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Bioorthogonal chemistry has become a robust toolbox with growing applica-
tions in biology and medicine. To meet diverse needs in research, new types of
on-demand bioorthogonal reactions capable of responding to biological
triggers or exogenous stimuli are highly valuable, to achieve spatial and tem-
poral control over reactions in living systems. Elevated levels of reactive oxy-
gen species have been implicated in aging and multiple diseases, serving as
remarkable endogenous triggers for prodrugs, probes and materials, however
ROS-activated bioorthogonal ligation remains as a challenge. Here we report a
reactive oxygen species activated tetrazine ligation enabled by boronate-
caged dihydrotetrazines. Bioorthogonal handle tetrazines can be in situ gen-
erated from boronate-caged dihydrotetrazines upon the elevated level of
hydrogen peroxide, resulting in spatiotemporal control of subsequent reac-
tions with dienophiles. Using this strategy, a reactive oxygen species triggered
construction of proteolysis targeting chimera for targeted degradation of the
protein of interest bromodomain-containing protein 4 (BRD4) is successfully
established by tagging boronate-caged dihydrotetrazines with a cereblon E3
ligase recruiter. Furthermore, we demonstrate a reactive oxygen species
triggered tetrazine ligation enabled tumor-selective drug delivery in both liv-
ing cells and mice. The present reactive oxygen species responsive delivery of
cytotoxin doxorubicin via a click-to-release reaction between boronate-caged
dihydrotetrazines and trans-cyclooctene modified doxorubicin shows excel-
lent chemotherapeutic efficacy and safety in suppressing the growth of some
tumors, superior to both direct administration of doxorubicin and reactive
oxygen species sensitive prodrug of boronate-caged doxorubicin. We expect
this reactive oxygen species responsive bioorthogonal reaction will offer
compelling opportunities for precision therapy and provide approaches for
studying pathogenesis.
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As bioorthogonal reactions have broad applications in multi-
disciplinary research and pharmaceutics, there is an increasing need
for precise and specific control of these exogenous chemical reactions
in complex living systems'?. Therefore, the development of new types
of on-demand bioorthogonal reactions capable of responding to sti-
muli holds great potential, which would enable avenues to manipulate
molecules such as glycans®, proteins®, lipids®, probes®, materials” and
prodrugs® in vivo, offering tools to elucidate physiological processes
and providing approaches for precision therapy. Current efforts to
regulate bioorthogonal reactions are mainly focused on the in situ
generation of reactive reactants by means of photoclick chemistry or
uncaging chemistry. For example, photoactivations of tetrazoles’,
sydnones'®, dibenzocyclopropenones” ™, hydroxy-benzyl alcohols'"
with appropriate light would lead to the formation of corresponding
reactive species like nitrile imines, dibenzocyclooctynes and quinone
methides. Photoinduced reduction of Cu (II) to Cu (I) permits spatio-
temporal control of classic click reaction between azide and alkyne'.
On the other hand, photocatalytic oxidations of dihydrotetrazines to
tetrazines have been develop, enabling precise imaging of subcellular
organelles in living cells, and light-triggered hydrogel formation in
living mice"”™". The photoclick chemistry also includes light-initiated
thiol-ene® /alkyne® reactions, [3+2] cycloaddition between azides and
cycloalkenes?, as well as [4+2] cycloadditions of 9,10-phenan-
threnequinones with dienophiles®. Meanwhile, conventional uncaging
chemistry has been employed for the on-demand bioorthogonal
reactions by introducing labile groups into inert precursors. However,
among numerous bioorthogonal reactions, only few bioorthogonal
handles have been achieved through uncaging chemistry so far. By
tagging the photocaging group to triarylphosphine, light-activated
Staudinger ligation has been demonstrated*. Tactics of photounca-
ging and enzymatic cleavage to generate active tetrazines or dieno-
philes have been demonstrated to control tetrazine ligation*>>', In
addition to the above-mentioned uncaging chemistry by covalent
labile protecting groups, noncovalent host-guest chemistry has been
recently applied to regulate click reactions by encapsulating catalyst
Cu (I)* and tetrazines®, respectively. Despite tremendous advance-
ments in the development of on-demand bioorthogonal chemistry,
alternative benign triggers are highly favorable since many stimuli
have yet to try other than light and enzymes.

Reactive oxygen species (ROS) produced by cellular oxygen
metabolism play crucial roles in regulating physiological processes
and maintaining homeostasis in health®*. However, elevated levels of
ROS can cause oxidative damage of biomolecules, which has been
implicated in aging® and many diseases, such as cancer®,
inflammation®, diabetes®, hypertension® and neurodegenerative
diseases’**. Therefore, ROS have been used as a privileged endo-
genous trigger to spatiotemporally activate diagnostic or therapeutic
species such as prodrugs, probes and materials at pathological
sites****, increasing the signal-to-noise ratio and decreasing side
effects. In light of this, ROS have great promise to turn on bioor-
thogonal ligations, holding great potential for enhanced diagnosis
and therapy. Among numerous bioorthogonal reactions, rapid tet-
razine chemistry has found increasing applications in biological
research, material science and medicine**~*%, Both click***° and click-
to-release *' chemistry between tetrazines and dienophiles have been
widely used for the construction or activation of molecules in vivo. In
this context, a ROS-triggered tetrazine ligation may offer a powerful
tool for targeted interventions in oxidative stress-associated
diseases.

