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Increasing the selectivity of chemotherapies by converting them into prodrugs that can be activated at the
tumour site decreases their side effects and allows discrimination between cancerous and non-cancerous cells.
Herein, the use of metabolic glycoengineering (MGE) to selectively label MCF-7 breast cancer cells with tetrazine
(Tz) activators for subsequent activation of prodrugs containing the trans-cyclooctene (TCO) moiety by a bio-
orthogonal reaction is demonstrated. Three novel Tz-modified monosaccharides, Ac4ManNTz 7, Ac4GalNTz 8,
and Ac4SiaTz 16, were used for expression of the Tz activator within sialic-acid rich breast cancer cells’ surface
glycans through MGE. Tz expression on breast cancer cells (MCF-7) was evaluated versus the non-cancerous L929
fibroblasts showing a concentration-dependant effect and excellent selectivity with >35-fold Tz expression on
the MCF-7 cells versus the non-cancerous L929 fibroblasts. Next, a novel TCO-N-mustard prodrug and a TCO-
doxorubicin prodrug were analyzed in vitro on the Tz-bioengineered cells to probe our hypothesis that these
could be activated via a bioorthogonal reaction. Selective prodrug activation and restoration of cytotoxicity were
demonstrated for the MCF-7 breast cancer cells versus the non-cancerous L929 cells. Restoration of the parent
drug’s cytotoxicity was shown to be dependent on the level of Tz expression where the AcsManNTz 7 and
Ac4GalNTz 8 derivatives (20 uM) lead to the highest Tz expression and full restoration of the parent drug’s
cytotoxicity. This work suggests the feasibility of combining MGE and tetrazine ligation for selective prodrug
activation in breast cancer.

of bioorthogonal reactions [9] for prodrug activation due to their
biocompatibility, versatility, high selectivity, and click-and-release

1. Introduction

Chemotherapy is an integral part of cancer treatment, however
serious side effects are often evident due to the inability of the cytotoxic
components to discriminate between normal and cancer cells [1-3].
Modification of non-specific cytotoxic chemotherapies into less potent
prodrugs, that are specifically activated at the required tumour site, is a
valuable and widely reported approach within targeted medicinal
chemistry approaches for cancer [4-6]. However, the most commonly
applied prodrug strategies rely on enzymatic activation by local or
tumour-upregulated enzymes and hence their clinical impact can be
compromised by non-specific activation at non-tumour sites (i.e. off-site
activation) or heterogeneity in the expression level of the targeted
tumour-specific enzyme [7,8]. An alternative approach has seen the use

* Corresponding authors.

mechanisms [10-12]. A range of bioorthogonal reactions have been
used in prodrug activation including the 1,3-dipolar cycloadition of an
azide and a strainedtrans cyclooctenol [13], Pd-mediated bond cleavage
[14], Staudinger ligation reaction [15] and the Inverse Electron Demand
Diels-Alder (IEDDA) reactions [10]. However, to allow selective acti-
vation of the prodrug at the required site of action, targeting approaches
must be used to deliver the bioorthogonal activators to the required
location, for example using active targeting, passive targeting, or
metabolic glycoengineering (MGE) whereby chemically-modified
monosaccharides are used to intercept cell surface glycans’ natural
biosynthesis pathway to allow expression of these unnatural chemical
moieties on cells’ surfaces within glycoproteins [16].
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MGE is an appealing strategy in cancer targeting because it relies on
a differential glycosylation state between cancerous and non-cancerous
cells due to the altered expression levels of glycosyltransferases and
glycosidases including the upregulation of a glycosyltransferase called
sialyl transferase [17]. Sialyl transferase is an enzyme that adds sialic
acid residues to crown the terminal oligosaccharide chains in cell
membrane glycoproteins and glycolipids. Its upregulation leads to a
hypersialylation condition in tumour cells in which some glycans known
as Tumour-Associated Carbohydrate Antigens (TACAs) are overex-
pressed [18,19]. N-Acetylneuraminic acid (Sialic acid) is the main
component of these TACAs, especially polysialic acid (PSA) that is
overexpressed in breast cancer [20]. Mannosamine, galactosamine, and
sialic acid derivatives have been previously reported to intercept PSA
biosynthesis in breast cancer cells hence engineering chemical reporters
on their cell surfaces [21,22].

For our prodrug activation strategy, we selected a subclass of the
IEDDA bioorthogonal reactions, specifically the tetrazine ligation. This
is a click-to-release reaction that involves a reaction between a dien-
ophile (trans-cyclooctene (TCO)) and a diene (1,2,4,5-tetrazine (Tz)) to
give fused dihydropyridazines that undergo isomerization and release
the drug payload attached to the allyl position of the TCO under fast
kinetics [23]. Cancer chemotherapies such as doxorubicin and mono-
methyl auristatin E (MMAE) have been converted to TCO-prodrugs for
subsequent activation by various Tz activators [24-26]. However, active
targeting using antibody-conjugated TCO-prodrugs and passive target-
ing using polymers and nanoparticles have most frequently been re-
ported for selective targeting of the TCO and Tz components for selective
activation of TCO-prodrugs [24,25]. MGE has received very little
attention for the delivery of the Tz components for selective activation of
TCO-prodrugs at tumours, despite its proven value for delivery of acti-
vators for complementary prodrug strategies, such as reported by our
group for selective prodrug activation in breast cancer using the Stau-
dinger ligation reaction [22]. MGE presents potential advantages over
other cancer-targeting strategies including active targeting. For
example, as it does not rely on the natural expression of endogenous
protein receptors, it addresses limitations that arise from the heteroge-
neous expression of tumour biomarkers. Moreover, as the strategy ex-
ploits the biosynthesis of natural glycans, it can lead to high expression
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levels of the moiety required for activation of the prodrug, leading to a
more efficient prodrug activation approach. When compared with
antibody approaches for delivering the bioorthogonal moieties, MGE is
also likely to afford preferential toxicity profiles with lower immuno-
genicity risks. Finally, chemical modification of the monosaccharides to
incorporate the bioorthogonal components is more facile compared with
modification of the antibodies, where their binding affinities can be
significantly altered following chemical modification [27-29].

Herein, we disclose our results concerning MGE and the tetrazine
ligation bioorthogonal reaction, for selective prodrug activation in
human breast cancer cells. To the best of our knowledge, only one study
has very recently reported the use of MGE for Tz expression on cancer
cells’ surfaces for imaging and therapy applications [30]. We further
extend and optimize the approach by probing the selectivity of the
approach using a series of novel Tz-modified monosaccharides for MGE
and subsequently determine the Tz expression level on breast cancer
cells versus non-cancerous fibroblast cells. We also consider the use of
lower concentrations of the Tz-modified monosaccharides than previ-
ously reported. Finally, we challenge our hypothesis using an additional
chemotherapeutic prodrug (i.e. TCO-N-mustard) to that reported pre-
viously (i.e. TCO-doxorubicin), to comprehensively validate the
approach for potential application against breast cancer. The overall
two-step selective prodrug activation strategy using a combined bio-
orthogonal chemistry/MGE approach is summarised in Fig. 1.

First, for the activator part of the approach (Fig. 1), the design,
synthesis, and characterization of novel Tz-modified monosaccharide
derivatives that are hypothesized to allow the Tz activator expression
within tumour cell surface glycans through MGE are reported. Man-
nosamine, and to a lesser extent, galactosamine and sialic acid (Neu5Ac)
derivatives are known to be used as metabolic precursors for MGE and
interception of cells’ surfaces glycans biosynthesis [31-33], therefore
they were selected for derivatization with Tz. A 1,2,4,5-tetrazine moiety
with 3-benzyl and 6-methyl substituents was chosen to derivatize the
three monosaccharides as it has previously shown to be a suitable Tz
molecule for a click-to-release activation of TCO-prodrugs where it
shows a good balance between reactivity and stability [24,25].

