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Abstract The current targeting drug delivery mainly relies on cancer cell surface receptors. However,

in many cases, binding affinities between protein receptors and homing ligands is relatively low and the

expression level between cancer and normal cells is not significant. Distinct from conventional targeting

strategies, we have developed a general cancer targeting platform by building artificial receptor on cancer

cell surface via a chemical remodeling of cell surface glycans. A new tetrazine (Tz) functionalized chem-

ical receptor has been designed and efficiently installed on cancer cell surface as “overexpressed”

biomarker through a metabolic glycan engineering. Different from the reported bioconjugation for drug

targeting, the tetrazine labeled cancer cells not only locally activate TCO-caged prodrugs but also release

active drugs via the unique bioorthogonal Tz-TCO click-release reaction. The studies have demonstrated

that the new drug targeting strategy enables local activation of prodrug, which ultimately leads to effec-

tive and safe cancer therapy.
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1. Introduction
Targeted molecular imaging and therapy relying on effective
identification and accumulation of cell-surface receptors have
great potential to improve cancer diagnosis and treatment1e3. The
current strategy mainly relies on tumor cell surface receptors for
targeting4. The specific recognition of cell-surface receptors en-
ables the targeted delivery of therapeutic agents to the site of in-
terest and minimizes the side effects on normal tissue. However,
protein receptors are rarely tumor cell specific and in many cases
the expression level between cancer and normal cells is not sig-
nificant2,3. Moreover, binding affinities between protein receptors
and homing ligands such as folate, peptides, sugars and aptamers
is relatively low5. Additionally, the therapeutic resistance mutation
of protein receptors makes the targeting approach difficult and
vulnerable in cancer treatment6e8. So far, no small molecule-
based targeting strategies for cancer therapy have made it to the
clinic.

Chemically modified prodrug with reduced systemic toxicity
can be activated locally at the site of disease to perform thera-
peutic function on demand, which is a valuable strategy to develop
pharmaceutical agents to circumvent the systemic and high dosage
related undesired adverse effects9. The conventional mechanism
of prodrug activation in biological system is inherent from the
differences between disease and normal tissues2e5. For instance,
antibodyedrug conjugates (ADCs) and antibody-based pre-tar-
geting strategies have been used in delivery and local activation of
cytotoxic agents10. However, these systems are limited by
endogenous overexpression of cell surface receptors and
encounter non-specific activation via metabolic hydrolysis of the
linker between the antibody and drug11 as well as the insufficient
penetration ascribed to the large size of antibodies12.

Chemical remodeling of cell surface glycans by metabolism of
the corresponding unnatural sugars is a viable tool to incorporate
artificial chemical receptors onto the cell surface for noninvasive
cell imaging and targeted therapeutics delivery13e16. The installed
cell surface chemical receptors are abiotic and can be targeted high
specifically through bioorthogonal chemistry14. Additionally, the
small size of chemical receptors avoids the receptor saturation and
immunogenicity as a comparison to conventional protein-based
targeting strategies. Therefore, metabolic glycan labelling has
been explored for noninvasive cell imaging and for targeted therapy.
A variety of functional groups, particularly clickable moieties for
click reactions such as ketone, azide, diazoalakne, isonitrile, alkyne,
and strained cyclopropane, BCN, DBCO, and trans-cyclooctyne
(Fig. 1A)14, have been metabolically engineered onto cell-surface
glycoproteins. However, these functionalities do not have release
capacity for drug delivery. With the fast reaction kinetics and bio-
orthogonality of tetrazine (Tz) and trans-cyclooctene (TCO)
involved inverse-electron-demand DielseAlder (iEDDA) reac-
tion17e24, the potential and effectiveness of targeting and drug de-
livery can be achieved at the low concentration in complex
biological context. This unique mechanism is particularly appealing
for developing prodrug release system25e30. We envisioned that
chemical remodeling of cell surface glycans with incorporation of a
Tz moiety could generate an unprecedented Tz labeled cancer cell
surface, which could serve as a handle for drug activation and de-
livery through the unique click-release capacity.

Herein, we report the design and metabolic engineering of a
tetrazine mannosamine onto the cancer cell surface for the first
time as an endogenous “overexpressed” biomarker for targeted
anti-cancer drug delivery (Fig. 1B). The metabolic
glycoengineering of tetrazine chemical receptors enables specific
cell surface labelling in various cancer cells efficiently. Further-
more, the tetrazine labeled on cancer cells can induce click-release
reaction to locally activate TCO-caged prodrugs by iEDDA
reaction-mediated uncaging process. The effectiveness of click-
release strategy was validated by TCO-caged doxorubicin (Dox)
prodrug. The selectivity of TCO-Dox prodrug for tetrazine
labelled cancer cells is enhanced by 10 folds as a comparison to
the unlabeled cells. Furthermore, this strategy was further
demonstrated in click-release of caged TCO-ARV771 PROTAC
(PROteolysis TArgeting Chimeras) for selective degradation of
bromodomain-containing protein (BRD4).

