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Elucidating the timing and spatial distribution of DNA synthesis within cancer cells is vital for cancer
diagnosis and targeted therapy. However, current probes for staining nucleic acids rely on electrostatic
interactions and hydrogen bonds with the nucleic acid, resulting in “static” DNA staining and the inability
to distinguish cell types. Here, we present a proof-of-concept study of sequential metabolic probes, for
the first time allowing for cancer-cell-specific illumination of DNA. This breakthrough is achieved by the
combination of a "dual-locked” nucleoside analog VdU-Lys, and a new tetrazine-based bioorthogonal
probe. Specifically, 5-vinyl-2'-deoxyuridine (VdU) release is only conducted in programmatically
triggered histone deacetylases (HDACs) and cathepsin L (CTSL) as “sequential keys’, enabling the
modification of vinyl groups into the nuclear DNA of cancerous cells rather than normal cells.
Subsequently, tetrazine-based Et-PT-Tz could in situ light-up DNA containing VdUs with significant
fluorescence (120-fold enhancement) through rapid bioorthogonal We
demonstrated the compatibility of our probe in cancer-specific sensing of DNA with a high signal-to-
noise ratio ranging from in vitro multiple cell lines to whole-organism scale. This approach would serve
as a benchmark for the development of cell-specific metabolic reporters for DNA labelling, to

illumination reaction.
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Introduction

DNA plays a central role in biological processes and under-
standing its regulation is critical for distinguishing normal and
disease cell physiology."* Specifically, labelling the nuclear DNA
of cancer cells can help researchers comprehend the behavior of
these cells, such as proliferation, metastasis, and apoptosis, to
ultimately enhance the effectiveness of anti-tumor therapies.>*°
Towards this, DNA labelling with fluorescent probes™™ is an
essential tool."®* Currently available probes**® for DNA fluo-
rescence labelling include DNA minor groove binders DAPI and
Hoechst, which are established as fundamental imaging tools
and are widely used in biological and biomedical fields.””**
However, these fluorescent dyes stain nuclear acid through
electrostatic interactions and hydrogen bonds with the nucleic
acid,”?" resulting in “static” DNA staining and the inability to
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characterize DNA metabolism in various types of cell lines.

distinguish cell types. Thus, there is an urgent need to develop
fluorescence probes for elucidating the timing and spatial
distribution of DNA synthesis in specific cell types, especially
for cancer cells.

Metabolic labelling®** of DNA, as an emerging chemical
biology approach, provides an effective method for “dynami-
cally” monitoring DNA.***” In this strategy, artificially modified
nucleoside analogs were employed for DNA metabolic labelling
through cellular DNA biosynthesis, enabling introduce chem-
ical reporter groups (e.g. additional azide,*® alkyne,* or vinyl
group”’) to be introduced into DNA. These reporter groups can
then bioorthogonally react with additional chemical probes to
fluorescently label the modified DNA.**"** However, two major
limitations exist in this metabolic-based approach: the highly
conserved DNA metabolic pathway means nucleoside analogs
can join the DNA synthesis process in almost all cell types,*
making it unable to cell-specifically label DNA. In addition,
most of the current bioorthogonal dyes are in “always-on”
mode, resulting in a low signal-to-noise ratio in fluorescence
imaging. To address these issues, with the final goal of
achieving cancer-cell-specific lighting-up of DNA, we envision
a strategy of Boolean logic operation-based metabolic labelling:
(i) chemically modifying nucleoside analogs by cell-specific and
sequentially triggered masking group to engage DNA metabolic
pathways only in cancer cells; (ii) designing a bioorthogonal
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probe that is capable of turn-on fluorescence detection with
high signal-to-noise ratio and fast labelling kinetics.