With respect to the prodrug part of the approach (Fig. 1), it has been
reported that the reactivity of the TCO-prodrug (with Tz activators) is
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Fig. 1. Schematic illustration of targeted bioorthogonal prodrug activation strategy in breast cancer. (1) Selective labeling of MCF-7 breast cancer cells’ surfaces with
Tz-modified monosaccharides vs non-cancerous fibroblasts leading to Tz expression. (2) Targeted activation of TCO-prodrugs at breast cancer cells via Tz ligation

reaction with the expressed Tz moieties.
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Fig. 2. Mechanism of action of doxorubicin (a) and N-mustards (b). Functional groups essential for activity highlighted through light blue shading.

affected by the stereochemistry of the carbamate-linked prodrug. The
axially positioned carbamate-linked prodrug is more reactive than the
equatorially positioned carbamate-linked prodrug, and the trans-isomer
is more reactive than the cis-isomer [23]. Therefore, a trans-cyclooctene
4-nitrophenyl carbonate starting material (axial isomer) was used herein
for the synthesis of the TCO-prodrugs. Doxorubicin and N-mustard were
selected as the cytotoxic moieties, due to their known high effectiveness

OH
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as chemotherapies for various cancer types including breast cancer
[34,35]. Specific functional groups within the parent drugs that are
essential for activity were masked when forming the prodrugs, in order
to remove the cytotoxic activity of the parent drug until activation. The
amino group within the daunosamine ring in doxorubicin is essential for
DNA intercalation that prevents DNA replication (Fig. 2a) [36]. There-
fore masking this amino group through a carbamate linkage to the TCO
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atmosphere, RT, overnight 67% and 74%.

Scheme 1. Synthesis of Ac;ManNTz 7 and Ac,GalNTz 8.
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moiety was hypothesized to decrease its cytotoxicity. For N-mustards,
the availability of the lone pair on the bis(2-chloroethyl)amino group is
essential for DNA binding and cross-linking of the DNA strands (Fig. 2b)
[34,37]. Forming a carbamate-linked TCO moiety at the para-position of
the phenyl ring was hypothesized to decrease the lone pair availability
and thereby decrease its cytotoxicity. The synthesis and characterization
of the novel TCO-N-mustard prodrug along with the previously reported
TCO-doxorubicin prodrug [23], is therefore described.

Next, the validity of the approach is evaluated in vitro. Specifically,
the Tz expression level within cell surface glycans in MCF-7 cells and
1929 fibroblasts is evaluated by western blotting and confocal micro-
scopy imaging, to determine the feasibility of selectively labelling the
breast cancer cells with the Tz. Finally, the activation of the TCO-
prodrugs via ligation with the Tz component is validated using MCF-7
breast cancer cells and the L929 fibroblasts that had been subjected to
MGE, to further probe the selectivity of the activation. Taken together,
this work contributes to the emerging area of combining MGE for Tz
expression on breast cancer cells, and bioorthogonal tetrazine ligation
for subsequent prodrug activation, and is the first report to demonstrate
the selectivity of this targeting approach.

2. Results and discussion
2.1. Synthesis of the Tz-activators and the TCO-prodrugs

In order to test our hypothesis that MGE could be used to express the
Tz activator moiety onto the cancer cells’ surfaces, three Tz-modified

H
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monosaccharides (i.e. mannosamine, galactosamine, and sialic acid)
were prepared. N-Tz mannosamine derivative Ac4ManNTz 7 and N-Tz
galactosamine derivative Ac4GalNTz 8 were synthesized according to
Scheme 1. 9-Tz sialic acid derivative Ac4SiaTz 16 was synthesized ac-
cording to Scheme 2. The small library of the Tz-modified mono-
saccharides 7, 8, and 16 were purified by column chromatography and
characterized using 'H and '3C NMR spectroscopy, and mass
spectrometry.

For the synthesis of the N-Tz mannosamine and the N-Tz galactos-
amine derivative, 2-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)acetic
acid 1 was first converted to its N-hydroxy succinimide derivative 2 [38]
to facilitate its reaction with p-mannosamine and p-galactosamine
yielding the N-Tz mannosamine ManNTz 5 and N-Tz galactosamine
GalNTz 6 derivatives in 44 % and 50 %, respectively. 1,3,4,6 Acetylation
of mannosamine and galactosamine derivatives is reported to increase
their lipophilicity and thereby their cellular uptake [39]. Therefore,
acetylation of ManNTz 5 and GalNTz 6 using acetic anhydride in pyri-
dine was carried out to yield Ac4ManNTz 7 and Ac4GalNTz 8 in 67 % and
74 %, respectively.

For the synthesis of the Tz-sialic acid derivative, a protecting group
strategy was employed to mask all positions on the sialic acid except for
the free hydroxyl group at position 9. This strategy starts with esterifi-
cation of the carboxylic group at position 1 in the N-acetyl-neuraminic
acid 9 to yield its methyl ester 10, followed by the protection of primary
alcohol functionality at position 9 using tert-butyl dimethylsilylchloride
(TBDMSCI) to give the 9-O-TBDMS-Neu5Ac methyl ester 11 in 59 %
yield. Then acetylation was performed to yield the fully protected sialic
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Scheme 2. Synthesis of Ac,SiaTz 16.
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(i) Diethanol amine, DMSO, reflux 140 °C, 24 h, 69%; (ii) MsClI, pyridine, N, atmosphere, 0°C, 0.5 h then reflux 80°
C 1 h, 59%; (iii) RaNi, hydrazine monohydrate, DCM/MeOH, RT, 2.5 h; (iv) dry HCI in ether, DCM, 68%; (v) TEA,

DMF, N, atmosphere, RT, 72 h, 45% and 50%.

Scheme 3. a,b. Synthesis of TCO-N-mustard and TCO-doxorubicin prodrugs.

acid derivative 12 in 66 % yield. Selective deprotection of the O-silyl
group at position 9 was performed in aqueous acetic acid to yield the
tetra-O-acetyl-protected sialic acid derivative 13 that bears a free hy-
droxyl group at position 9, in 81 %. The tetra-O-acetyl-9-hydroxy-
Neu5Ac methyl ester 13 was then reacted with 4-nitrophenyl chlor-
oformate to insert a good leaving group at position 9 and the 4-nitrophe-
nol derivative 14 was immediately reacted with the Tz-NH; derivative
15 to yield the Ac4SiaTz 16 in 14 %.

To prepare the second component of the bioorthogonal reaction (i.e.
the prodrugs), two TCO-modified prodrugs, TCO-N-mustard 22 and
TCO-doxorubicin 24 were synthesized (Scheme 3a and b). The TCO-
prodrugs were purified by column chromatography and characterized
using 'H and *C NMR spectroscopy, and mass spectrometry.

The N,N-bis-(2-chloroethyl) benzene-1,4-diamine HCI salt 20 was
prepared according to our previously reported procedures [22], then it
was reacted with the TCO-4-nitrophenyl carbonate 21 in the presence of
TEA and DMF to give the TCO-N-mustard prodrug 22 in 45 % yield. The
same procedure was carried out with the doxorubicin.HCl 23 to give the
TCO-doxorubicin prodrug 24 in 50 % yield [23].

2.2. Invitro Tz expression using MGE

To quantify the Tz expression, and determine the selectivity of Tz
expression on MCF-7 breast cancer cancerous cells versus L929 fibroblast
cells (non-cancerous cells with known high metabolic rate) [40,41],
western blotting analysis and confocal microscopy imaging were per-
formed. First, the toxicities of the three synthesized Tz-modified
monosaccharides, Ac4ManNTz 7, AcsGalNTz 8, and Ac4SiaTz 16 were
determined on both MCF-7 cells and L929 fibroblasts (Table 1) to
determine the tolerated concentration for subsequent use for MGE
leading to Tz expression. The ICsy values for AcsManNTz 7 and
Ac4GalNTz 8 were found to be 71.27 + 0.7 uM and 71.32 + 0.9 uM,
respectively on MCF-7 cells (Table 1). The concentration of mono-
saccharides typically utilized for MGE applications is 50 uM [42,43].

Table 1
1Csp values (uM) for compounds 7, 8, and 16 in the MCF-7 and L929 cells using
the MTT assay. Data represented as mean + SEM (n = 3).

Compound ICso (UM)

MCF-7 1929
AcyManNTz 7 71.2 £ 0.7 99.9 £1.5
Ac4GalNTz 8 71.3 £0.9 95.9 + 3.8
Ac4SiaTz 16 97.0 £ 2.7 >120

However, in this study, the concentrations of 10 uM and 20 uM were
selected as they showed similar cell viability to that obtained with the
control in the cell lines selected (in all cases cell viability > 85 %).