Here, we have demonstrated a ROS-activated bioorthogonal tet-
razine ligation enabled by boronate-caged dihydrotetrazines (BTz).
Stable tetrazine precursors BTz have been designed and achieved by
masking dihydrotetrazines with a ROS-sensitive group of aryl boronate
ester via a 1,6-self-immolation linker*>**, Bioorthogonal handle tetra-
zines (Tz) can be in situ generated from boronate-caged

dihydrotetrazines (BTz) upon the elevated level of hydrogen per-
oxide, resulting in spatiotemporal control of subsequent reactions
with dienophiles. We investigate this ROS-activated bioorthogonal
tetrazine chemistry in both living cells and animals. Using this strategy,
a ROS-triggered in vivo construction of proteolysis targeting chimera
(PROTAC) for targeted degradation of protein BRD4 is established,
through a click reaction of BTz modified cereblon E3 ligase recruiter
(BTz-CRBN) with trans-cyclooctene tagged JQl1 (TCO-JQl). Further-
more, we demonstrate a ROS-on-demand tetrazine ligation enabled
tumor-selective drug delivery with excellent chemotherapeutic effi-
cacy and safety in living cells and mice. Our findings indicate that the
present ROS-triggered delivery of doxorubicin via a click-to-release
two-step process shows excellent chemotherapeutic efficacy and
safety for some tumors, superior to both the direct administration of
doxorubicin and ROS-sensitive boronate-caged doxorubicin.

Results and discussion

Synthesis of ROS-responsive tetrazine precursors

Hydrogen peroxide (H,0,) is one of the most abundant reactive
oxygen species (ROS) in humans and it has been reported that the
amount of H,0, in some tumor environments could reach over 100
times higher compared to normal tissues**. Given this, we envisioned
that the elevated level of H,0, could serve as a benign endogenous
trigger to regulate the tetrazine ligation in vivo. On the basis of our
previous experience with photouncaging tetrazine chemistry”~,
ROS-sensitive precursor 1 of 6-methyl-3-phenyl-1,2,4,5-tetrazine 1a
has been designed and achieved by masking the corresponding
dihydrotetrazine with a highly H,O,-selective phenyl pinacol
boronate’>** (see Supplementary synthetic method). Upon reaction
with elevated H,0,, we expected that phenyl pinacol boronate-caged
6-methyl-3-phenyl-1,4-dihydro-1,2,4,5-tetrazine 1 would be oxidized
to form the intermediate phenol, subsequently releasing the desired
tetrazine (Tz) 1a via a 1,6-elimination along with side products of
carbon dioxide (CO,) and quinone methide (Fig. 1a). To reach this
goal, we first evaluated the biocompatibility of boronate-caged
dihydrotetrazine (BTz) 1 in vitro, and treated compound 1 with a
common cell culture DMEM complete media at 37 °C. HPLC revealed
that trace amount of tetrazine 1a was observed in 4 h and less than
10% of 1a was detected after 12 h (Fig. S1), which suggested that BTz 1
was compatible with the biologically relevant aqueous solution. As
we initially anticipated that only the elevated level of H,0, would
trigger the oxidative formation of tetrazines from boronate-caged
dihydrotetrazines. To test this hypothesis, we next explored the
reactivity of BTz 1 with different concentrations of H,0, in PBS
solution and samples were taken from the reaction mixture after 4 h
and examined by HPLC (Fig. 1b). Without H,0,, negligible amount of
tetrazine 1a was observed and very little of tetrazine 1a (20% yield,
4 h) was formed with a normal physiological concentration of H,0,
(10 uM). However, 59% yield of tetrazine 1a was generated from its
precursor of BTz 1 after 4 h when using 100 pM of H,0,, and an
improved yield of 75% was obtained by extending the reaction
duration for 12 h (red, Fig. 1c). In contrast, only 4% of 1a was observed
without H,0; (blue, Fig. 1c). These findings indicated that the present
ROS-responsive boronate-caged dihydrotetrazine was highly dose-
dependent, therefore larger amounts of tetrazine 1a were obtained
from BTz 1 when we increased the concentrations of HO, to 200 pM
(72% yield, 4 h) and 500 uM (94% yield, 4 h). Hence, we anticipated
that the endogenous high level of H,0, at some pathological sites
would be able to spatiotemporally trigger the oxidative formation of
tetrazines from BTz in vivo. HPLC analysis in Fig. 1d revealed that
boronate ester group within BTz 1 were fully hydrolyzed to boronic
acid (see Supplementary high-resolution mass spectrometry) in PBS
solution, which has been reported capable of responding to H,0,%.
Once BTz 1 was treated with 100 pM of H,0,, a peak of dihydrote-
trazine 1b was observed by HPLC (Fig. 1d), suggesting the ROS-
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activated formation of tetrazine 1a from BTz 1 may proceed through
the intermediate of dihydrotetrazine 1b.