Herein, we present a proof-of-concept study of sequential
metabolic fluorescent probes, which have for the first time
achieved cell-specific illumination of nuclear DNA within
cancer cells (Fig. 1a). This breakthrough is facilitated by the de
novo design of a sequentially responsive nucleoside analog VdU-
Lys, and a tetrazine-based probe Et-PT-Tz (Fig. S1 and S27). We
integrated an e-acetylated lysine residue that was incorporated
into 5-vinyl-2’-deoxyuridine (VdU), serving as a “dual-lock”
protective group. Utilizing histone deacetylases (HDACs) and
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cathepsin L (CTSL) as the “sequential keys” (enzymes known for
their increased activity in cancer cells**™*’), VdU-Lys could
programmatically release VdU through Boolean logic operation-
based sequential digestion (Fig. 1b). This process ensures
highly selective activation to release VAU only in cancerous cells
rather than normal cells, and enables metabolic modification of
DNA with vinyl groups. Subsequently, the tetrazine group of Et-
PT-Tz, functioning as both a bioorthogonal partner and
a quencher, engages in an inverse electron-demand Diels-Alder
(IEDDA) reaction®*** with DNA containing VdUs, resulting in
a 120-fold fluorescence enhancement for DNA detection. The
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Fig.1 Schematic for cancer-cell-specific lighting-up of DNA through sequentially responsive metabolic labelling probes. (a) General overview of
the sequence-activated metabolic labelling and cancer-cell-specific lighting-up DNA. (b) Our approach uses two cancer cell overexpressed
enzymes (HDACs and CTSL) as “sequential keys”, to programmatically uncage the “dual-locked” nucleoside analog (VdU-Lys) to liberate VdU.
Thus, the released VdU can selectively incorporate into the nuclear DNA of cancerous cells rather than normal cells, achieving metabolic
labelling of DNA with vinyl groups. Then, a newly designed tetrazine-based dye Et-PT-Tz is added to the cells, and it undergoes a bioorthogonal
reaction with the DNA containing vinyl groups, thereby lighting-up the fluorescence. Note: HDAC refers to histone deacetylase, and CTSL refers
to cathepsin L protease.
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specificity of our approach has been validated both in situ and in
vivo, representing a reliable metabolic labelling method for
targeted illumination of DNA within cancer cells. We believe
this approach will serve as a benchmark for the development of
cell-specific metabolic reporters for DNA labelling and open
new avenues for using chemical and fluorescence techniques to
characterize DNA metabolism in cancer cells.

Results and discussion

Uncaging “dual-locked” nucleoside analog to liberate VdU
with HDAC and CTSL enzyme as the “sequential keys”

As established, HDAC and CTSL are known for their increased
activity in cancer cells and have been extensively demonstrated
across various cancer cell lines (including HeLa, HepG2,
HCT116, A549, and HCA-7).>> To validate the sequential diges-
tion reaction of the “dual-locked” nucleoside analog VdU-Lys
(Fig. 2a), we conducted high-performance liquid chromatog-
raphy (HPLC) and mass spectrometry (MS) analyses. We began
with HDAC1 (a broad-spectrum histone deacetylase) to digest
VdU-Lys (the first uncaging step). In HPLC analysis, the reten-
tion times of VdU-Lys and VdU are 7.5 and 5.5 min, respectively
(Fig. 2b). After reaction with HDAC1, the deacetylated product
VdU-(-Ac)Lys exhibited a new peak with a retention time of
6.5 min. As shown in Fig. 2c and S3,T MS analysis revealed the
deacetylated product at m/z 631.3135. These results suggested
a full conversion (triggered by HDAC) of VdU-Lys to deacetylated
products VdU-(-Ac)Lys, with minimal further degradation to
produce vdU.

Next, we performed sequential digestion using HDAC1 and
CTSL, which uncaged the protecting group and released VdU (the
second uncaging step). The HPLC results indicated that the
cleavage product VdU displayed an obvious peak at 5.5 min
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(Fig. 2d), which was further corroborated by MS analysis (Fig. 2e
and S37). Importantly, using CTSL alone did not digest VdU-Lys
into VdU, indicating that deacetylation of VdU-Lys is a prerequi-
site for CTSL-mediated cleavage of the C'-amide bond. Taken
together, these HPLC and MS results suggest that VdU-Lys can be
deacetylated by HDAC, followed by CTSL cleavage of the amide
bond, and self-cleavage of (4-aminophenyl)methanol and
carbonate ester to release the metabolically active VdU. This
demonstrated that “duallocked” VdU-Lys could serve as
a substrate for sequential activation by HDAC and CTSL enzymes
(both are over-expressed in cancer cells), potentially enabling
cancer-cell-specific metabolic labelling of DNA with vinyl groups.

Bioorthogonal reaction with significant lighting-up response
fluorescence (120-fold enhancement) and fast kinetics