Then, since the hypothesis for activation of the TCO-prodrugs at the
tumour relies on selective expression of the Tz activator within cancer
cell surface glycans, the selectivity of Tz incorporation and expression
on breast cancer cells and non-cancerous cells was assessed. MCF-7 cells
and L1929 fibroblasts were incubated with 10 and 20 uM Ac4ManNTz 7,
Ac4GalNTz 8, and Ac4SiaTz 16 for 72 h and Tz expression was deter-
mined by Western blotting (Fig. 3). The results showed that 1) the three
Tz-modified monosaccharides can cause Tz expression within the MCF-7
breast cancer cells’ glycoproteins, 2) Tz expression is proven to be in a
concentration-dependant manner (20 uM treatment shows more Tz
expression than 10 uM treatment), and 3) the AcysManNTz 7 and
Ac4GalNTz 8 derivatives allow more Tz expression compared to the
Ac4SiaTz 16.

Importantly, with regards to the selectivity of prodrug activation,
treatment with 10 or 20 uM concentrations of the three Tz-modified
monosaccharides did not lead to any Tz expression in the L929 fibro-
blasts which suggests that these Tz-modified monosaccharides are more
selectively incorporated on breast cancer cells compared to fibroblasts.

To further confirm the Western blotting findings and to quantify the
level of Tz expression on the cells, confocal microscopy imaging was
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Fig. 3. In vitro selective Tz expression within glycoproteins in MCF-7 cells vs L929 cells. (a) Western blot analysis of Tz reporters on MCF-7 and L929 cells treated
separately with the three Tz-modified monosaccharides Ac;ManNTz 7, Ac4GalNTz 8, and Ac4SiaTz 16 (10 and 20 pM). (b) Total protein loading shown by Coomassie
staining. (c¢) Quantification of Tz expression level compared to total protein in MCF-7 and L929 cells of three independent experiments. Data are presented as mean +

SEM (n = 3). (*p < 0.05).

carried out to visualize and measure the relative mean fluorescence
intensity (MFI). Thus, MCF-7 and L929 cells were incubated with 10 and
20 uM AcgManNTz 7, Ac4GalNTz 8, and Ac4SiaTz 16 for 72 h, and then
treated with TCO-CY5 dye (Fig. 4a). The results showed the same
pattern previously indicated by Western blotting where the three Tz-
monosaccharides facilitated Tz expression and hence fluorescence in
MCF-7 cells, with the 20 pM concentration showing more Tz expression
than the 10 uM (almost 1.5 folds higher). In contrast, the L929 cells that
were treated with the Tz-modified monosaccharides did not show any
significant fluorescence. MFI quantification showed that the 20 uM
concentration of Ac4ManNTz 7 caused the highest Tz expression in MCF-
7 cells among the tested samples and all the three Tz-modified mono-
saccharides in both tested concentrations (10 uM and 20 pM) are se-
lective towards the MCF-7 cells over the 1.929 fibroblasts (Fig. 4b).

2.3. Invitro prodrug activation

Given the aforementioned feasibility of the three Tz-modified
monosaccharides Acy;ManNTz 7, AcsGalNTz 8 and AcsSiaTz 16, to
induce Tz expression on MCF-7 cells at 10 and 20 uM concentrations and
their selectivity for MCF-7 cells, in vitro activation of the TCO-N-mustard
22 and TCO-doxorubicin 24 prodrugs by the Tz bioorthogonal ligation
reaction was tested in the Tz-engineered MCF-7 cells using the MTT
assay (Table 2).

The ICsg of the TCO-doxorubicin prodrug 24 was tested on MCF-7
cells (without pre-treatment with any Tz-modified monosaccharide to
act as a control experiment for the prodrug activation) and was found to
be 2.5 uM (>9-fold decrease in parent doxorubicin 23 potency) (ICsg of
the parent doxorubicin 23 was found to be 0.3 &+ 0.003 uM which cor-
responds to the previously reported value on MCF-7 cells [44-46]). This
demonstrates the ability of TCO to mask doxorubicin’s activity. For the
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Fig. 4. In vitro Tz expression in MCF-7 and L929 cells. (a) Images representing confocal fluorescence microscopy imaging of Ac4ManNTz 7, AcsGalNTz 8, and
Ac,SiaTz 16-treated MCF-7 and L929 cells (10 and 20 pM for 72 h). Tz expression was reacted with TCO-Cy5 (20 pM) for 20 min to visualize the expression (red
colour). Scale bar indicates 50 pm. (b) MFI quantification from Ac;ManNTz 7, Ac,GalNTz 8, and Ac,SiaTz 16-treated MCF-7 and L929 cells of three independent
experiments using ImageJ software. Data are presented as mean = SEM (n = 3). (*** p < 0.001, **** p < 0.0001).

prodrug activation assessment, MCF-7 cells were first incubated with 10
and 20 uM of Ac4ManNTz 7, Ac4GalNTz 8, and Ac4SiaTz 16 to allow Tz
expression, followed by cells treatment with the TCO-doxorubicin pro-
drug 24. The ICs values (Table 2, Fig. 5, and Figure S1 a, b, and c)
show recovery of the active doxorubicin’s ICsy in a concentration-
dependent manner, aligned with the Tz expression patterns previously
seen by Western blotting and confocal microscopy imaging. The 20 uM
pre-treatment with the Tz-modified monosaccharides resulted in more
prodrug activation and the Ac4ManNTz 7 and Ac4GalNTz 8 pretreat-
ment induced more prodrug activation compared to the Ac4SiaTz 16.
With the TCO-N-mustard prodrug 22, the ICsy of only the prodrug
was assessed due to the instability of the active N-mustard drug. The
TCO-N-mustard prodrug 22 ICsp was found to be 23 pM on MCF-7 cells
and its activation on pre-treated cells with 10 and 20 pM of AcsManNTz
7, AcsGalNTz 8 and Ac4SiaTz 16 was also found to be concentration-

dependant (Table 2, Fig. 5, and Figure S1d, e, and f).

To further evaluate the prodrugs’ safety on non-cancerous cells, the
ICsp values of the TCO-N-mustard prodrug 22 and the TCO-doxorubicin
prodrug 24 were assessed on 1L929 cells (38 + 0.5 uyM and 6.4 + 0.1 uM,
respectively). ICsy values were also measured in these cells after pre-
treatment with 10 and 20 uM of the three Tz-modified mono-
saccharides 7, 8, and 16 to test the possibility of any undesirable pro-
drug activation in non-cancerous cells (prodrug activation would result
in a lower ICsg). No prodrug activation was generally detected for the 10
uM pre-treatment. Some activation was observed with the 20 uM pre-
treatment with AcsManNTz 7 and Ac4GalNTz 8. However, this was
relatively small. For example, the ICso values of the TCO-N-mustard
prodrug 22 after the 20 uM pre-treatment with Ac4sManNTz 7 and
Ac4GalNTz 8 were very similar (>72 %) to those observed in the absence
of the activator (Table 2, Fig. 5, and Figure S2a-f). These findings prove
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Table 2

m 1929

MCF-7

Fig. 4. (continued).

ICsp values (uM) for compounds 22 and 23 activation in the MCF-7 and L929
cells using the MTT assay. Data represented as mean + SEM (n = 3).