Although phenyl pinacol boronates are widely used in chemical
biology®**, purification of such compounds by silica gel column
chromatography without distinct loss of yields is a known challenge. A
recent report reveals that aryl boronic acid 1,1,2,2-tetraethylethylene
glycol esters can be obtained in high yields after purification by col-
umn chromatography on silica gel*®. We wondered whether phenyl
boronic acid 1,1,2,2-tetraethylethylene glycol ester-caged dihydrote-
trazine could be a suitable substrate for the anticipated H,0,-triggered
tetrazine ligation. Given this, we have synthesized the phenyl boronic
acid 1,1,2,2-tetraethylethylene glycol ester-caged 6-methyl-3-phenyl-
1,4-dihydro-1,2,4,5-tetrazine 2 (see Supplementary synthetic method).
However, BTz 2 showed sluggish reactivity towards 100 pM of H,O, in
PBS solution at 37 °C and 33% yield of tetrazine 1a was detected after
12 h (Fig. S2). Therefore, we chose the H,0,-sensitive phenyl pinacol
boronate to further extend the scope of BTz (Fig. 1e). Since tetrazine
ligations between tetrazines and dienophiles undergo inverse electron
demand Diels-Alder reactions, to enhance the reactivity of cycload-
ditions, more electron-deficient substituents on boronate-caged
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Fig. 1| ROS-activated formation of tetrazines from boronate-caged dihy-
drotetrazines. a H,0,-activated formation of tetrazine 1a from BTz 1. b The reac-
tion was carried out by incubating 1 (5 uM) without or with H,0, (10 uM, 100 uM) in
PBS solution (containing 1% DMSO) at 37 °C for 4 h. Samples were taken from the
reaction mixtures at 4 h and examined by high performance liquid chromatography
(HPLC) (absorbance monitored at 254 nm). Data were presented as mean +
standard error of the mean (SEM), open circles indicate independent experiments
(n= 3). Statistically significant differences between no H,0, treatment and other
treatments were indicated using an independent ¢-test (two-tailed): “"P < 0.0001.
¢ The reaction was carried out by incubating 1 (5 uM) without or with H,O, (100 uM)
in PBS solution (containing 1% DMSO) at 37 °C for 12 h. Samples were taken from the
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dihydrotetrazines 3 and 4 have been examined. To our delight, both
3,6-diphenyl-1,2,4,5-tetrazine 3a (66% yield, 8 h) and 6-methyl-3-(pyr-
idin-2-yl)-1,2,4,5-tetrazine 4a (91% yield, 4 h) could be oxidative gen-
erated from corresponding BTz 3 and BTz 4 in good yields (Figs. S3
and S4). Considering the introduction of functional groups on aryl
boronate-caged dihydrotetrazines may facilitate their applications, we
chose BTz 1 as a standard substrate for the subsequent explorations.

H,0,-dependent targeted protein degradation

As tetrazine precursors of phenyl pinacol boronate-caged dihydrote-
trazines (BTz) can be activated by high level of H,O, in biorelevant
aqueous PBS solution, we next aimed at H,0,-dependent tetrazine
ligations and explored their applications. Proteolysis targeting chi-
mera (PROTAC) has been extensively exploited in drug discovery,
which can degrade specific proteins of interest in a catalytic manner.
Tetrazine ligations have been previously implemented to synthesize or
activate PROTAC*”*®, Thus we hypothesized that the newly developed
boronate-caged dihydrotetrazines could enable a H,0,-dependent
PROTAC, which holds great potential for precision cancer therapy. For
this reason, we decided to explore a H,0,-dependent construction of
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reaction mixtures at different time points and examined by HPLC. Spectra with and
without H,0, for 12 h (absorbance monitored at 254 nm). Data were presented as
mean * standard error of the mean (SEM) (n = 3 independent experiments). Sta-
tistically significant differences between no H,0, treatment and 100 uM H,0,
treatment were indicated using a two-way analysis of variance (ANOVA) with a
Tukey post-hoc test (n= 3). ""P<0.0001. d Incubating 1 (5 uM) with 100 uM of H,0,
in PBS solution (containing 1% DMSO) at 37 °C. Samples were taken at Oh, 1h, 2 h,
6 h and 12 h, then examined by HPLC (absorbance monitored at 254 nm). AU,
absorbance unit. e Boronate-caged dihydrotetrazines. Source data are provided as
a Source Data file.
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PROTAC in cancer cells. Therefore, boronate-caged dihydrotetrazine-
tagged E3 ligase recruiting ligand thalidomide 5 was synthesized,
which would recruit E3 ubiquitin ligase cereblon (CRBN). We antici-
pated that BTz 5 would be oxidized to tetrazine 5a in the presence of
the elevated level of H,0,, then underwent a click ligation reaction
with TCO-JQl1 6 to generate the PROTAC 7, resulting in the recruitment
of CRBN to degrade the targeted BRD4 protein (Fig. 2a).