Subsequently, we explored the kinetics of the inverse electron-
demand Diels-Alder (IEDDA) reaction of VdU with our tetra-
zine group-modified probe Et-PT-Tz (Fig. 3a). Initially, we
examined the absorption spectra of Et-PT-Tz in various solu-
tions, finding that the absorption wavelengths were primarily
within the 425-450 nm range (Fig. 3b). Upon mixing Et-PT-Tz
and VdU in a PBS buffer, a significantly fluorogenic reaction
was observed (Fig. 3c). The fluorescence spectrum showed
a sharp increase in fluorescence intensity (120-fold enhance-
ment) after the reaction, with the peak emission at 550 nm and
a large Stokes shift of around 100 nm (Fig. 3c). Notably, acti-
vated Et-PT-Tz exhibits a broad emission spectrum extending to
the far-red region, with a tail peak reaching 700 nm, indicating
the potential for in vivo imaging applications. To further assess
the reaction kinetics, we conducted the reaction under pseudo-
first-order conditions, tracking the changes in fluorescence
intensity at 550 nm. The determined apparent rate constant for
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Fig.2 Analysis of sequential digestion reaction of “dual-locked” VdU-Lys triggered by HDAC and CTSL. (a) Schematic illustration of HDAC/CTSL-
induced sequential degradation of VdU-Lys. HDAC removes the N®-acetyl group of the lysine residue first, which is followed by cleavage of the
C*-amide bond by CTSL and self-cleavage of (4-aminophenyl)methanol and carbonate ester to release VdU. (b—e) HPLC trace (b and d) and mass
spectra (c and e) of VdU-Lys incubated with HDAC, VdU-Lys, and HDAC and CTSL.
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Fig. 3 |EDDA reaction with off—on fluorescence response. (a) Sche-
matic illustration of Et-PT-Tz undergoing a fluorogenic IEDDA reac-
tion with VdU. (b) Absorption spectra of Et-PT-Tz in DMSO, CHsCN,
MeOH, DCM, or PBS. (c) Increasing fluorescence of a 100 uM solution
of Et-PT-Tz containing 5 mM VdU in PBS buffer (containing 10%
DMSO, V/v, Aex = 450 nm). (d) Kinetic analysis of Et-PT-Tz (100 puM)
reacting with VdU (0-5 mM, 0-50 eq.). Fluorescence increases versus
time upon mixing Et-PT-Tz with VdU. (e) Plot of the observed rates K’
versus VdU concentrations. The slope yields the rate constant k.
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this reaction was 3.38 x 107> M ' s~ (Fig. 3d, e and S4f),
around 30-fold faster than that of commonly used strain-
promoted azide-alkyne cycloaddition “SPAAC” reactions (k =
107 M~ s7')® for cellular labelling. Therefore, the bio-
orthogonal reaction of Et-PT-Tz with VdU shows fast kinetics
with significant fluorescence enhancement (120-fold).

Cancer-cell-specific lighting-up of nuclear DNA in situ and in
vivo

To evaluate our strategy for cancer-cell-specific metabolic
labelling of nuclear DNA, we treated cancerous cells (HepG2,
A549, HCT116, and HeLa) and noncancerous cells (HK2, 293T,
HaCaT, and SV-Huc-1) with VdU (without “dual-lock”) or VdU-
Lys (with “dual-lock”) (Fig. 4). We then stained these cells
with Et-PT-Tz to illuminate the vinyl-modified DNA. MTT assays
clearly showed that the probes were non-toxic to both cancerous
and noncancerous cells (Fig. S51). In VdU groups, fluorescence
imaging revealed strong nuclear fluorescence signals in all
cancerous and noncancerous cell lines (Fig. 4a and c), along
with excellent colocalization between Et-PT-Tz and the
commercial DNA binder, including Hoechst 33342 (P, = 0.93,
Fig. S6t1) and PI (P, = 0.94, Fig. S7f). Moreover, quantitative
fluorescence intensity profiling confirmed that Et-PT-Tz stained
nearly the same nuclear region as the commercial DNA binder
(Fig. S6 and S77), indicating its strong nuclear targeting ability.
Remarkably, the nuclear imaging signal-to-noise ratio of Et-PT-
Tz was 3.8 times higher than that of Hoechst due to the off-on
fluorescent response of Et-PT-Tz with DNA containing vinyl
groups (Fig. S81). In addition, SIM images demonstrated that
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Fig.4 Cancer-cell-specific fluorescence imaging of nuclear DNA. Cells were incubated with 100 uM VdU or VdU-Lys for 24 h; after fixation they
were subsequently stained with 10 uM Et-PT-Tz for 5 h. (a and c¢) Representative fluorescence images (a) of VdU-induced cells including
noncancerous cells (human kidney HK2 cell, human embryonic kidney 293T cell, human keratinocyte HaCaT cell, and simian vacuolating virus
40-transformed human urothelial SV-Huc-1 cell) and cancerous cells (human hepatoma HepG2 cell, human non-small-cell lung cancer A549
cell, human colorectal carcinoma HCT116 cell, and human epithelioid cervical carcinoma Hela cell), and quantitative analysis of the fluorescence
intensity of the above cells (c). n > 13 biologically independent cells for each group in (c). Representative fluorescence images (b) of VdU-Lys-
induced HK2, 293T, HaCaT, SV-Huc-1, HepG2, A549, HCT116, and Hela cells, and quantitative analysis of fluorescence intensity (d) of above
cells. n > 13 biologically independent cells for each group in (d). Aex = 450 NM; Aem = 500-650 nm.
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Fig. 5 Cancer-specific DNA labelling in vivo. (a) General overview of experiments used for DNA labelling in vivo. VdU-Lys or VdU was intra-
peritoneally injected once per 24 h over 3 days. After 3 days, the mice were sacrificed, and the tumors and organs were collected and sectioned
for dyeing by Et-PT-Tz. (b and c) Fluorescence imaging of isolated organs and tumor tissue from experiments exposing mice to VdU (b) and VdU-