Compound 1Cs0 (UM)
MCF-7 1929
Doxorubicin 23 on non-engineered cells 0.3 + 2.0 £
0.03 0.01
TCO-DOX prodrug 24 on non-engineered cells 2.5+ 6.4+ 0.1
0.03
TCO-DOX prodrug 24 on 10 uM AcsManNTz-engineered 0.8 £0.1 53 +0.7
cells
TCO-DOX prodrug 24 on 20 uM Ac4sManNTz-engineered 0.3 + 4.2+0.3
cells 0.02
TCO-DOX prodrug 24 on 10 uM Ac,4GalNTz-engineered 1.2+05 6.0 +£ 0.3
cells
TCO-DOX prodrug 24 on 20 pM Ac4GalNTz-engineered 0.4+ 0.1 4.4+0.3
cells
TCO-DOX prodrug 24 on 10 uM Ac,SiaTz-engineered cells 1.8 + 0.5 6.1 + 0.6
TCO-DOX prodrug 24 on 20 uM Ac,SiaTz-engineered cells 0.7 + 0.2 5.9+ 0.1
TCO-N-mustard prodrug 22 on non-engineered cells 231+ 38.0 +
0.6 0.5
TCO-N-mustard prodrug 22 on 10 uM Ac,ManNTz- 4.2+ 0.3 28.9 +
engineered cells 1.4
TCO-N-mustard prodrug 22 on 20 uM Ac,;ManNTz- 2.7 £0.3 27.6 +
engineered cells 0.9
TCO-N-mustard prodrug 22 on 10 uM Ac,4GalNTz- 54 +0.2 339+
engineered cells 0.9
TCO-N-mustard prodrug 22 on 20 pM Ac4GalNTz- 2.6 £0.4 29.7 +
engineered cells 1.3
TCO-N-mustard prodrug 22 on 10 uM Ac,SiaTz- 6.0 £ 0.7 37.4 +
engineered cells 0.1
TCO-N-mustard prodrug 22 on 20 uM Ac4SiaTz- 3.1+04 36.0 +
engineered cells 0.9

the validity of the hypothesis presented in this paper and demonstrate
the selectivity of Tz expression and thereby selective prodrug activation

in MCF-7 cells over non-cancerous 1929 cells.

2.4. Tz presentation selectivity on microglial cells

The brain is a well-known site for breast cancer metastasis, indeed

breast cancer is the second most reported cancer type to metastasize to
the brain [47-49]. Therefore there is considerable interest in deter-
mining selective methods for targeting tumours that have metastasised
to the brain, without causing toxicity to non-cancerous brain cells.

Microglial cells are a particularly relevant cell type because they present
metabolic similarities to cancer cells (i.e. metabolic rate and PSA
expression) [50-53]. Hence the next step of our approach sought to
determine whether BV2 microglial cells would express the Tz upon
exposure to the Tz-modified monosaccharides. If no Tz expression
occured, this would provide preliminary proof of concept results for the
cytotoxicity towards breast cancer cells in the presence of non-cancerous
brain cells. Ac;ManNTz 7 which had been found to be the most effective
Tz-modified monosaccharide for Tz expression was selected to test this
hypothesis. The uptake was also tested for tetra-O-acetyl azido-
mannosamine (AcsManNAz) which is widely reported to be used for
MGE and azide expression [21,43,54], and we had previously demon-
strated it to be much less selective between breast cancer cells and non-
cancerous cells [22]. Confocal microscopy imaging of AcsManNTz 7-
and AcsManNAz-treated BV2 microglial cells showed no Tz expression,
while it showed azide expression within the microglial cell membrane
glycans indicating the selectivity of the Tz-modified monosaccharides
uptake and incorporation in the cells’ surface glycans (Figure s3).

2.5. Serum stability of Tz-modified monosaccharides and TCO-prodrugs

One of the challenges of using compounds bearing the Tz functional
group is their reported limited in vivo stability and plasma protein
binding [23,55,56]. To determine whether this would also be a limiting
factor for our approach, the serum stability of the three Tz-modified
monosaccharides 7, 8, and 16 was tested. 7, 8, and 16 were incubated
with mouse serum at 37 °C and the amount of the Tz that remained
intact was determined by HPLC at A = 520 nm (the Tz absorbance
maximum which is responsible for its purple colour) [23,57]. AcsSiaTz
16 showed the best serum stability among the three compounds with 83
+ 2.7 % remaining intact after 4 h of serum incubation while Ac4GalNTz
8 showed 73 + 0.9 % remaining intact (p < 0.05) and Ac;ManNTz 7 was
the least stable with 61 + 2.2 % remaining intact (p < 0.001) (Fig. 6a).
These results align with the serum stability of other previously reported
Tz compounds for the same time profile [23,25,58], further supporting
the reliability of our Tz-modified monosaccharides. Serum stability for
the TCO-prodrugs was also tested by the same experimental method.
The TCO-N-mustard 22 prodrug showed very good serum stability at all
timepoints with 73 + 2.5 % remaining intact after 12 h of serum incu-
bation (Fig. 6b). The TCO-DOX prodrug 24 was stable for a shorter time
(67 + 0.7 % was intact after 2 h of serum incubation but less than 5 % at
6 h). However, it should be noted that doxorubicin itself is reported to
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have high plasma protein binding (up to 70 % in 10 min) [59], which
suggests that conjugating doxorubicin to the TCO moiety prolongs its
stability in serum.

3. Conclusion

This paper elucidates the selective Tz expression within MCF-7
breast cancer cell surface glycans using Tz-modified monosaccharides,
and probes the effectiveness of the expressed Tz moieties for activation
of TCO-prodrugs. Three novel Tz-modified monosaccharides
(AcgManNTz 7, AcsGalNTz 8, and Ac4SiaTz 16) were developed for
engineering the Tz moiety on MCF-7 breast cancer cells via MGE using
relatively low concentrations of the substrates (10 and 20 pM). Selective
Tz expression on MCF-7 breast cancer cells over the non-cancerous L929
(>35 folds higher) was confirmed by Western blot analysis and confocal

microscopy imaging indicating the selective tumour targeting approach.
Furthermore, two TCO-prodrugs were developed, specifically a novel
TCO-N-mustard prodrug along with a TCO-doxorubicin prodrug. The
engineered Tz activators were shown to efficiently mediate the tetrazine
ligation reaction in vitro and induce the release of parent drugs from the
TCO-prodrugs. The level of the Tz expression was shown to affect the
extent of the prodrug activation where the Ac4ManNTz 7 and Ac4sGalNTz
8 derivatives (20 uM) showed the highest Tz expression leading to full
restoration of the activity of the parent cytotoxic drugs. To extend the
strategy and further test the selective Tz expression on other types of
non-cancerous, highly metabolic cells, Ac4ManNTz 7 (20 uM) which
showed the highest Tz expression level in MCF-7 cells was shown to not
cause Tz expression on BV2 microglial cells. Taken together, these data
support the hypothesis of using Tz-modified monosaccharides for se-
lective and concentration-dependent labelling of MCF-7 breast cancer
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cells allowing a high degree of selectivity and quantitative control over
drug release. Moreover, this study provides theoretical and experi-
mental support for designing bioorthogonal-based prodrug activation
systems that can benefit from the MGE concept, especially for breast
cancer-targeted chemotherapy. Future studies will therefore focus on
determining the toxicity profiles and pharmacokinetic properties of the
components reported herein, in vivo.

4. Material and method
4.1. Chemistry materials

All chemicals were purchased from Sigma Aldrich, UK. except for the
2-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)acetic acid and the (4-(6-
methyl-1,2,4,5-tetrazin-3-yl)phenyl)methanamine HCl which were
purchased from BLD pharm, Germany. Silica gel pore size 60A (230-400
mesh size and 40-63 pm particle size) was used for column chroma-
tography. Deuterium oxide (D20), or deuterated chloroform (CDCls), or
deuterated DMSO (DMSO-dg), or deuterated methanol (CD30OD) were
used as specified per compounds for 'H NMR and '3C NMR.

4.2. Synthesis

Scheme 1.

2,5-Dioxopyrrolidin-1-yl  2-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)
phenyl)acetate (2) 2-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl)acetic
acid 1 (46 mg, 0.2 mmol, 1 eq.) and N-hydroxysuccinimide (23 mg, 0.2
mmol, 1 eq.) were dissolved in anhydrous chloroform (10 mL), then N,
N'-diisopropylcarbodiimide DIC (41.2 mg, 0.2 mmol, 1 eq.) was added
under Ny atmosphere. The reaction mixture was stirred at room tem-
perature for 4 h. The solvent was removed under vacuum and the res-
idue was purified by column chromatography (hexane: ethyl acetate =
4:1) to yield methyltetrazine-NHS 2 as dark purple crystals (42 mg, 70
%). 'H NMR (CDCl3, 400 MHz) 5 2.86 (4H, s, succinimide CHy-CHy),
3.11 (3H, s, tetrazine CHg), 4.06 (2H, s, CH,C0OO0), 7.59 (2H, d, J = 8.4
Hz, ArH), 8.61 (2H, d, J = 8.4 Hz, ArH). 3¢ NMR (CDCl3, 100 MHz) §
23.51 (CH3), 25.60 (succinimide CHy), 37.61 (succinimide CH»), 42.25
(CH»), 128.41,130.27,131.42,136.03, 156.81 (CO), 163.78 (Tzring C),
166.20 (CO), 167.36 (Tzring C), 168.87 (CO). m/z (FTMS 4 ES) M + 1
(C15H14N504) requires 328.1040 Found 328.1044.