For this purpose, we first investigated the oxidative formation of
tetrazine 5a from BTz 5 (5pM) in PBS solution. Samples were taken
from the reaction mixture at different time points and examined by
HPLC. As expected, the oxidative yields of tetrazine 5a from its pre-
cursor BTz 5 exhibited a strong dose-dependent relationship with the
concentration of H,0,, and only trace amount of 1a (3%, 6 h) was
observed without H,0, (blue, Fig. 2b). However, compared to BTz1, a
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Fig. 2 | H,0,-dependent construction of PROTAC to degrade BRD4 protein in
A549 cancer cell. a Upon exposure to high concentrations of H,O, BTz-tagged E3
ligase recruiting ligand thalidomide 5 will be oxidized to Tz-thalidomide 5a, which
can react with TCO-JQ1 6 to form PROTAC 7 for the targeted degradation of protein
BRD4 (Created in BioRender. lab, L. (2026) https://BioRender.com/bm3fqz5).b The
reaction was carried out by incubating 5 (5 uM) without or with H,O, (100 uM) in
PBS solution (containing 1% DMSO) at 37 °C for 6 h. Samples were taken from the
reaction mixtures at different time points and examined by HPLC. Spectra with and
without H,0, for 6 h (absorbance monitored at 254 nm). Data were presented as
mean * standard error of the mean (SEM) (n = 3). Statistically significant differences
between no H,0, treatment and 100 uM H,0, treatment were indicated using a
two-way analysis of variance (ANOVA) with a Tukey post-hoc test (n=3).
""P<0.000L. ¢ The reaction was carried out by incubating 5 (5 uM) and TCO-JQl1 6
(5uM) with 100 uM of H,0, in PBS solution (containing 1% DMSO) at 37 °C. Samples

were taken from the reaction mixtures at different time points and examined by
HPLC. (absorbance monitored at 254 nm). d High resolution mass spectrometry
(HRMS) of PROTAC 7. e Western blot assay of PROTAC-mediated BRD4 degrada-
tion in A549 cells. Cells were treated with TCO-JQ1 6 (5 uM) for 6 h, followed by
incubation with 5 (5uM) or 5a (5uM) in the presence or absence of 10 mM sodium
pyruvate or 100 uM of H,0, at 37 °C for 18 h. f Dose-dependent degradation of
BRD4. g Effect of different compound on BRD4 degradation in A549 cells. Data
were presented as mean + standard error of the mean (SEM), open circles indicate
independent experiments (n =3 biologically independent samples). Statistically
significant differences between control and other treatments were indicated using
an independent ¢-test (two-tailed): “"P< 0.0001, "P< 0.01. h Degradation rate of
BRD4 in A549 cell line. Data were presented as mean + standard error of the mean
(SEM) (n =3 biologically independent samples). Source data are provided as a
Source Data file.

higher yield of 98% was obtained from BTz 5 under the same reaction
conditions (red, Figs. 2b and S5), which shown that substitutions on the
phenyl ring of dihydrotetrazines could influence the tetrazine forma-
tion kinetics. Encouraged by this result, we next investigated the H,0,-
driven click reaction between BTz 5 and TCO-JQ1 6 in PBS solution.
Upon 100 pM of H,0,, isomers of PROTAC 7 were rapidly detected by
HPLC (Fig. 2¢) and confirmed by high-resolution mass spectrometry
(Fig. 2d). For comparison, no PROTAC 7 was formed in the absence of
H,0, (Fig. S6). Therefore, we anticipated that the endogenous high
level of H,0, at some pathological sites would be able to spatio-
temporally trigger the oxidative formation of PROTAC 7 in vivo.

Encouraged by the in vitro results, we next investigated the
intracellular formation of active PROTAC 7 in A549 cells. As shown in
Fig. S7, we analyzed the amount of PROTAC 7 in cell lysates after co-
treatment with BTz 5, TCO-JQ1 6, and H,0, (100 uM) for 5 h, and 91%
yield of 7 was observed, which is compared to the positive control
group treated with tetrazine 5a and TCO-JQl 6. In contrast, almost no
PROTAC 7 formation was detected in the presence of the ROS sca-
venger sodium pyruvate®, indicating that the reaction is H,O,-
dependent. On this basis, we next evaluated the H,0,-activated tetra-
zine ligations between BTz 5 and TCO-JQ1 6 in living cells to degrade
BRD4 protein. We selected two distinct cell lines that overexpressed
BRD4 protein including A549 and Hela. Cells were treated with TCO-
JQ1 6 (5uM) for 6 h followed by adding tetrazine 5a (5uM) or BTz 5
(5uM) along with or without 10 mM sodium pyruvate or 100 pM of
H,0, for 18 h. As shown in Fig. 2e, f, western blot analysis demon-
strated that no obvious degradation of BRD4 was observed when cells
were treated with a mixture of BTz 5 (5uM) and TCO-JQl1 6 (5uM).
However, by co-treatment with 100 uM of H,0,, notable 60% of BRD4
was degraded, which was comparable to the result (71% of BRD4
degradation) of positive controls treated with either PROTAC 7 or the
combination of tetrazine 5a (5uM) and TCO-JQ1 6 (5uM). As sodium
pyruvate is known to scavenge the ROS within living cells*’, BRD4
proteins were not obviously degraded when we treated cells with
sodium pyruvate (10 mM), BTz 5 (5puM) and TCO-JQl1 6 (5uM). Addi-
tionally, we have shown that BTz 5 (5 uM), TCO-JQ1 6 (5 uM) or tetrazine
5a (5 uM) alone was not able to alter the level of BRD4 proteins in cells
(Figs. 2e, g and S8). Furthermore, we established a series of con-
centration gradients to explore the BRD4 protein degradation process
in detail, and experiments were conducted using various concentra-
tions of BTz 5 or TCO-JQ1 6. In a similar manner, cells were treated with
TCO-JQ1 6 for 6 h, followed by the addition of BTz 5 (5 uM) without or
with100 pM of H,0, for 18 h. As shown in Fig. 2f, h, the degradation of
BRD4 turned out to be dose-dependent of BTz 5 and TCO-JQ1 6 in A549
cell line with DCsq values of 2.05uM and 2.47 uM, respectively. These
results suggested that the boronate-caged dihydrotetrazine could
enable a H,0,-dependent PROTAC to degrade BRD4 protein in dif-
ferent cancer cell lines and we expected such a strategy can be further
utilized to degrade other proteins of interest.