2. Results and discussion

2.1. Design and synthesis of Ac4ManNTz and analogues

Previous studies have shown that the engineering efficiency of the
Roseman-Warren biosynthetic pathway is highly sensitive to the N-
acyl structure of unnatural ManNAc analogues31,32. Structures with
long or branched N-acyl chains are poor substrates for the
biosynthetic enzymes, while those containing short, linear side
chains are better tolerated31. We therefore designed peracetylated
Ac4ManNTz (1) and Ac4ManNPhTz (2) containing respective
linear and rigid linkers and Ac4ManNPh (3) with a phenyl structure
to replace Tz as control. We then synthesized these compounds
(Scheme 1). Briefly, the key 3-bromo-6-methyl-tetrazine (4) was
synthesized from hydrazinecarbothiohydrazide by following liter-
ature procedure (Supporting Information Fig. S1)33,34. Nucleophilic
aromatic substitution reaction of 4 with 2-mercaptoacetic acid gave
tetrazine thiol acetic acid 5. Amidation of the acid with D-man-
nosamine hydrochloride in the presence of EDC$HCl, and HATU
as coupling reagents was achieved and followed by acylation with
acetic anhydride to provide the target Ac4ManNTz (1).
Ac4ManNPhTz (2) and Ac4ManNPh (3) were synthesized by the
reaction of D-mannosamine hydrochloride with the corresponding
tetrazine carboxylic acid (Supporting Information Figs. S1eS3).

2.2. Engineering and optimization of unnatural ManNAc
analogues on cell-surface

Before performing the metabolic engineering of Ac4ManNTz (1),
Ac4ManNPhTz (2) and Ac4ManNPh (3) in cells, we tested their
cell viability using MTT assay. We found that these compounds
could be tolerated over 100 mmol/L for Ac4ManNTz (1), and
Ac4ManNPh (3) in HeLa and A549 cells. For Ac4ManNPhTz (2),
it shows mild toxicity under increased concentration (Supporting
Information Fig. S4) but is still well compatible based on low
concentration been used. It is expected that they are enzymatically
deacetylated in the cytosol and then metabolically converted to the
corresponding N-Tz, -PhTz and -Ph acetyl sialic acids, which are
subsequently incorporated into sialoglycoconjugates31,32. Once
presented on the cell surface, the Tz-labeled sialylated glycans can
be visualized with a TCO-fluorescent tag, which can be used to
determine their labeling efficiency. To evaluate the metabolic
glycoengineering efficiency of these new tetrazine precursors,
MDA-MB-231 cells were cultured in presence of Ac4ManNTz (1),
and Ac4ManNPh (3) respectively (Fig. 2A and B). Subsequently,
the cells were labeled with TCO-biotin conjugate followed by
incubation with streptavidin-Cy5 for fluorescence imaging anal-
ysis. Confocal microscopy clearly showed strong labeling (red) of



Figure 1 (A) Glycometabolic engineering of functionalized glycoproteins on cell surface for selective labelling and drug targeting (known).

(B) Building tetrazine-functionalized chemical receptors for biorthogonal targeting, activation, and delivery of drugs to cancer cells (this work).
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cell surface (arrow) in group of cells preincubated with
Ac4ManNTz (1) (Fig. 2C). Minimal signal is seen with the cells
cultured in presence of Ac4ManNPh (3), which lacks the func-
tional tetrazine group (Fig. 2D). This indicates that the unnatural
Tz derived sugar was efficiently installed on the cell surface. The
metabolic engineering of tetrazine group on cell surface was also
confirmed by flow cytometry analyses of MDA-MB-231 cells
following the same treatment consistently with much stronger
fluorescence intensity in group of Ac4ManNTz (1) than the control
group (Fig. 2E and F). Moreover, similar metabolically labelling
and specific cell membrane fluorescence imaging were observed
in other cancer cells such as A549 and HeLa cells (Supporting
Information Figs. S5 and S6). These results collectively demon-
strated that Ac4ManNTz (1) was able to metabolically label
cancer cells with tetrazine groups on cell surface with high
efficiency.