General procedure for the synthesis of ManNTz 5 and GalNTz 6 in-
termediates. Methyltetrazine-NHS 2 (10 mg, 0.03 mmol, 1 eq.) was dis-
solved in dry methanol (5 mL), then p-mannosamine or p-galactosamine
(22 mg, 0.12 mmol, 4 eq.) and TEA (26 uL) were added. The reaction
was sonicated at 50 °C for 30 min until complete dissolution, then the
reaction mixture was stirred at room temperature overnight. The solvent
was concentrated under vacuum and the residue was then purified by
column chromatography (DCM/methanol, 20:1—10:1) to afford the
target Tz-modified monosaccharide.

2-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl)-2,4,5-trihydroxy-
6-(hydroxymethyl)tetrahydro-2H-pyran-3-yl)acetamide (ManNTz)
(5) Following the general procedure, ManNTz 5 was isolated as a dark
purple oil (5.2 mg, 44 %). 'H NMR (D»0, 400 MHz) § 2.60 (2H, d, J =
9.9 Hz, CHy), 2.99 (3H, s, CH3), 3.46 (1H, t, J = 9.8 Hz, Hs), 3.58 (1H, t,
J = 9.6 Hz, Hg), 3.74-3.81 (2H, m, Hg¢,H,), 4.00 (1H, dd, J = 3, 4.4 Hz,
Hy), 4.28 (1H, dd, J = 3, 9.5 Hz, H3), 4.41 (1H, d, J = 4.4 Hz, H;), 5.01
(1H, s,NH), 7.52 (2H, d, J = 8.4 Hz, ArH), 8.32 (2H, d, J = 8.4 Hz, ArH).
13¢ NMR (CD30D, 100 MHz) 6 19.65 (CH3), 42.00 (CH>), 53.97, 60.91,
67.18, 69.16, 72.09, 93.48, 127.47, 129.83, 130.61, 140.72, 163.88 (Tz
ring C), 167.32 (Tz ring C), 172.46 (NHCO). m/z (FTMS + ESI) (M +
Na)"(C17H21N506Na) requires 414.1384 Found 414.1378.

2-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl)-2,4,5-trihydroxy-
6-(hydroxymethyl)tetrahydro-2H-pyran-3-yl)acetamide (GalNTz)
(6) Following the general procedure, GalNTz 6 was isolated as a dark
purple oil (6 mg, 50 %). '"H NMR (CDs0D, 400 MHz) § 3.05 (3H, s,
tetrazine CHg), 3.70-3.78 (4H, m, tetrazine CHy, Hs, Hg), 3.88 (11H, dd,
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J=1.5,9.6 Hz, Hg), 3.93 (1H, dd, J = 10.1, 3.2 Hz, Hy), 4.07 (1H, dd, J
= 3.6, 6.1 Hz, Hy), 4.27 (1H, dd, J = 6.1, 10.1 Hz, H3), 4.61 (1H, s, NH),
5.17 (1H, d, J = 3.6 Hz, H,), 7.62 (2H, d, J = 8.4 Hz, ArH), 8.51 (2H, d, J
= 8.4 Hz, ArH). ®C NMR (CDs0D, 100 MHz) § 19.64 (CHs), 42.23
(CHp), 50.81, 61.37, 68.22, 69.16, 70.26, 91.39, 127.49, 129.83,
130.62, 140.73, 163.88 (Tz ring C), 167.32 (Tz ring C), 172.47 (NHCO).
m/z (FTMS + ESI) (M + Na)'(C;7H2;N5OgNa) requires 414.1384
Found 414.1384.

General procedure for synthesis of Ac4ManNTz 7 and Ac4GalNTz 8. In
pyridine (1 mL), ManNTz 5 or GalNTz 6 (5.2 mg, 0.013 mmol) were
dissolved. Acetic anhydride (0.5 mL) was added gradually under Ny
atmosphere to the solution at 0 °C. The reaction mixture was left to
warm to room temperature and stirred overnight. The pyridine was co-
removed with toluene under vacuum then the residue was dissolved in
DCM and washed with 1 M HC, brine, and water, dried over anhydrous
NaySOy, filtered and concentrated under vacuum. The residue was pu-
rified by column chromatography (hexane/ethyl acetate, 2:1—1:1) to
afford the target acetylated Tz-modified monosaccharide.

6-(Acetoxymethyl)-3-(2-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)
phenyl)acetamido)tetrahydro-2H-pyran-2,4,5-triyl triacetate
(Ac4ManNTz) (7) Following the general procedure, Ac4sManNTz 7 was
isolated as a dark purple oil (5 mg, 67 %). IH NMR (CDCl3, 400 MHz) &
1.94-2.07 (9H, m, OAc), 2.17 (3H, s, OAc), 3.11 (3H, s, tetrazine CHs),
3.76 (2H, d, J = 9.9 Hz, tetrazine CHy), 3.93-4.06 (2H, m, Hs, He), 4.20
(1H, dt, J = 12.6, 4.8 Hz, Hg), 4.68 (1H, dd, J = 8.3, 5.1 Hz, H,), 5.07
(1H, dd, J = 10.2, 8.6 Hz, Hy), 5.31 (1H, dd, J = 10.2, 5.1 Hz, H3), 5.80
(1H, s, Hy), 6.00 (1H, s, NH), 7.55 (2H, d, J = 7.3 Hz, ArH), 8.62 (2H, d,
J = 7.4 Hz, ArH). '3C NMR (CDCl;, 100 MHz) § 14.21 (CH3), 20.60
(COCH3), 20.65 (COCH3), 20.85 (COCH3), 21.19 (COCH3), 43.52 (CHy),
49.50, 60.41, 61.81, 65.09, 69.02, 70.10, 91.51, 128.44, 128.58,
130.08, 130.15, 131.12, 139.09, 168.10, 169.45, 169.95, 170.13,
170.41 (NHCO). m/z (FTMS + ESI) (M + Na)"(CasHaoN5O1oNa) re-
quires 582.1807 Found 582.1795. HPLC analysis: MeCN - H20
(20:80-70:30), 96.61 % purity.

6-(Acetoxymethyl)-3-(2-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)

phenyl)acetamido)tetrahydro-2H-pyran-2,4,5-triyl triacetate
(Ac4GalNTz) (8) Following the general procedure, Ac4GalNTz 8 was
isolated as a dark purple 0il (6.3 mg, 74 %). IH NMR (CDCl3, 400 MHz) 5
1.93 (3H, s, OAc), 2.02 (6H, m, OAc), 2.16 (3H, s, OAc), 3.11 (3H, s,
tetrazine CHs), 3.63 (2H, d, J = 4.0 Hz, tetrazine CHy), 3.99-4.12 (2H,
m, Hs, He), 4.18 (1H, t, J = 6.9 Hz, Hy)), 4.65-4.74 (1H, m, H,), 5.13 (1H,
dd, J = 11.5, 3.2 Hz, Hy), 5.36-5.41 (2H, m, H3 H;), 6.23 (1H, s, NH),
7.44 (2H, d, J = 8.3 Hz, ArH), 8.57 (2H, dd, J = 8.3, 3.7 Hz, ArH). '3C
NMR (CDCl3, 100 MHz) § 20.52 (CH3), 20.64 (COCH3), 20.69 (COCH3),
20.81 (COCHs3), 21.20 (COCH3), 43.65 (CHj), 47.30, 61.23, 66.61,
67.65, 67.68, 68.66, 91.00, 128.55, 130.12, 131.18, 139.05, 167.46,
168.61, 170.09, 170.36, 171.06 (NHCO). m/z (FTMS + ESI) (M +
Na)t(Cy5HagN5010Na) requires 582.1807 Found 582.1810. HPLC
analysis: MeCN - H50 (20:80-70:30), 100 % purity.