ROS-responsive delivery of doxorubicin in cancer cells

Having successfully achieved a H,0,-dependent PROTAC in living cells
via a tetrazine click reaction, we further incorporated boronate-caged
dihydrotetrazines with click-to-release chemistry. This approach
would allow the targeted liberation of drugs at pathological sites with
high levels of H,0,. Thus, we synthesized a prodrug trans-cyclooctene
modified doxorubicin (TCO-Dox) 8 and hypothesized that cytotoxin
doxorubicin (Dox) would be released via a H,0O,-triggered click-to-
release reaction between BTz 1 and TCO-Dox 8 (Fig. 3a, left)”. For
comparison, a H,0,-sensitivity prodrug boronate-caged doxorubicin
(B-Dox) 9 has been evaluated as well (Fig. 3a, right). We first investi-
gated the H,0,-triggered release of Dox in PBS solution, which was
carried out by incubating BTz 1 (5uM) and TCO-Dox 8 (1.5 uM) with
100 uM of H,0, in PBS solution (containing 1% DMSO) at 37 °C. As
shown in Fig. 3b, HPLC analysis revealed that BTz 1 exhibited rapid
reaction kinetics with TCO-Dox 8 in the presence of H,O, (100 uM),
showing an efficient liberation of Dox. Encouraged by these results, we
next investigated the anticipated H,O,-responsive release of Dox in
MC38 colon cancer cells. Comprehensive cytotoxicity assessments
across a range of concentrations of various treatments have been
performed (Figs. 3¢ and S10). As shown in Fig. 3c, treatment of MC38
cells with Dox resulted in cytotoxic effects with an ICso of 2.13 uM and
treatment with the combination of BTz 1 and TCO-Dox 8 in the pre-
sence of 100 pM H,0, showed a comparable ICsq of 3.09 uM. However,
treatments with either the combination of BTz 1+ TCO-Dox 8, BTz
1+H,0;, (100 uM) or TCO-Dox 8 +H,0, (100 uM) exhibited minimal
cytotoxic effect. As shown in Fig. 3d, when MC38 colon cancer cells
were treated with either BTz 1 (13.2 uM) or TCO-Dox 8 (4 uM) alone, or
their combination, did not affect cell viability after 18 h of incubation.
However, treatment with a mixture of BTz 1 (13.2uM), TCO-Dox 8
(4 uM) and 100 uM of H,0,, cell viability was dramatically decreased to
49%, which was almost identical to the direct administration of cyto-
toxin Dox (4 pM) under the same conditions. In the presence of H,0,
(100 uM), no significant loss of cell viability was observed with either
TCO-Dox 8 (4uM), BTz 1 (13.2uM) or a routine H,0,-sensitivity pro-
drug B-Dox 9 (4 uM) alone. These results indicate that boronate-caged
dihydrotetrazines can be used for the ROS-responsive drug delivery in
living cancer cells to kill some tumors.