Lys (c). (d and e) Quantitative analysis of fluorescence intensity of organs

biologically independent sections for each group in (d and e). Et-PT-Tz:

and tumor slices from mice exposed to VdU (d) and VdU-Lys (). n =3
Aex = 450 NmM; Aem = 500-650 nm; DAPI: Aex = 405 nm; A, = 450

500 nm. Statistical significance was calculated using a two tailed t-test. ns = non-significant, **P < 0.01.

Et-PT-Tz effectively visualized the super-resolution nuclear
structure at different depths (Fig. S91). These results indicated
the successful metabolic incorporation of VdU into the nuclear
DNA, and the activation of Et-PT-Tz fluorescence through the
bioorthogonal reaction.

In contrast, for the cell lines treated with VdU-Lys, only
cancerous cells exhibited bright nuclear fluorescence signals,
while noncancerous cells displayed almost no fluorescence
(Fig. 4b, d and S10%). Further, there was little difference in the
nuclear fluorescence signal of cancerous cells treated with VdU-
Lys compared to those treated with vdU (Fig. S11%). These
findings demonstrated that, with the combination of the
sequentially triggered VdU-Lys and probe Et-PT-Tz, we have
successfully developed an effective method for cancer-cell-
specific lighting-up of DNA and super-resolution of nuclear
structures with a high signal-to-noise ratio.

To evaluate the feasibility of our sequential metabolic probes
in vivo, we established an in vivo xenograft tumor model (Fig. 5).
After three weeks, we administered intraperitoneal injections of
either VdU or VdU-Lys. We first evaluated the ability of our
strategy for tumor-specific fluorescent labelling by in vivo
imaging of mice, indicating that it could achieve tumor target-
ing at the whole-animal scale (Fig. S121). We then harvested the
organs and tumors to create frozen sections, which we stained

© 2025 The Author(s). Published by the Royal Society of Chemistry

with Et-PT-Tz for imaging (Fig. 5a). The fluorescent imaging
results showed that mice injected with VdU displayed strong
fluorescence in the tumor and various organs (Fig. 5b and d). In
contrast, bright nuclear fluorescence was exclusively only in the
tumors of mice injected with VdU-Lys (Fig. 5¢, e and S137), with
no nuclear fluorescence observed in other organs (including the
liver, kidney, and heart). All these results confirmed that our
strategy of using sequential metabolic probes can selectively
mark tumors in vivo by cancer-cell-selective metabolic lighting-
up of DNA.

Conclusions

We developed an innovative sequence-activated metabolic
labelling approach, for the first time allowing for cancer-cell-
specific lighting-up of DNA. This strategy ingeniously uses two
enzymes to regulate metabolic labelling, thereby achieving
remarkable cell selectivity. It capitalizes on the unique activities
of HDAC and CTSL in cancer cells (as “sequential keys”), to
sequentially uncage “dual-locked” nucleoside analog VdU-Lys
and release VdU for vinyl-modified DNA labelling. We also
introduced a novel tetrazine-based bioorthogonal probe Et-PT-
Tz, in which the tetrazine moiety serves dual functions: a fluo-
rescence quenching group and a bioorthogonal functional unit.

Chem. Sci., 2025, 16, 6837-6844 | 6841
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Et-PT-Tz only fluoresces once it reacts with vinyl-modified DNA
via an IEDDA reaction with fast kinetics, resulting in a signifi-
cant fluorescence enhancement and facilitating high-signal-to-
noise cancer cell DNA sensing. Notably, we demonstrated the
compatibility and cancer-specificity of our strategy in applica-
tions ranging from in vitro multiple cell lines to whole-organism
scale, achieving real-time, subcellular resolution imaging/
identifying cancerous cells. We believe this strategy could
generate a series of imaging toolboxes, by designing other
nucleoside analogs for selective metabolic labelling of DNA in
other diseases. This would be possible if endogenous disease-
specific triggers, such as oxidants, reductases, matrix metal-
loproteinases, and various cathepsins, could be identified and
utilized for profiling DNA molecules from specified cells.
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