The reaction between tetrazine and TCO was one of the fast
click reactions23,24. However, labeling of tetrazine in biological
system need to be tested in low concentration and the reaction
interface was limited to two-dimensional cell surface rather than
Scheme 1 Synthesis
the dispersed in solution. Therefore, we sought to establish the
time and concentration profile necessary to maximize the observed
fluorescence signal in the cell-based experiments. The cell surface
tetrazine reacted with TCO-biotin, followed by immunostaining
with streptavidin-AF647, which could be detected by flow
cytometry. The increase of fluorescence signal was the
Ac4ManNTz concentration dependent (10.0e50.0 mmol/L,
Supporting Information Fig. S7). Ac4ManNTz (1) at 50 mmol/L
was chosen for the following screening since it gave sufficient
fluorescence signals in flow cytometry. Ac4ManNTz (1) treated
and untreated cells were incubated with TCO-biotin at different
concentrations (0.1e1 mmol/L) and various periods of time (5
mine1 h) followed by immunostaining with streptavidin-AF647
(Supporting Information Figs. S8 and S9). A maximal fluores-
cence signal for cells treated with Ac4ManNTz (1) was observed
at 0.25 mmol/L of TCO-biotin. The reaction was completed in
30 min and the fluorescence signal from the tetrazine-bearing cells
reached the plateau with over 80-fold greater than the background,
which is more sufficient and faster compared to the Staudinger
ligation reported previously.35
of Ac4ManNTz (1).



Figure 2 Labeling of metabolically engineered cell-surface glycoconjugates. (A) Working flowchart for engineering and detection. MDA-MB-

231 cells were grown with 25 mmol/L Ac4ManNTz (1) for three days, washed with PBS and labeled with TCO-Biotin (250 mmol/L) for 1 h at

37 �C, followed by incubation with Streptavidin-Cy5 (20 mg/mL) for 20 min at rt. (B) The chemical structure of Ac4ManNTz (1) and Ac4ManNPh

(3). (C, D) Confocal images showing the MDA-MB-231 cells pretreated by the Ac4ManNTz (1) could be specifically labeled on the cell surface

(arrow) while the control group pretreated by the Ac4ManNPh (3) displayed barely visible fluorescent signal. Scale bar: 20 mm. (E) Flow

cytometry of cells pretreated with Ac4ManNTz (1) and Ac4ManNPh (3). (F) Mean Cy5 fluorescence intensity of MDA-MB-231 cells extracted

from (C, D). Data were presented as mean � SEM (n Z 3) and analyzed by Student’s t-test (two-tailed), ***P � 0.001.
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2.3. Identification of tetrazine labeled cell lysates

To identify tetrazine-labelled glycoconjugates on MDA-MB-
231 cell, we analyzed cell lysates by Western blot. MDA-MB-
231 cells were cultured with 25 mmol/L of Ac4ManNTz (1),
Ac4ManNPhTz (2), Ac4ManNPh (3) or DMSO for 72 h and then
lysed with RIPA buffer. The bands observed in lanes 5e8 corre-
spond to the tetrazine tagged sialic acid post translational modified
on the protein, which were labeled via bioorthogonal iEDDA
chemistry. Lanes 1 and 2 (negative control), as well as lanes 3 and
4, corresponding to sugar precursor, Ac4ManNPh (3), lacking
tetrazine, are silent in the following HRP-streptavidin probing
(Fig. 3). Significant glycoprotein labeling was observed in lysates
from cells treated with Ac4ManNTz (1) as comparison to
Ac4ManNPhTz (2), which shows the high efficiency of metabolic
glycoengineering of these two tetrazine sugar precursors in cells.

2.4. Metabolic engineering unnatural Ac4ManNTz (1) on
various cell lines

Having demonstrated Ac4ManNTz (1), which can be efficiently
incorporated into MDA-MB-231 cell surface, we then examined
the scope and efficiency of Ac4ManNTz (1) metabolism in vari-
able human cancer cell lines including A549 (human lung cancer
cell lines), HCT116 (human colorectal cancer cell lines), MDA-
MB-231 (human breast cancer cell lines), and HeLa (human
ovarian cancer cell lines) (Supporting Information Fig. S10). In
these cell lines, the increased fluorescence signals were observed
with the initial concentration of Ac4ManNTz (1), indicating that
the efficient labeling was achieved. However, the sensitivity was
cell type dependent. The metabolization of Ac4ManNTz (1) in
these cell lines is variable. A549 and HCT116 cells displayed
similar fluorescence enhancement when treated with 50 mmol/L of
Ac4ManNTz (1). While HeLa cells displayed lower fluorescence
increasing at comparable concentration of Ac4ManNTz (1). The
MDA-MB-231 cells displayed highest fluorescence among these
cell lines, and thus greater numbers of tetrazine on cell surface.