Scheme 2.
5-Acetamido-3,5-dideoxy-p-glycero-p-galacto-2-nonulosonic
acid methyl ester (10) Synthesis of compound 10 was proceeded as
previously reported[22] “N-Acetylneuraminic acid 9 (1.00 g, 3.23
mmol, 1 eq.) was dissolved in dry methanol (20 mL) followed by the
addition of trifluoroacetic acid (0.07 mL, 11.64 mmol, 3.6 eq.). The
mixture was stirred until clear solution was obtained. The solvent was
removed under vacuum and white solid of Neu5Ac methyl ester 10 was
obtained and used without further purification (0.9 g, 86 %); [a] %0 -18
(c 1.0, MeOH), lit [60]. —31.7 (c 1.0, H20); m.p. 182-184C°, lit [61].
182-184 °C. 'H NMR (D20, 400 MHz) 5§ 1.82 (1H, dd, J = 12.0, 13.0 Hz,
Hs), 1.95 (3H, s, NHCOCH3), 2.22 (1H, dd, J = 5.0, 13.0 Hz, H3'), 3.45
(1H, dd, J = 5.0, 9.0 Hz, Hy), 3.52 (1H, dd, J = 6.5, 12.0 Hz, Hg'), 3.63
(1H, ddd, J = 2.5, 6.4 Hz, J = 9.0 Hz, Hg), 3.71-3.77 (4H, m, COOCH3s,
Hoy), 3.83 (1H, t, J = 10.2 Hz, Hs), 3.92-3.99 (2H, m, Ha4, Hg). 13¢ NMR
(D20, 100 MHz) § 22.02 (NHCOCH3), 38.62, 52.02, 53.45 (COOCH3),
63.11, 66.62, 68.16, 70.06, 70.30, 95.30, 171.37 (NHCOCH3), 174.80
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(COOCH3).” m/z (FTMS + ESI) (M + Na)+(C12H21N09Na) requires
346.1109 Found 346.1103.
5-Acetamido-9-O-(tert-butyldimethylsilyl)-3,5-dideoxy-p-glyc-
ero-p-galacto-2-nonulosonic acid methyl ester (11) In pyridine, 10
(400 mg, 1.24 mmol, 1 eq.) was dissolved. Then, tert-butyldimethylsilyl
chloride TBDMSCI (185 mg, 1.24 mmol, 1 eq.) was added gradually at
0 °C under N; atmosphere. The reaction mixture was left to warm to
room temperature and stirred overnight. The pyridine was co-removed
with toluene under vacuum, then the residue was dissolved in water
and extracted by ethyl acetate (3x10 mL). The ethyl acetate was dried
over anhydrous Na,SOy, filtered, and removed under vacuum to yield 9-
O-(tert-butyldimethylsilyl)- NeuSAc methyl ester 11 as colorless crystals
(320 mg, 59 %). H NMR (CD30D, 400 MHz) 6 0.00 (6H, s, C(CHs)2),
0.83 (9H, s, C(CH3)3), 1.80 (1H, dt, J = 13.0, 8.6 Hz, H3), 1.91 (3H, s,
NHCOCH3), 2.13 (1H, dd, J = 12.9, 5.0 Hz, Hy), 3.47 (1H, dd, J = 9.3,
1.4 Hz, Hy), 3.60 (1H, ddd, J = 9.2, 4.3, 2.7 Hz, Hg), 3.69 (3H, s,
COOCH3), 3.72 (1H, dd, J = 4.5, 1.6 Hz, Hs), 3.74 — 3.79 (1H, m, Hy),
3.89 (1H, dd, J = 4.1, 2.7 Hz, Hy), 3.92-4.02 (2H, m, Hy, He). 13¢ NMR
(CD30D, 100 MHz) & —6.56 (Si(CH3)2), —5.02 (Si(CH3)y), 13.06, 17.89
(SiC(CH3)3), 21.21 (NHCOCH3), 24.78 (SiC(CH3)3), 25.05 (SiC(CH3)3),
39.36, 51.71, 53.09 (COOCH3), 64.34, 66.30, 67.90, 70.25, 70.74,
95.29, 170.35 (NHCOCH3), 173.74 (COOCH3). m/z (FTMS + ESI) (M +
Na) " (C;gH35NOgSiNa) requires 360.1973 Found 360.1962.
5-Acetamido-9-O-(tert-butyldimethylsilyl)-2,4,7,8-tetra-O-
acetyl-3,5-dideoxy-p-glycero-D galacto-2-nonulosonic acid methyl
ester (12) 9-O-(tert-Butyldimethylsilyl)- NeuS5Ac methyl ester 11 (320
mg, 0.74 mmol, 1 eq.) was dissolved in dry pyridine (1 mL).Then, acetic
anhydride (0.5 mL) was added gradually at 0 °C under Ny atmosphere.
The reaction mixture was left to warm to room temperature and stirred
overnight. The pyridine was co-removed with toluene under vacuum
then the residue was dissolved in DCM and washed with 1 M HCI and
water, dried over anhydrous Na,SOy4, filtered, and concentrated under
vacuum. The residue was then purified by column chromatography
(ethyl acetate) to yield the tetra-O-acetyl-9-O-(tert-butyldimethylsilyl)-
Neu5Ac methyl ester 12 as a sticky colorless oil (290 mg, 66 %). 'H
NMR (CDCl3, 400 MHz) 5 0.00 (6H, s, C(CH3)), 0.84 (9H, s, C(CH3)3),
1.87 (3H, s, NHCOCH3), 1.99-2.04 (6H, m, OAc), 2.07 (1H, dd, J = 13.5
Hz, Hs), 2.11-2.16 (6H, m, OAc), 2.58 (1H, dd, J = 13.5, 5.0 Hz, Hy),
3.63 (1H, td, J = 11.3, 6.0 Hz, Hy), 3.79 (3H, s, COOCH3), 3.84-3.98
(2H, m, Hs, Hy), 4.19 (1H, dd, J = 10.7, 2.0 Hz, Hg), 4.95 (1H, td, J =
9.0, 6.0, 3.0 Hz, Hg), 5.26-5.47 (2H, m, Hy, Hy). 13C NMR (CDCl;, 100
MHz) 8 —5.51 (Si(CHz)2), —5.19 (Si(CHs),), 14.20, 18.21 (SiC(CHs)s),
20.78 (COCH3), 20.87 (COCH3), 20.97 (COCH3), 23.23 (NHCOGCH3),
25.74 (SiC(CH3)3), 35.82, 49.91, 53.11 (COOCH3), 60.41, 61.06, 67.94,
68.16, 72.42, 73.11, 97.70, 166.40 (COCH3), 168.26 (COCH3), 170.19
(COCH3), 170.24 (COCH3), 170.27 (NHCOCH3), 170.87 (COOCH3). m/z
(FTMS + ESI) (M + Na)"(CogH43NO13SiNa) requires 628.2396 Found
628.2380.
5-Acetamido-2,4,7,8-tetra-O-acetyl-3,5-dideoxy-p-glycero-p-gal-
acto-2-nonulosonic acid methyl ester (13) Tetra-O-acetyl-9-O-(tert-
butyldimethylsilyl)-Neu5Ac methyl ester 12 (435 mg, 0.72 mmol, 1 eq.)
was dissolved in 80 % aqueous acetic acid (6 mL) and was stirred at
50 °C for 4 h. The reaction solution was concentrated under vacuum and
the residue was purified by column chromatography (petroleum ether:
ethyl acetate = 1:1; ethyl acetate: methanol = 95:5) to yield the tetra-O-
acetyl-9-hydroxy-Neu5Ac methyl ester 13 as a sticky colorless oil (285
mg, 81 %). 'H NMR (CDCls, 400 MHz) 5 1.90 (3H, s, NHCOCH3),
2.00-2.25 (12H, m, OAc), 2.54 (1H, dd, J = 13.0 Hz, H3), 2.64-2.71 (1H,
m, Hz), 3.46-3.61 (1H, m, Ho), 3.77 (3H, s, COOCHj3), 3.88-4.03 (1H,
m, Hy), 4.01-4.11 (1H, m, Hs), 4.17-4.31 (1H, m, Hy), 4.82-4.95 (1H,
m, Hg), 5.15-5.31 (2H, m, Hy, Hg). 13C NMR (CDCls, 100 MHz) § 20.79
(COCH3), 20.87 (COCH3), 20.97 (COCH3), 20.98 (COCH3), 23.16
(NHCOCH3), 35.90, 49.31, 53.29 (COOCH3), 60.41, 67.51, 68.25,
72.81, 73.00, 97.62, 166.26 (COCHj3), 168.30 (COCH3), 169.73
(COCH3), 170.25 (COCH3), 171.20 (NHCOCH3), 171.94 (COOCH3). m/z
(FTMS + ESI) (M + Na)'(CyoH29NO;3Na) requires 514.1531 Found
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514.1522.