Tumor-selective drug delivery in mice model

Encouraged by the excellent therapeutic efficiency of H,0,-activated
drug delivery in cancer cells, we next investigated the therapeutic
potential of BTz in a murine model (Fig. 4). First of all, we quantified
the H,0,; levels in tumor and surrounding muscles harvested from
MC38 tumor-bearing male C57BL/6 mice (n= 3 biologically indepen-
dent samples) upon reaching a tumor volume of 200 mm3. As shown in
Fig. Sl1a, the H,0, concentration in tumors reached ~1.9 umol/g, which
is about 8.7-fold higher than that of surrounding normal muscle tis-
sues. The elevated level of H,0, at the tumor site should be sufficient
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(2026) https://BioRender.com/bm3fqz5). b The reaction was carried out by incu-
bating 1 (5 uM) and TCO-Dox 8 (1.5 uM) with 100 uM of H,0, in PBS solution (con-
taining 1% DMSO) at 37 °C. Samples were taken from the reaction mixtures at
different time points and examined by HPLC. (absorbance monitored at 254 nm).
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(100 uM), BTz1 (3.3 eq) + TCO-Dox 8 (1eq), TCO-Dox 8 + H,0, (100 uM), Dox + H,0,
(100 uM) or Dox at 37 °C for 18 h. Data were presented as mean + SEM (n =3 bio-
logically independent samples). d Cell viability of MC38 cells after treatments with
BTz 1 (13.2 uM), TCO-Dox 8 (4 uM), Dox (4 uM), or B-Dox 9 (4 uM) with or without
H,0, (100 uM), followed by incubation at 37 °C for 18 h. Data were presented as
mean * standard error of the mean (SEM), open circles indicate independent
experiments (n= 3 biologically independent samples). Statistically significant dif-
ferences in cell viability between no treatment and other treatments were indicated
using an independent ¢-test (two-tailed): “"P<0.0001, "P<0.01, ‘P< 0.05. Source
data are provided as a Source Data file.

to trigger the conversion of BTz 1 to tetrazine 1a according to the
above in vitro experiments, allowing the subsequent reaction with
TCO-Dox to release the cytotoxin doxorubicin.

To test this hypothesis, we conducted a comprehensive biodis-
tribution study in MC38 tumor-bearing mice treated with TCO-Dox 8,
free Dox, the combination of BTz1+ TCO-Dox 8, or the combination of
BTz 1+ TCO-Dox 8 + intratumoral catalase. When the tumor volume
reached ~200 mm?®, the mice were randomly divided into four experi-
mental groups (n=3 per group). Group 8 received an intraperitoneal
(i.p.) injection of 28.7 umol-kg™ TCO-Dox 8 and a subcutaneous (s.c.)
injection of solvent control. Group Dox received an i.p. injection of 8.6
umol-kg™ Dox and a s.c. injection of the solvent control. Group 1+8
received ani.p. injection of 28.7 umol-kg™ TCO-Dox 8, followed by as.c.
injection of 115.2 umol-kg™ BTz 1 near the tumor site after a 20-min
interval. Group 1+8+catalase received the same dosing regimen as
Group 1+8, but with an intratumoral (i.t.) injection of catalase (0.3 ug)
administered immediately prior to BTz 1 injection. To sustain a
reproduced H,0, concentration in tumor, a second i.t. injection of
catalase (0.3 ug) was given at 12 h post initial treatment. All mice were
euthanized after 24 h treatment and major tissues (heart, liver, kid-
neys, and tumor) were then collected for LC-MS/MS analysis (Fig. 4b,
¢). In Group 8, TCO-Dox has been mainly observed in tumor and liver
tissues while not detectable in the heart and kidneys, which is con-
sistent with typical pharmacokinetics involving hepatic processing and
passive accumulation in tumors (Fig. 4b). In stark contrast, Group 1+8
showed nearly undetectable levels of both BTz 1 and TCO-Dox 8 in all
tissues. This near-complete clearance is consistent with the efficient
consumption of TCO-Dox 8 via the bioorthogonal click-to-release

reaction, rather than solely natural clearance processes. For compar-
ison, the TCO-Dox biodistribution in the group of 1+8+catalase, where
intratumoral H,O, was dramatically decreased (Fig. S11a), displayed a
similar pattern to those of 8 alone, indicating that the biorthogonal
click-to-release reaction was impeded by the reduced amount of H,0,.
Correspondingly, Dox release profiles revealed the critical role of H,0,
in tumors (Fig. 4c). The group of TCO-Dox 8 alone yielded negligible
Dox systemically, while a direct administration of free Dox has been
mainly observed in liver, heart and kidneys. Notably, the combination
group of 1+8 exhibited markedly enhanced tumor-selective delivery of
cytotoxin doxorubicin compared to the combination of 1+8+catalase,
further validating the H,O,-activated click-to-release for drug delivery
at tumor site. Overall, a tumor-selective drug delivery in mice model
has been established and we envisioned this ROS-responsive click-to-
release reaction between BTz and TCO-caged cytotoxins hold great
potentials for precision cancer therapeutic.

We next evaluated the in vivo therapeutic efficacy of BTz 1 plus
TCO-Dox 8 combination compared with that of free Dox and negative
control groups in a MC38 tumor-bearing male C57BL/6 mouse model.
When the tumor volume reached 50-100 mm?3, MC38 tumor-bearing
mice were randomly divided into seven groups (n=>5/group). The
treatment group (GS5) received an intraperitoneal injection (i.p.) of
28.7 umolkg™ TCO-Dox 8, subsequently, after a 20-min interval, a
subcutaneous injection (s.c.) of 115.2 umol-kg™ BTz 1 was given near the
tumor site. For comparative analysis, the remaining 6 groups were
treated as follows. The interval between the two injections was main-
tained at 20 min (Fig. 4a). To rule out the potential influence of the
solvent and the procedure of subcutaneous injection near the tumor
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Fig. 4 | Therapeutic efficacy of prodrug activation in MC38 subcutaneous
tumor model. a Flowchart showing the course of treatment. The mice received two
treatment courses on day O and 3. Tumor volume and body weight were measured
every 2d (Created in BioRender. lab, L. (2025) https://BioRender.com/bm3fqz5).
b LC-MS/MS analysis of biodistribution of TCO-Dox 8 in different tissues of mice
treated with either 8 alone or 1+ 8+catalase after 24 h. Data were presented as
mean * standard error of the mean (SEM), open circles indicate independent
experiments (n =3 biologically independent samples). Statistically significant dif-
ferences analysis was indicated using an independent t-test (two-tailed): “P<0.01,
‘P <0.05. ¢ LC-MS/MS analysis of biodistribution of Dox in different tissues of mice
treated with either TCO-Dox 8, Dox, 1+ 8, or 1+ 8+catalase after 24 h. Data were