2.5. Concurrent labeling of the cell surface by utilization of two
separate and compatible bioorthogonal chemistry

We evaluated the compatibility of tetrazine-TCO iEDDA reaction
with other strain promoted click chemistry, such as azide-
dibenzocyclooctyne cycloaddition36. MDA-MB-231 cells were
grown in presence of one or both of the two unnatural sialic acid
precursors, Ac4ManNTz (1) and Ac4ManNAz (7) (Fig. 4A). Fol-
lowed by simultaneously labeling with cyclooctyne (DBCO)
bearing green fluorophore FITC as well as biotinylated trans-
cyclooctyne and streptavidin bearing red fluorophore Cy5,
confocal microscopy revealed multiplexed fluorescence labeling



Figure 3 Western blot analysis of lysates from MDA-MB-231 cells treated with 25 or 50 mmol/L of Ac4ManNTz (1), Ac4ManNPhTz (2),

Ac4ManNPh (3) or DMSO (no tetrazine-sugar). MDA-MB-231 cells were incubated with biotin-TCO probe (0.25 mmol/L) for 30 min. The cell

lysates were harvested and probed with anti-biotin antibody conjugated to horseradish peroxidase (HRP) (upper panel), then stripped and re-

probed with an anti-GAPDH antibody as a protein loading control (lower panel).
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on cell surface, shown in Fig. 4B. The flow cytometry was carried
out in parallel to confirm the findings of expression of chemical
reporters, azido and tetrazine, on cell surface by multiplexed la-
beling (Supporting Information Fig. S11). Only cells that were
initially incubated with Ac4ManNAz (7) displayed green fluo-
rescent signals (FITC), and only cells incubated with Ac4ManNTz
(1) displayed red fluorescent signals (AF647). The cells treated
with both Ac4ManNTz (1) and Ac4ManNAz (7) exhibited fluo-
rescent signals in both emission channels. In absence of the
chemical reporters, only minimal background labeling was
observed for both ligation reactions. These results illustrate the
value and biocompatibility of tetrazine-TCO involved iEDDA
ligation for dual labeling.

2.6. Click and release study

To demonstrate the targeted activation and delivery of cytotoxic
agents to tetrazine functionalized cancer cells, we designed a TCO
caged doxorubicin (TCO-Dox), a clinically used chemotherapy as
the model drug37. We first tested this drug release system with
tetrazine mannosamines, Ac4ManNTz (1) or Ac4ManNPhTz (2),
and a caged doxorubicin at the allylic position of TCO with a
carbamate linker, TCO-Dox in chemical system. It is expected that
the tetrazine group on Ac4ManNTz (1) reacts with TCO-Dox
forming a 4,5-dihydropyridazine bicyclic intermediate, following
a Hþ-shift and tautomerization to a 1,4-dihydropyridazine. The
1,4-dihydropyridazine undergoes a conversion to form exocyclic
double bond with the elimination of CO2 and release of doxoru-
bicin from the carbamate linked TCO at allylic position (Fig. 5A).
Ultra-performance liquid chromatography (UPLC) was employed
to monitor the release of doxorubicin from the TCO-caged pro-
drug, by incubating Ac4ManNTz (1) with TCO-Dox, 20 mmol/L in
5% DMSO in PBS buffer at 37 �C. We monitored prodrug con-
sumption and the release of parent drug doxorubicin upon reaction
with tetrazine. As shown in Fig. 5B, the prodrug itself did not
liberate doxorubicin for at least 24 h in PBS buffer, supporting the
bioorthogonality of the click release system. Notably, more than
90% doxorubicin was released within 4 h from TCO-Dox treat-
ment with Ac4ManNTz (1) or Ac4ManNPhTz (2) at concentration
of 40 mmol/L (Fig. 5C).
2.7. Assessment of the click and release system

Have demonstrated the release of Dox from its TCO-prodrug in
chemical system, we next evaluated the activation and release in
cancer cells. We first metabolically inserted tetrazines group on
A549 (human lung cancer cells) and HeLa (human cervical cancer
cells) cancer cells by incubation with 50 mmol/L of Ac4ManNTz
(1) and washed out free Ac4ManNTz (1) in the culture medium.
The prodrug TCO-Dox was then added, and the liberation of
active doxorubicin was initiated by iEDDA-mediated click release
reaction to exhibit inhibitory bioactivities (Fig. 6A). Exposure of
A549 cells to doxorubicin led to a significant decrease of the
proliferation ability (278 nmol/L), while TCO-Dox gives attenu-
ated bioactivity on proliferation assays (IC50 Z 4.76 mmol/L) by
CCK-8 proliferation assay, which shows the caged amine group
effectively block inhibitory activity (Fig. 6B and Table 1). The
cells pretreated with Ac4ManNTz (1) and metabolized with tet-
razine gave IC50 of 548 nmol/L, while the control group without
tetrazine labeling show no enhancement on inhibitory activity. A
similar trend was observed with HeLa cells (Fig. 6C and Table 1).
The inhibitory effect was validated on HeLa cells with IC50 of
229 nmol/L for doxorubicin and 2.93 mmol/L for TCO-Dox pro-
drug by CCK-8 proliferation assay (Fig. 6C). Strong inhibiting
activity was observed on HeLa cells with IC50 of 439 nmol/L with
Ac4ManNTz (1) treated cells, but much low effect was seen for
control group with IC50 of 4.28 mmol/L (Fig. 6C and Table 1).