5-Acetamido-9-O-(6-methyl-1,2,4,5-tetrazine-3-benzyl-carba-
moyl)-2,4,7,8-tetra-O-acetyl-3,5-dideoxy-p-glycero-p-galacto-2-
nonulosonic acid methyl ester (16) Tetra-O-acetyl-9-hydroxy-Neu5Ac
methyl ester 13 (200 mg, 0.41 mmol, 1 eq.) was dissolved in dry DCM.
Then, pyridine (0.14 mL, 1 mmol, 2.5 eq.) was added dropwise at 0 °C
under N, atmosphere, then 4-nitrophenyl chloroformate (123 mg, 0.61
mmol, 2 eq.) was added. The reaction was left to stir at room tempera-
ture and protected from light for 4 h. The reaction solution was then
added dropwise to a solution of (4-(6-methyl-1,2,4,5-tetrazin-3-yl)
phenyl)methanamine HCI (20 mg, 0.08 mmol, 2 eq.) in THF followed by
addition of TEA (23 pL, 0.16 mmol, 4 eq.) and left to stir under N at-
mosphere and at room temperature for 3 days. The reaction solution was
concentrated under vacuum and the residue was purified by column
chromatography (petroleum ether: ethyl acetate = 2:1) to yield the
Ac4SiaTz 16 as purple solid (3.1 mg, 14 %). 1H NMR (CDCls, 400 MHz) 6
1.91 (3H, s, NHCOCH3), 1.97-2.25 (12H, m, OAc), 2.57 (1H, dd, J =
13.0, 13.1 Hz, H3), 3.09 (3H, s, tetrazine CH3), 3.76 (3H, s, COOCH3),
4.04-4.19 (2H, m, Hy, Ho), 4.47 (2H, d, J = 5.7 Hz, tetrazine CHy), 4.65
(1H,dd, J=12.2, 8.7 Hz, Hg), 4.95-5.11 (1H, m, Hs), 5.15-5.26 (3H, m,
Hg, Hy, Hg), 5.32 (1H, dd, J = 13.2, 6.2 Hz, Hy), 7.55 (2H, d, J = 8.4 Hz,
ArH), 8.55 (2H, d, J = 8.4 Hz, ArH). 3¢ NMR (CDCl3, 100 MHz) 6 14.65,
17.49 (CH3), 20.84 (COCH3), 23.20 (COCH3), 23.84 (NHCOCH3), 29.70
(COCH3), 31.46 (COCH3), 36.51, 40.84 (CH>), 49.01, 52.97 (COOCH3),
66.69, 67.20, 68.32, 69.63, 73.94, 95.26, 122.04, 125.28, 128.52,
129.03, 145.49, 152.37 (COCH3), 155.58 (COCH3), 162.58 (Tz ring C),
168.33 (Tz ring C), 168.65 (COCH3), 170.03 (COCHjs), 170.30
(NHCOCH3), 170.41 (NHCOO), 170.89 (COOCH3). m/z (FTMS + ESI)
(M + Na)*(C3;H3gNgO14Na) requires 741.2338 Found 741.2330. HPLC
analysis: MeCN - H50 (20:80-70:30), 96.90 % purity.

Scheme 3.

Compounds 18, 19, and 20 were prepared and characterized ac-
cording to previously reported procedures.[22].

(E)-Cyclooct-2-en-1-yl (4-(bis(2-chloroethyl)amino)phenyl)
carbamate (22) (E)-cyclooct-2-en-1-yl (4-nitrophenyl) carbonate 21 (7
mg, 0.024 mmol) was dissolved in DMF (4 mL) under an inert atmo-
sphere. The dihydrochloride salt 20 (6.3 mg, 0.027 mmol) was added
with TEA (50 pL, 0.37 mmol) and the reaction mixture was stirred at
room temperature for 3 days. The solvent was removed under vacuum
and the product was purified using flash column chromatography
(hexane/ethyl acetate, 8:1—4:1) to yield the (E)-cyclooct-2-en-1-yl (4-
(bis(2-chloroethyl)amino)phenyl)carbamate 22 as a pale yellow oil (4.2
mg, 45 %). TH NMR (DMSO-dg, 400 MHz) 5 0.70 — 0.92 (1H, m, TCO
He), 1.12 - 1.22 (1H, m, TCO Hg), 1.44 (1H, dt, J = 12.9, 8.3 Hz, TCO
Hy), 1.59 — 1.75 (2H, m, TCO Hy, Hs), 1.76 — 1.88 (1H, m, TCO Hg),
1.90—2.03 (3H, m, TCO Hg Ha4, Hy), 2.42 (1H, d, J = 10.5 Hz, TCO
Hg), 3.61 - 3.75 (8H, m, CH2-CH,-Cl), 5.28 (1H, s, TCO H3), 5.54 - 5.68
(1H, m, TCO CH = CH), 5.76 (1H, dd, J = 10.5, 8.3 Hz, TCO CH = CH),
6.70 (2H, d, J = 8.1 Hz, Ar-H), 7.29 (2H, d, J = 8.0 Hz, Ar-H), 9.29 (1H,
s, NH). '3C NMR (DMSO-dg, 100 MHz) § 24.19, 24.31, 28.86, 35.70,
36.11, 41.72 (CH2-CH,-Cl), 52.85 (CH,-CH,-Cl), 112.89, 129.92,
129.96, 131.34, 132.66 (TCO CH = CH), 153.35 (NHCO). m/z (FTMS +
ESI) M*(C19H27N3°Cl,0,) requires 385.1435. Found 385.1444. HPLC
analysis: MeCN - H50 (20:80-70:30), 96.15 % purity.

(E)-Cyclooct-2-en-1-yl (3-hydroxy-2-methyl-6-(((1S,4R)-4,5,12-
trihydroxy-4-(2-hydroxyacetyl)-10-methoxy-6,11-dioxo-
1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)tetrahydro-2H-pyran-4-
yl)carbamate (24) (E)-Cyclooct-2-en-1-yl (4-nitrophenyl) carbonate 21
(6 mg, 0.0167 mmol) was dissolved in DMF (3 mL) under an inert at-
mosphere. Doxorubicin 23 (10.9 mg, 0.02 mmol) and TEA (25 pL, 0.184
mmol) were added and the reaction mixture was stirred in the dark at
room temperature for 3 days. The solvent was removed under vacuum
and the product was extracted with DCM and washed with sat. NaCO3
and water. The organic layer was dried over Na;SO4 and purified using
flash column chromatography (DCM; DCM/Methanol, 95:5) to yield the
(E)-cyclooct-2-en-1-yl (3-hydroxy-2-methyl-6-(((1S,4R)-4,5,12-
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trihydroxy-4-(2-hydroxyacetyl)-10-methoxy-6,11-dioxo-1,2,3,4,6,11-
hexahydrotetracen-1-yl)oxy)tetrahydro-2H-pyran-4-yl)carbamate 24 as
a red fine powder (7.2 mg, 50 %). 1H NMR (CDCl3, 400 MHz) 6 0.75 -
0.92 (2H, m, TCO Hg, OH), 1.24 —1.35 (4H, m, Dox CH3 sugar ring, TCO
He), 1.62—2.05 (7H, m, TCO Hg, Hy, Ha, Hs, Hy, Hy, H,), 2.18 (1H, t,
J = 14.5 Hz, Dox Hy), 2.34 (1H, d, J = 14.6 Hz, Dox Hs"), 2.40 — 2.46
(1H, m, TCO Hg), 2.97 (1H, d, J = 12.1 Hz, Dox Hg), 3.05 (1H, d, J =
12.1 Hz, Dox Hyg), 3.30 (1H, d, J = 6.2 Hz, Dox Hyg), 3.69 (1H, d, J = 6.2
Hz, Dox Hi¢), 3.88 (1H, s, OH), 4.09 (3H, s, Dox OCH3), 4.15 (1H, q,J =
4.7 Hz, Dox Hg), 4.53 (1H, s, Dox Hy), 4.76 (2H, d, J = 4.6 Hz, Dox CO-
CH3-OH), 5.08 (1H, s, Dox Hs), 5.29 (2H, t, J = 13.8 Hz, TCO Hjs, Dox
Hy), 5.52 (2H, m, TCO CH = CH, Dox Hy), 5.78 (1H, m, TCO CH = CH),
7.40 (1H, d, J = 8.4 Hz, Dox H3), 7.80 (1H, t, J = 8.4, 7.4 Hz, Dox Hy),
8.06 (1H, d, J = 7.4 Hz, Dox Hy), 13.28 (1H, ), 14.00 (1H, s). 3C NMR
(CDCl3, 100 MHz) é 16.86 (CHs), 24.05, 29.07, 29.66, 34.03, 35.65,
35.88, 40.61, 46.79, 56.70 (OCHs), 65.56, 67.31 (CH;OH), 69.61,
69.72,74.12,100.69, 111.43, 111.64, 118.45, 119.88, 120.93, 131.29,
131.79 (TCO CH = CH), 133.61, 133.66, 135.55, 135.80, 155.01,
155.71, 156.19, 161.08 (NHCOO), 186.75 (CO), 187.17 (CO), 213.90
(COCH2OH). m/z (FTMS + ESI) (M + Na)™ (C36H41NNaO;3) requires
718.2470. Found 718.2456. HPLC analysis: MeCN - Hy0
(20:80-70:30), 96.82 % purity.