presented as mean + standard error of the mean (SEM), open circles indicate
independent experiments (n =3 biologically independent samples). Statistically
significant differences analysis were indicated using an independent t-test (two-
tailed): ""P<0.0001, "P<0.001, "P<0.01, 'P<0.05. d Curve of the tumor volume
change within 12d (n =5 biologically independent samples). Tumor volume was
calculated as V= 0.5 x (major axis) x (minor axis)?. Statistically significant differ-
ences are determined by two-way analysis of variance (ANOVA) with a Tukey post-
hoc test. P <0.0001. e Curve of the body weight change within 12d (n=5 biolo-
gically independent samples). f Photographs of tumor samples dissected after
treatment for 12 d. Scale bar: 10 mm. All data were presented as mean + standard
error of the mean (SEM). Source data are provided as a Source Data file.

site, appropriate solvents were administered to these control groups:
Gl received solvent (i.p.) + solvent (s.c.), G2 received solvent (i.p.) +
115.2 ymol-kg™ 1 (s.c.), G3 received 28.7 umol-kg™ 8 (i.p.) + solvent
(s.c.), G4 received 8.6 umol-kg™ Dox (i.p.) + solvent (s.c.), G6 received
28.7 umol-kg™ Dox (i.p.) + solvent (s.c.), and G7 received 8.6 umol-kg™ 8
(i.p.) + 115.2 ymol-kg™ 1 (s.c.). The mice was received two treatment
courses on day 0 and 3.

Tumor volume and body weight were measured every 2 d. After 2
treatment courses, mice in G2 and G3 groups treated with BTz 1 or
TCO-Dox 8 alone exhibited a rapid tumor growth rate comparable to
that of the untreated G1 group. Notably, the body weight of these mice
remained stable without significant changes, indicating that both BTz 1
and TCO-Dox 8 demonstrate high biocompatibility in C57BL/6 mice.
For the positive control G4 group, mice treated directly with Dox
(8.6 umol-kg™) exhibited significant inhibition of tumor growth. How-
ever, a notable decrease in body weight was observed compared to
other groups. Notably, mice in the G5 group, which received a

combination treatment (28.7 umol-kg™ 8+115.2 umolkg™ 1) showed
superior tumor suppression, achieving a tumor growth inhibition (TGI)
value as high as 66%. This is comparable to the results observed in the
positive control G4 group, underscoring the efficacy of tumor-
selective drug delivery in vivo. In addition, mice in the G5 group
exhibited stable body weight, further indicating the excellent bio-
compatibility and safety profile of our prodrug approach. This pro-
mising strategy exhibits significant potential to alleviate the adverse
effects associated with chemotherapy. Consequently, we have adop-
ted a tumor-selective drug delivery strategy to minimize the side
effects of Dox (Fig. 4d, e).

To further substantiate the safety and efficacy of our proposed
scheme, G6 and G7 groups play a crucial role. Mice in the G6 group
received a high dosage of Dox (28.7 umol-kg™), exhibited significant
weight loss and all succumbed by day 6, indicating that TCO-Dox 8 has
lower toxicity than Dox at the same dosage. Mice in the G7 group,
administered a low dose of TCO-Dox 8 equivalent to that of the G4
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group (8.6umolkg™), showed only modest inhibition of tumor
growth, with the effect being less pronounced (Fig. S12). Ultimately,
these mice were sacrificed on day 12, and their tumors were excised
and photographed. The results were consistent with the tumor volume
analysis (Fig. 4f).

In summary, we have developed an on-demand bioorthogonal
tetrazine ligation in response to the endogenous elevated level of
hydrogen peroxide. Masking dihydrotetrazines with a H,O,-sensitive
group aryl boronate ester through a self-immolation linker leads to
stable tetrazine precursors BTz, which undergo controllable tetrazine
ligations with dienophiles under oxidative stress. This ROS-activated
bioorthogonal chemistry has been implemented to spatiotemporally
manipulate molecules of interest both in vitro and in vivo. Using this
strategy, we have demonstrated a ROS-triggered construction of
PROTAC in living cells through a click reaction between BTz-tagged
thalidomide and TCO-modified ligand JQl. We anticipate this on-
demand degradation of targeted proteins would find promising
applications in the study and treatment of cancers and other diseases.
By involving BTz with the click to release strategy in tetrazine chem-
istry, tumor-selective delivery of chemotherapeutic doxorubicin has
been established and this approach exhibits superior chemother-
apeutic efficacy and safety in inhibiting the growth of tumors, out-
performing both direct drug administration of doxorubicin and ROS-
responsive prodrug boronate-caged doxorubicin. We envision ROS-
triggered bioorthogonal reactions between tetrazines and dienophiles
can be used for the construction or activation of other molecules of
interest, such as probes, proteins and drugs. We believe that the ROS-
activated tetrazine chemistry will find wide applications in biological
research, medicine and material science in the future, as oxidative
stress is closely associated with aging and many other diseases, like
inflammation, diabetes and cardiovascular or neurological diseases.
Efforts to develop on-demand bioorthogonal chemistry are currently
ongoing in our laboratory.