2.8. PROTACs activation and delivery via the click and release
system

The PROTACs have been emerged as a new promising therapeutic
approach by recruiting the ubiquitin proteasome system (UPS) to
degrade the targeted protein of interest (POI)38,39. PTOTACs,
which do not rely on occupancy-driven pharmacology, offers
unrivaled power over traditional small-molecule inhibitors in that
they can degrade their protein targets in a sub-stoichiometric,
catalytic fashion40. However, potential toxicity from systemic
degradation of proteins in healthy cells and undesirable ligase-
mediated off-target effects limit their application as both chemi-
cal tools and therapeutics41,42. Therefore, an urgent need exists for



Figure 4 Simultaneous labeling of two cell surface chemical reporters. Distinct metabolic targets can be simultaneously imaged using tetrazine

and azido reporters. (A) MDA-MB-231 cells were cultured in the presence of both Ac4ManNTz (25 mmol/L) and Ac4ManNAz (25 mmol/L) for

72 h, followed by concurrent treatment with DBCO-FITC (25 mmol/L, 30 min at 37 �C) to covalently tag cell surface azides and TCO-Biotin

(0.25 mmol/L, 30 min at 37 �C), streptavidin-AF647 to tag tetrazines, respectively. Cells were then mounted to cover slides and counter

stained with DAPI and imaged via confocal microscopy. (B) Representative images are shown. Red: Cy5, green: FITC, blue: DAPI. Scale bar:

10 mm.
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developing strategies to improve tumor-targeting ability of
PROTACs.

Several targeted therapy strategies, capable of increasing the
enrichment of drugs in tumor tissues and reducing side effects,
Figure 5 HPLC analysis of click release reaction between Ac4ManNT

release. Ac4ManNTz react with TCO-Dox through [4 þ 2] cycloaddition to

and elimination that ultimately liberate the Dox. (B) Representative curv

cumulative release of Dox after mixing Ac4ManNTz (40 mmol/L) with T

quantification of released Dox as a function of time. Data are averages �
have been developed for the delivery of PROTACs43. In this
context, light-controllable PROTACs enable achieving spatio-
temporal regulation of the activity of the PROTAC molecules44.
Nonetheless, these methods are limited cancer types with light
z and TCO-Dox. (A) Mechanism of the iEDDA reaction mediated

form dihydropyridazine which subsequently undergoes rearrangement

es from high-pressure liquid chromatography (HPLC) analysis show

CO-Dox (20 mmol/L) in PBS buffer for 30 min, 1, 2, 4 h. (C) The

SEM, n Z 3.



Table 1 Calculated IC50 values for Dox, TCO-Dox and

TCO-Dox activated with non-activated against each cell line.

Drug Doxa TCO-Dox TCO-Doxb

Activated

TCO-Doxc

Non-activated

A549 0.278 4.76 0.548 5.04

HeLa 0.229 2.93 0.439 4.28

aIC50 values are determined the 48 h cytotoxicity of each drug.

The units of IC50 are in mmol/L.
bActivated TCO-Dox indicates that each cell line was pre-

incubated with 50 mmol/L Ac4ManNTz for 3 days, washing and

incubated with TCO-Dox at different concentration for 48 h.
cNonactivated TCO-Dox indicates the pre-incubation with

50 mmol/L Ac4ManNPh.
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accessibility and in some cases, UV light activation is used and
often induces undesired tissue damage. The tumor microenvi-
ronment-activation45, and antibodyedrug conjugates (ADCs)46,
folate47, and aptamer48 as vectors for targeting tumor cell sur-
face receptors have been developed for selective delivery of
PROTACs to cancer cells. However, the use of antibodies suffers
from drawbacks including high production cost, receptor satu-
ration, poor solid tumor penetration and severe immunoge-
nicity49. In addition, each mAb developed is effective for only
certain types of cancer because the targeted protein receptors
vary from cancer to cancer. Tumor microenvironment-activation
and folate and aptamer-caged PROTACs have been shown to
exhibit improved degradation selectivity between cancer cells
and normal cells. However, as discussed above, tumor micro-
environment and protein receptors are rarely tumor cell specific
and in many cases the expression level between cancer and
normal cells is not significant2,3 and binding affinities between
protein receptors and homing ligands such as folate and
aptamers is relatively low.5

We propose a bioorthogonal click and release of PROTACs
from their prodrugs, capable of conditionally activating the caged
PROTACs in tumor site. To test the concept, we designed a TCO
caged ARV771, TCO-ARV771. ARV771 is a potent degrader of
BET protein by recruiting a VHL (von Hippel-Lindau) E3 ubiq-
uitin ligase42. High dose of ARV771 has been reported to be toxic,
due to its effects on completely depleting bromodomain family
members that play critical role in modulating enhancer and tran-
scription activity of many genes 41. This issue limits the further
application of ARV771 in the clinic.