4.3. Cell culture materials

Human breast adenocarcinoma epithelial cell line (MCF-7) and
mouse fibroblasts (L929) were purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA), and BV2 microglial cells
were gifted by Dr. Eder, St George’s University. Culture media and FBS
were purchased from Gibco™, UK. RIPA buffer, protease inhibitor
cocktails and DBCO-CY5 were purchased from Thermo Fisher Scientific,
UK. TCO-PEG4-biotin and TCO-Cy5 were purchased from Tebubio LTD,
UK. streptavidin-horseradish peroxidase was purchased from Cell Sig-
nalling Technology, UK.

MCF-7 cells were cultured in RPMI-1640 (with added 5 % FBS),
mouse fibroblasts 1929 and BV2 mouse microglial cells were cultured in
DMEM medium (5 g/L and 1 g/L glucose, respectively) (with added 10
% FBS).

4.4. In vitro chemical tags analysis

4.4.1. Western blotting

General procedures were followed as previously reported [22].

MCF-7 and L929 cells were cultured into 6-well plates (at seeding
densities of 4 x 10* cell/mL and 1 x 10* cell/mL, respectively). Media
supplemented with 10 and 20 pM AcsManNTz, AcsGalNTz, and
Ac4SiaTz or with no Tz-modified monosaccharide (control) were added
separately to the cells and left to incubate at 37 °C 5 % CO incubator for
72 h. At confluency, cells were prepared for lysation by washing with
ice-cold PBS (twice), then, ice-cold RIPA buffer freshly mixed with 1 %
protease inhibitor cocktail was added. Cells were scraped and the lysates
were centrifuged at 4 °C and supernatants were collected. BCA assay was
used to determine the total protein quantity per each sample. For
preparation of the western blotting samples, different volumes of lysates
containing an equivalence of 20 pg protein were mixed with TCO —
PEGy4-biotin (0.5 mM) for 20 min at room temperature. Samples were
mixed with loading buffer (4x Laemmli buffer + 10 % p-mercaptoe-
thanol) and heated at 95 °C for 7 min. Samples were then loaded on and
separated by 8 % SDS-PAGE gel and the protein bands were transferred
onto PVDF membranes. The membranes were blocked with 5 % BSA in
1x TBS-T buffer (50 mM Tris, 150 mM NaCl, 0.1 % Tween20, pH = 7.4)
for 1 h at room temperature. Membranes were then incubated with
streptavidin-HRP (dilution 1:2000 in TBS-T buffer) at 4 °C for overnight.
Then, the membranes were washed trice (15 min) with TBS-T and the
protein bands were detected with Pierce™ ECL system.
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4.4.2. Confocal microscopy imaging

General procedures were followed as previously reported [22].

MCF-7 and L929 cells were seeded into 35 mm covered glass-bottom
confocal dishes (at seeding densities of 4 x 10* cell/mL and 1 x 10% cell/
mL, respectively). Media supplemented with 10 and 20 pM AcsManNTz,
Ac4GalNTz, and AcsSiaTz or with no Tz-modified monosaccharide
(control) were added separately to the dishes and left to incubate at
37 °C 5 % CO» incubator for 72 h. All media were aspirated from the
dishes and cells were washed with DPBS (twice) and then TCO-Cy5-
containing fresh medium (20 uM) was added to the dishes and left to
incubate at 37 °C for 20 min. Medium was aspirated and cells were
washed with DPBS (twice) and a 4 % formaldehyde fixative was added at
room temperature for 10 min in dark. Fixative was aspirated and cells
were washed again with DPBS (twice) and mounted DAPI (1 pyL/mL
DPBS). Cells were imaged by confocal laser microscope (Nikon A1R
Confocal). MFI values (absolute values) were analyzed using ImageJ
software and presented as mean + SEM. The same protocol was applied
with the BV2 microglial cells using AcsManNTz- and AcsManNAz-con-
taining media and TCO-Cy5 or DBCO-Cy5, respectively.

4.5. In vitro prodrug activation

General procedures were followed as previously reported [22].

MCF-7 and L929 cells were incubated with 10 and 20 pM
Ac4ManNTz-, Ac4GalNTz-, and Ac4SiaTz-containing RPMI and DMEM
media, respectively at 37 °C 5 % CO; incubator for 72 h. Cells were then
seeded into 96-well plates (at seeding densities of 4 x 10* cell/mL and 1
x 10* cell/mL for MCF-7 and 1929, respectively) and incubated at 37 °C
5 % CO incubator for 24 h. Concentration range of the prodrugs
(0.001-10 pM) was used to treat the cells and further incubated at 37 °C
5 % CO3 incubator for 67 h. MTT solution (0.5 mg/mL MTT in PBS) was
added in each well and further left to incubate at 37 °C 5 % CO5 incu-
bator for 5 h. All treatments-containing media and MTT solution were
carefully aspirated from the cells and DMSO (100 uL) was added to
dissolve the formed formazan crystals. After incubation for 30 min, the
formazan absorbance (A = 560 nm) was recorded by microplate reader
(infiniteF50 TECAN). The assays were performed in three independent
replicates. Cells without treatments were used as the control and ICsg
values were determined using GraphPad Prism 8.0.2. Data were repre-
sented as mean + SEM.

4.6. Statistical analysis

Statistical analysis was carried out (for TCO-Dox prodrug 24 or TCO-
N-mustard prodrug 22 on Ac4ManNTz-, AcsGalNTz-, and Ac4SiaTz-
engineered MCF-7 and L929 cells against the TCO-Dox prodrug 24 or the
TCO-N-mustard prodrug 22 on non-engineered MCF-7 and 1929 cells)
by one-way ANOVA followed by Bonferroni’s post hoc test. Statistical
significance was set at p < 0.05 (specifically, ns for non-significant, ** p
< 0.01; *** p < 0.001 and **** p < 0.0001).

4.7. Serum stability of Tz-modified monosaccharides and TCO-prodrugs

The stability of Ac4ManNTz, AcsGalNTz, AcsSiaTz, TCO-DOX, and
TCO-N-mustard was evaluated in 50 % mouse serum/PBS over time.
Stock solutions of 7, 8, 16, 22, and 24 (2.4 mM in DMSO) were prepared
and then diluted to 1.2 mM in 50 % mouse serum/PBS. After incubation
for various time intervals (0, 0.5, 1, 2, and 4 h for the Tz-modified
monosaccharides, and 0, 1, 2, 6, and 12 h for the TCO-prodrugs), sam-
ples were mixed with 350 pL of cold acetonitrile for extraction. The
samples were then centrifuged (1560 g, 5 min), clear supernatant was
collected and analyzed by HPLC. Samples (30 uL) were injected into
HPLC and analyzed by a gradient elution method using an aqueous
gradient in acetonitrile (25 min run, 1 mL/min flow, 20 % of acetonitrile
increasing to 70 % over 25 min, returning to 20 % for 5 min, UV
detection at A = 520 and 233 nm).
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