Methods

H,0,-activated tetrazines formation from boronate-caged
dihydrotetrazines

A solution of the respective boronate-caged dihydrotetrazine (BTz 2-
5, 5uM) in PBS (containing 1% DMSO) was treated with H,O, (100 uM)
and incubated at 37 °C. Samples were withdrawn from the reaction
mixture at designated time points and analyzed by HPLC. HPLC
analysis was performed on an Xbridge C18 column (4.6 x 150 mm,
5um) using a gradient of water (0.1% TFA) and acetonitrile at a flow
rate of 1mL/min (column temperature: 40 °C), with detection
at 254 nm.

Cell culture

A549 (1101HUM-PUMCO000002) human lung cancer cell line and MC38
(1101IMOU-PUMCO000523) mouse colon carcinoma cell line was from
Cell Resource Center, Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences (NICR). HeLa (CRM-CCL-2) human cer-
vical cancer cell line was from American Type Culture Collection. Cells
were cultured at 37 °C in a humidified atmosphere containing 5% CO,
in DMEM with high glucose (PM150210, Pricella), 10% FBS (10099-141C,
gibco), 1% Penicillin and Streptomycin (15140-122, gibco) were added
additionally.

Cell viability assay

MC38 cells were seeded in 96-well plates at 8 x10* cells per well in
100 pL of complete DMEM. After 24 h, the cells were treated with the
indicated compounds in the presence or absence of H,0,. After the
treatments described, cells were incubated at 37 °C with 5% CO, for
24 h. To quantify cell viability, cell counting kit-8 (CCK-8,) assay was
used. The culture medium was removed and the cells were washed

twice with PBS. Subsequently, 100 uL of CCK-8 working solution was
added to each well. The plate was then incubated at 37°C for 1h.
Finally, absorbance was measured at 450 nm using a plate reader.

Tumor models

All experiment protocols involving animals were approved by the
Institute of Materia Medica, Chinese Academy of Medical Sciences &
Peking Union Medical College, the Animal Care & Welfare Committee,
and the approval numbers are 00001743, IMM-S-25-0514 and IMM-S-
25-0810. Healthy male C57BL/6 mice (6 weeks old, ~20 g) were pur-
chased from Beijing Huafukang Bioscience Co., Ltd (Beijing, China),
and raised in a specific-pathogen-free (SPF) barrier facility. Sex was not
considered as a variable in this study. All the mice were housed in
individually ventilated cages (IVCs) under a controlled barrier envir-
onment. The animal room was maintained at a constant ambient
temperature of 23+1°C and relative humidity of 50 +20%, with a
standard 12 h light/12 h dark cycle. Mice were provided with sterilized
standard chow and autoclaved drinking water ad libitum. All animal
experiments were performed in compliance with the Institutional
Animal Care and Use Committee (IACUC) guidelines. Each mouse was
subcutaneously injected with a suspension containing 1.5 x 10 MC38
cells in 100 pL solution into the right flank to establish a tumor-bearing
mouse model. All tumors in the mice did not exceed the maximum size
permitted by the ethics committee. The maximal permitted tumor size
was 1500 mm?3, and the maximal tumor burden was restricted to <10%
of the mouse’s body weight, in line with the committee’s ethical
requirements for animal welfare. Tumor size was measured every
2 days using a digital caliper, and the volume was calculated with the
formula: V=0.5xLx W? (where L = longest diameter, W = shortest
diameter). If the tumor size or burden exceeded the above limits, or if
the mice exhibited signs of distress, humane euthanasia was per-
formed immediately.

Tumor inhibition test

When tumor volume reached about 50-100 mm?®, tumor-bearing mice
were randomly divided into 7 groups (n =S5 biologically independent
samples). The experimental group (G5) received an intraperitoneal
injection of 28.74 umol-kg™ TCO-Dox 8, followed by a subcutaneous
injection of 115.21 ymol-kg™ BTz 1 near the tumor after an interval of
20 min. For the other treatments, the interval between the two injec-
tions was maintained at 20 min. The mice received treatments on day O
and day 3. Tumor volume and body weight were measured every
2 days. After 12 days, all mice were sacrificed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source Data are provided with this paper. The data that support the
findings of this study are available within the paper and its Supple-
mentary Information. All data supporting the findings of the study are
available from the corresponding authors upon request.
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