Caging the hydroxyl group, which is critical for the recruit-
ment of VHL E3 ubiquitin ligase50,51 in the VHL ligand, abolishes
the degradation activity of ARV77152. Therefore, we designed a
TCO caged ARV771, TCO-ARV771, by incorporating bulky TCO
moiety via a carbonate linkage onto the hydroxyl group of a well-
Figure 6 Prodrug activation on cell surface. (A) Cancer cells meta

Ac4ManNTz (1) and induced local activation of TCO-Dox at cell surfa

activated Dox, and non-activated Dox against A549 cells and HeLa cells.
studied VHL-based bromodomain (BRD) degrader, ARV771
(Fig. 7A)42. It is expected that caging the hydroxyl group in
ARV771 by TCO will diminish the degradation function. How-
ever, the degradation activity can be regained by the removal of
the TCO group via bioorthoginal click-release reaction with the
cancer cell surface tetrazine group. The tetrazine moiety aids
targeted enrichment of the PROTAC into cancer cells to achieve
high selectivity.

TCO-ARV771 was synthesized through coupling of TCO-Ns
with ARV771 in the presence of TEA in DMF (see Supporting
Information). We first tested the release of ARV771 by incuba-
tion of Ac4ManNTz (1) (40 mmol/L) with the synthesized TCO-
ARV771 prodrug (20 mmol/L) in PBS buffer and the event was
monitored by UPLC. The appearance of ARV771 was observed
and >80% of active ARV771 was released within 6 h
(Fig. 7BeD). It is noted that the uncaging reaction of TCO-
ARV771 was found to be inferior to the TCO-Doxorubicin,
probably owing to the steric hindrance.
bolic glycan labeling with sialic acid tetrazine by pretreated with

ce. (B) Comparison of the 48 h cytotoxicity of TCO-Dox, Dox and



Figure 7 Click and release PROteolysis-Targeting Chimeras (crPROTACs) for BRD4 degradation. (A) Schematic description of click and

release of PROTACs by iEDDA medicated uncaging mechanism. (B) In vitro activation of TCO-ARV771 by tetrazine functionalized cancer cell

surface. (C) UPLC spectra of release of ARV771 by incubating Ac4ManNTz (1) and TCO-ARV771 for 2, 4, and 6 h. (D) Release profile of

reaction of Ac4ManNTz (1) (40 mmol/L) with TCO-ARV771 (20 mmol/L). A 20 mL aliquot sample was taken from the reaction mixture for UPLC

analysis. Data are averages � SEM, n Z 3. (E) Western blot analysis of BRD4 degradation and c-Myc expression. (F) Quantification of BRD4

protein expression. (G) Quantification of c-Myc protein expression. Data are averages � SEM, n Z 3.
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2.9. Assessment of the degradation of PROTACs in vitro

We then demonstrated the degradation activity of ARV771 via
click-release reaction of TCO-ARV771 with cancer cell surface
tetrazine. In the studies, MDA-MB-231 cells was used and was
pretreated with Ac4ManNTz (1) and Ac4ManNPh (3) as control.
The metabolic glycoengineering process was lasted for 3 days and
then free Ac4ManNTz (1) or Ac4ManNPh (3) was washed out.
The Tz and Ph engineered cells were then treated with TCO-
ARV771 prodrug with concentrations ranging from 10 to
300 nmol/L of BRD4 degradation activity was analyzed by
Western blot. As shown, no degradation of BRD4 with
Ac4ManNPh (3) engineered cells was observed (Fig. 7E and G).
The degradation with tetrazine (Tz) functionalized cells was seen
in a concentration dependent manner. Significant degradation (ca.
80%) occurred at 100 nmol/L TCO-ARV771 (Fig. 7E and G). The
degradation activity is compatible with ARV771. Furthermore, the
suppression of c-Myc, a downstream effector of BET proteins,
was observed by depletion rate about 50% at 100 nmol/L (Fig. 7E
and G). Taken together, these results indicated that TCO-ARV771
is specifically enriched and can selectively degrade the POI in
cancer cells versus non-Tz functionalized cancerous cells.

