we report the highly efficient “decaging”

of a variety of moieties by activation of a “self-immolative” linker by
application of a water soluble and stable tetrazine, including the
controlled delivery of Doxorubicin in a cellular context.

Stimuli  responsive compounds that undergo molecular
modulation, activation or that switch on a desired physical,
chemical or biological function upon the addition of an external
chemical or physical trigger such as pH, temperature or light,
have enormous power and biomedical potential.™® Light in
particular has been used, as a stimulus, for various applications
ranging from polymers containing azobenzene units that
undergo reversible cis/trans photoisomerisation resulting in
controllable polymer modulation,™ to nanoparticles that
reversibly contract (150 to 40 nm) upon photo-triggering and
light-mediated antibody activation.”?  Numerous polymer
architectures have been generated where pH can revers
alter polymer topography by changes in protonation state,
irreversibly via bond cleavage (resulting in cargo liberation).
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Figure 1. a) Nanoparticles with an average diameter of 35 nm were
fabricated from the amphiphilic block-co-polymer PEG-b-Dox, with the
methacrylate—Doxorubicin conjugated segment forming the hydrophobic core.
Upon reaction with tetrazine, doxorubicin (red spheres) is liberated, driven by
the 1,6-elimination reaction of the self-immolative linker. b) The mechanism
of tetrazine mediated vinyl ether decaging and cargo liberation (here RNH,).



caged fluorophores and the anticancer drug Doxorubicin by a
tetrazine-mediated vinyl ether based dienophile, which upon a
reaction with a DAy reaction (Figure 1). The designed system
comprised a tetrazine (the stimulus) decages a phenol(ate)
prompting the subsequent release of Doxorubicin via 1,6-
elimination. Additional functionalisation of the linker with a
methacrylate allowed the formation of amphiphilic PEG-b-Dox
co-polymer nanoparticles that, upon reaction with tetrazine,
released Doxorubicin resulting in the “switch-on” of cytotoxicity.
In the absence of the stimulus, these PEG-b-Dox nanoparticles
have low cytotoxicity and therefore have the potential to improve
drug efficacy. Vinyl groups have been shown to be good
dienophiles in DAy reactions and have been used to efficiently
label and subsequently image 5-vinyl-2’-deoxyuridine modified
DNA.®? Our hypothesis was that vinyl ethers could act as
masking groups for phenols and that tetrazine-mediated
activation via the incorporation of a self-immolative liker would
allow the “switch-on” of fluorophores as well as enabling
targeted drug release. The phenolic groups of fluorescein 1 and
resorufin 2 were readily converted to vinyl ethers using the vinyl
boronic anhydride pyridine complex reported by O’Shea®¥ to
give the quenched fluorophores bis-O-vinyl fluorescein 3 and O-
vinyl resorufin 4 (Figure S1-S2). Incubation with dipyridyl
tetrazine 5 allowed efficient removal of the vinyl groups via the
DAy With the reaction being readily monitored by 'H NMR and
regeneration of fluorescence, giving a 23-fold increase in
fluorescence with bis-O-vinyl fluorescein 3 and 99-fold incre
with O-vinyl resorufin 4 (Figure 2, Figure S3—-S4).

To broaden this approach, a tetrazine responsive self-
immolative linker was designed consisting of a 4-hydro
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with remote activation (based on a 1,6-elimination reaction)
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To further dem otential of external small-molecule
controlled cargo release, the activated linker 11 was conjugated
to the ant?cer agent Doxorubicin (Figure 4a), a DNA

erchelatingi¥nthracycline antibiotic used for the treatment of

ignancies¥ including breast and ovarian tumours, sarcomas,
cute leukemias.® The Doxorubicin monomer 14 showed
conversion to the free drug after 5 day incubation with
5 (Figure 4b). The methacrylate moiety of 14 was
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Figure 3. Synthesis and activation of the tetrazine cleaved self-immolative
linker. a) i) 2,4-Dihydro-2H-pyran, PPTS, DCM, 60 %; ii) 3-Bromopropyl
methacrylate, Cs,CO;, DMF, 50 °C, 77 %; iii) (1) 1M HCI (aq.), MeOH, (2)
Cs,CO3, vinyl boronic anhydride pyridine complex, Cu(OAc),, DCM, 55 %; iv)
NaBH,, MeOH, quant.; v) Phenylchloroformate, Et;N, 83 %.; vi) Nile Blue 13,
Et;N, DCM/THF, rt, 16 %; vii) DAy of 12 (40 uM) and tetrazine 5 (100 uM) led
to an 8-fold increase in fluorescence in PBS (pH 7.4) at 37 °C (see Figure S6).
b) Fluorescence spectra of Nile Blue 13 and the fully quenched Nile Blue
carbamate 12 (Aeyem 590/645 nm).
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a) Figure S7), with the hydrophobic core of each particle,
consisting of four Doxorubicin units (determined by 'H NMR)
linked to the methacrylate b ne, surrounded by a
“ hydrophilic PEG shell.
Tetrazine-mediated controlled drug rele xplored using
HEK273T cells. The PEG-b-Dox (loading
equivalent to 8 yM of Do cytotoxicity after 48 h
(MTT assay), whereas 1 Doxorubicin resulted in
b) complete cell death (Fi razine 5 showed no
= w0 > 08 toxicity at a concentrajg cells were treated
"g‘ " g 06 with 1 uM PEG-b-D uivalent to 4 uM of Dox),
% = s the addition of te gered cytotoxicity with
g £ 80 % cell death (Figure 5, Figure S10).
g > Comparable result prostate cancer cell line
O 2 40 60 50 100 120 °% 50 100 PC3, with triggered only in
Time [h] Diameter [nm] combination wi i 10). This indicates that the
Figure 4. Synthesis and characterisation of Doxorubicin conjugated ~ nanoparticles un nt efficient tetrazine triggering, even in a
nanoparticles (PEG-b-Dox). a) i) Doxorubicin hydrochloride, Et;N, 51 %; i)  complex cellular en ent, leading to a controlled switch-on

PEG CTA, APS, TMEDA, DMSO, 30 °C. b) Release profile of Dox from
monomer 14 (2.3 mM) by tetrazine 5 (23 mM) at 37 °C in PBS/ACN as
monitored by HPLC (Aps 495 nm). c) Size analysis (by dynamic light
scattering) of the PEG-b-Dox derived nanoparticles showing an average In summary, we have demonstrated the practicality and

diameter of 35 nm in PBS (pH 7.4) at 37 °C. application ?tetrazine-activated self-immolative linker, which

ows the cglifrolled release of fluorophores and drugs within a
plex bidYogical milieu. Nanoparticles containing multiple
ently attached Doxorubicins (attached via a 4-
ymethyl phenyl vinyl ether linker) demonstrated efficient
-mediated switch-on of cytotoxicity via 1,6-elimination
In the absence of a tetrazine stimulus, the PEG-
rticles display low cytotoxicity and inherently have
er 15 EPR targeling abilities. This novel approach offers new
opportunities in the field of targeted and controlled drug delivery

polymerised with the RAFT reagent PEG CTA (M, 10,000 g mol
"y using APS/TMEDA as the redox initiator to give the
amphiphilic PEG-b-Dox co-polymer 15 (M, 13,000 g moj
These mild reaction conditions were required as thermally g
initiated polymerisations led to co-reaction of the vinyl “ether
groups. Once placed in water, the PEG-b-Dox co-pol
formed nanoparticles with a diameter of 35 nm (Figure
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