3. Conclusions

In this study, we have developed a new strategy for achieving
targeted cancer therapy. Different from conventional targeting
strategies, we have built unique tetrazine functionalized chemical
receptors on cancer cells via efficient metabolic glycoengineering.
The strategy serves as a general approach to engineering the tet-
razine functionality on variable cancer cell lines, such as MDA-
MB-231, HCT116, A549 and HeLa cells efficiently. The chemi-
cal receptors can be specifically targeted by TCO-caged prodrugs
via rapid and bioorthogonal Tz-TCO click chemistry, enabling
highly selective cancer cell imaging including multiplexed im-
aging. Also different from reported click chemistry-based drug
targeting, the artificial receptors have an additional drug release
function. We have demonstrated that the tetrazine labeled cancer
cells can locally activate TCO-caged prodrugs doxorubicin and
ARV771 to release active drugs with significantly improved
selectivity. The works offer a promising method for anticancer
therapy delivery. Further efforts are being pursued to enable se-
lective engineering tetrazine on cancer cells, which could be used
for in vivo drug targeting and delivery.

4. Experimental

4.1. Materials

Common materials or chemical reagents were purchased from
commercial sources such as SigmaeAldrich, Ambeed, and Fluka
and used without further purification. AlexaFlour@647-labeled
streptavidin and AlexaFlour@488-DBCO were purchased from
Thermo Fisher Scientific. TCO-PEG3-Biotin was purchased from
Thermo Fisher Scientific. The solvents were used by dry solvents
system. All reactions were monitored by TLC or LCeMS from
Shimadzu. Purification was conducted on preparative flash column
chromatography and preparative reversed-phase high performance
liquid chromatography (RP-HPLC) with solvent systems speci-
fied. Nuclear magnetic resonance (NMR) spectra were recorded
on automated Bruker AVIII-400 instruments. High-resolution
mass spectra (HRMS) were recorded on a Bruker microTOF II
instrument in positive ion mode using an Agilent G1969 API-TOF
with an electrospray ionization (ESI) source. Ultraperformance
liquid chromatography (UPLC) spectra for compounds were ac-
quired using a Shimadzu LabSolutions system.

4.2. Cell culture

All cells were cultured at 37 �C, 5% CO2 and were supplemented
with 10% fetal bovine serum (GIBCO, catalog No. 10437) and 1%
penicillin/streptomycin (Thermo Fisher, catalog No. 30-002-Cl).
MDA-MB-231 breast cancer cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 media (GIBCO, catalog No.
11875085). HCT-116 cells were cultured with McCoy’s 5 A media
(GIBCO, catalog No.16600082). A549 and HeLa cells were
cultured with DMEM media (GIBCO, catalog No. 11995). Cells
were passaged by aspirating the media, followed by treatment
with trypsin (0.25%, Millipore-Sigma, catalog No. SM2003C) and
incubation at 37 �C until cells began to detach form the plate
(approximately 5 min). Cell aggregates were dispersed by pipet-
ting and passing the cells to culture media. The hemocytometer
was used to count cell number.

4.3. Western blotting

After treatment with indicated compounds, cells were washed
twice with ice-cold PBS and extract protein using RIPA buffer
with EDTA supplemented with Halt™ protease inhibitor cocktail
(Thermo Scientific, catalog No. 87786) on ice for 30 min. The
lysates were harvested in 1.5 mL Eppendorf tubes and centrifuged
at 12,000 rpm at 4 �C for 20 min. The supernatant was collected,
and the protein concentration was quantified using the Pierce BCA
protein assay kit (Thermo Scientific, catalog No. 23227). Aliquots
of proteins (15 mL) was loaded and running by electrophoresis on
NuPAGE™ 4e12% Bis-Tris Mini Protein Gel (Thermo Fisher,
catalog. No. NP0322BOX) followed by electrophoretic transfer
onto PVDF membranes (Bio-Rad, catalog. No. 1620177). The
membranes were blocked with 5% non-fat dry milk (Bio-Rad,
catalog. No. 1706404), and subsequently incubated with primary
rabbit anti-BRD4 monoclonal antibody and mouse anti-Myc
monoclonal antibody from Cell Signaling Inc at a predetermined
optimal concentration overnight at 4 �C. Mouse anti-GAPDH
monoclonal antibody was used for loading control. After washing
with TBST thrice (10 min each), the membranes were incubated
with the secondary horse radish peroxidase (HRP)-linked antibody
for 1 h at room temperature. Following washing thrice with TBST,
the membranes were incubated with chemiluminescent HRP
substrate. The blotting membranes were recorded using iBright™
Imaging System (Thermo Fisher). Information on all antibodies
used in Western blot analysis is listed In Supporting Information
Table S1. The Immunoblots were quantified using the ImageJ
version 1.52a software.

4.4. Flow cytometry

Flow cytometry analysis was performed on BD FACS Canto II
using 488 nm and 647 nm laser. At least 104 viable cells were
analyzed from each sample. Cancer cells were seeded at a density
of 105 cells/well in 12-well plates and grown in the presence of
Ac4ManNTz (1) for 3 days in RPMI1640 media. Cells were then
washed with PBS twice and incubate with TCO-PEG3-Biotin so-
lution in media for 30 min at 37 �C. Afterwards cells were washed
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with PBS twice and incubated with AlexaFlour@647-Streptavidin
(20 mg/mL) for 20 min in PBS buffer (0.1% FBS in PBS) dark at
room temperature. The cells were then washed with PBS twice
and treated with trypsin (100 mL) for 5 min at 37 �C. Subsequently
media (300 mL) was added, cells were gently suspended and
centrifuged at 1200 rpm for 5 min at 4 �C. The supernatant was
carefully removed and wash the pellet twice with PBS, then re-
suspended in PBS solution at 4 �C. The cell suspensions were
placed in FACS tubes and kept on ice prior to analysis. The
cellular debris and doublet cells were gated out by forward and
side scatter. Each sample was run in triplicate at each experiment.
Median fluorescence intensity was calculated, and the data were
analyzed using FlowJo 10.4.2 software.

4.5. Confocal microscopy

Fluorescence images of cells were collected using a Leica SP5-II
Confocal Microscope equipped with a 40, 1.3 NA oil immersion
objective lens and CMOS cameras. Cells were seeded onto
coverslip in a 12-well plate at a density ofw5 � 104 cells per well
and allowed to attach for 24 h Ac4ManNTz (50 mmol/L) was
added, and the cells were incubated at 37 �C for 72 h. After
washing with PBS, cells were incubated with TCO-Biotin
(0.25 mmol/L) for 30 min. The cells were washed twice with
PBS and incubated with Streptavidin-Cy5 (20 mg/mL) for 20 min.
After washing, the cells were fixed with 4% paraformaldehyde
solution, followed by staining of cell nuclei with DAPI. The
coverslips were mounted onto microscope slides and imaged
under a confocal laser scanning microscope. Image analysis was
performed in ImageJ/Fiji.

4.6. Cell proliferation

Cell viability was determined using a cell counting kit (CCK-8,
Dojindo Molecular Technologies, Inc.). Briefly, cells were har-
vested from culture dishes and seeded in 96-well plates with
w5 � 103 cells/well at 37 �C in a humidified 5% CO2 environ-
ment and allowed to adhere overnight. Cells were exposed to
medium containing different concentrations of test compounds or
vehicle (n Z 3). After incubation for an additional 24 h, 10% of
CCK-8 in 100 mL culture medium was added to each well and
incubated for 2 h. The absorbance was measured with a microplate
spectrophotometer at abs Z 450 nm. The experiments were per-
formed in triplicate. The values were normalized by the controls
and calculated by the Logit method.

4.7. Analysis of tetrazine labeled glycoproteins

A549 cells were seeded at a density of w106 cells each in 6 well-
plate and allowed to attach for 12 h. Then 25 or 50 mmol/L of
Ac4ManNTz (1), Ac4ManNPhTz (2), Ac4ManNPh (3) or control
(DMSO) were added and incubated for 3 days. After washing with
PBS, cells were incubated with TCO-PEG3-Biotin (0.25 mmol/L)
at 37 �C for 30 min. Then washing with PBS, cells were harvested
by incubating with lysis buffer. The supernatant protein was ob-
tained by centrifugation at 12,000 rpm, 4 �C for 20 min. Aliquots
of proteins (15 mL) were loaded and running for Western Blot.
After blocked with 5% non-fat dry milk, the membrane was
incubated with anti-a-biotin-HRP (1:5000, Thermo Scientific,
catalog No. ENN100) in blocking buffer for 1 h. Then washed
with PBST thrice (10 min each) and developed by ECL Western
blotting Substrate.
4.8. Dual labeling with Ac4ManNTz and Ac4ManNAz

MDA-MB-231 cells were seeded at a density of w105 cells in 1-
well plate and cultured with Ac4ManNTz (25 mmol/L) and
Ac4ManNAz (25 mmol/L) for 3 days in RPMI 1640 medium. The
cells were washed with PBS twice and incubated with DBCO-
FITC488, 10 mmol/L in medium for 30 min. Cells were then
washed with PBS twice and incubated with TCO-PEG3-Biotin
(0.25 mmol/L) for 30 min at 37 �C. After washing twice with PBS,
cells were incubated with Steptavidin-Cy5, 20 mg/mL in medium
for 20 min. After washing, the cells were fixed with 4% para-
formaldehyde solution, followed by staining of cell nuclei with
DAPI. The coverslips were mounted onto microscope slides and
imaged under a confocal microscope.
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