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Boronic acid and ester-caged prodrugs have been widely investigated in cellular-generated hydrogen
peroxide triggered release. Although it is well-known that ionizing radiation generates hydrogen
peroxide in aqueous solution, using this approach to activate boronic acid or ester-based prodrugs
suffers from low H,O, yields and thus low uncaging efficiency. However, the organochloride peroxyl
radical formed from irradiating an aqueous solution of an organochloride may increase the uncaging
efficiency. In this study, we used a boronic acid-caged coumarin derivative to quantify the yield of
oxidation induced by clinical doses of radiation (less than 8 Gy), and boronic acid-caged gemcitabine to
assess the activation of a prodrug upon irradiation. Irradiation of the coumarin derivative in phosphate
buffered saline shows a low yield of 0.048 uM per Gy, and the prodrug after irradiation has only limited
toxicity to the U87 cell line, indicating limited uncaging. The oxidation of boronic acid can be greatly
enhanced by the peroxyl radical generated from irradiation of dilute PBS-organochloride solutions, with
the yield increasing to 0.13 uM per Gy. Moreover, the oxidation by peroxyl radical can be catalyzed by
N,N-dimethylaniline derivatives, increasing the yield to 0.19 uM per Gy. Clinical dose irradiation of the
caged gemcitabine derivative in a solution of PBS with trichloroethanol and 2-(dimethylamino)benzoic
acid shows efficient tumor cell killing and a comparable toxicity with that of the parent drug, indicating
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Introduction

Radiotherapy and chemotherapy are two common approaches
to treat malignant tumors. High-energy X-rays or y-rays are
applied in radiotherapy to damage the DNA of cancer cells,
while cytotoxic drugs are applied in chemotherapy. Combina-
tions of radiotherapy and chemotherapy have shown enhanced
treatment effects for a variety of cancer types, but this strategy is
still limited by the systemic toxicity of most chemotherapeu-
tics.' Targeted prodrug activation is a strategy to reduce
systemic toxicity. Prodrugs are chemically modified drugs
where a key functional group is caged by a cleavable group.
These prodrugs are activated by specific stimuli present in the
tumor microenvironment (e.g. oxidative stress>* and enzymes*)
or by external stimuli such as near-infrared light.” Upon acti-
vation, the drug is released at the targeted site, enabling precise
control over drug delivery. Ionizing radiation-activated pro-
drugs have been intensively studied in recent years for potential
application in combined radiotherapy and chemotherapy with
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reduced side effects.®® Since most radiation initiated chemical
reactions are mediated by species from water radiolysis,'
radiation-sensitive prodrugs should be designed to react with
these species (e.g. hydrogen radical,"* hydroxyl radical*> and
aqueous electrons'*’). However, these species have low radio-
Iytic yield (0.28 uM per Gy for aqueous electron and hydroxyl
radical) and the total administered dose in radiation therapy is
typically less than 60 Gy, given in 1.8-2 Gy fractions.” In addi-
tion, the reactive species react unselectively with cellular
components, which often results in a low efficiency of drug
activation.

Arylboronic acids or esters are widely used as caging groups
in prodrug design and chemical sensing systems, owing to their
selective oxidation by reactive oxygen species (ROS) such as
hydrogen peroxide (H,0,) and peroxynitrite,">* leading to
phenol formation through hydrolysis of the intermediate
(Fig. 1). Since cancerous cells have high levels of H,0, (ranging
from 10 pM to 100 pM) compared to normal cells, using intra-
cellularly generated H,O, to activate boronic acid-based pro-
drugs has been reported in anti-cancer therapy.>*"** Matsushita
et al. reported a prodrug where the 4-amino group of gemcita-
bine was caged with an arylboronate-ester-based carbamate
group.” Upon oxidation by H,0,, the boronate hydrolyses,
leaving a phenol group that undergoes quinone-methide elim-
ination to release a molecule of CO, and free gemcitabine.
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Fig. 1 Oxidation of benzylboronic acid cages induces release of
hydroxyl or amine cargo. State of the art: oxidation induced by H,O, or
photochemistry; this work: oxidation induced by ionizing radiation
mediated by organochloride additives.

However, not all types of cancer overproduce H,0,, for instance,
pancreatic epithelial cell line and human glioblastoma cell line
(U87) are not responsive to boronate ester or acid-based pro-
drugs.>* Besides, the sluggish reaction rate of H,0, and aryl-
boronates lowers the efficiency of prodrug activation.**
Tonizing radiation, delivered during radiotherapy, generates
H,0, within tissues, offering potential for the development of
radiation-activated prodrugs. However, the practical application
of this approach is limited by the generated low yield of H,0,.
Recent years have shown the emergence of alternative strategies
for in vivo activation of arylboronic acid based prodrugs, in
particular through photochemistry using Ir or Os based
photocatalysts.>*>¢

In previous work, we demonstrated the oxidation of stilbene
and thioether derivatives through irradiation in aerated water
containing organochloride.?”?® Aqueous electrons generated
from water radiolysis can react with the organochloride to form
a carbon-centered radical and a chloride ion. The radical reacts
rapidly with dissolved oxygen to form a peroxyl radical, a strong
oxidant which can be used for subsequent reactions. Here, we
present the oxidation of arylboronic acids using ionizing radi-
ation. A fluorescent probe, 7-amino-4-methylcoumarin (AMC),
was employed to quantify this reaction since the oxidation of
arylboronic acid led to the activation of fluorescence emission.
We found that the peroxyl radical generated from the radiolysis
of water in the presence of organochloride can efficiently
oxidize arylboronic acids (Fig. 1). Furthermore, this oxidation
process can be catalyzed by N,N-dimethylaniline derivatives.
Building on these findings, we synthesized a gemcitabine
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prodrug in which the gemcitabine 4-amino group is protected
as an arylboronic acid-based carbamate. Upon exposure to 6 Gy
X-rays in phosphate buffer saline (PBS) containing organo-
chloride and the N,N-dimethylaniline derivative, the prodrug
demonstrated an inhibitory effect on U87 spheroid growth. Our
findings indicate that the activation of a boronic acid-caged
prodrug via radiation in the presence of organochlorides is an
effective approach for combining chemotherapy with radiation
therapy.

Results and discussion

To study the oxidation of arylboronic acids, we synthesized a 7-
amino-4-methylcoumarin based fluorescent probe, in which the
7-amino group is protected by a benzylboronic acid based self-
immolative caging group (denoted as BOH-AMC, Fig. 2). The
fluorescence emission of AMC is quenched when the 7-amino is
caged by an electron-withdrawing carbamate group. Oxidation
of boronic acid will lead to the release of the amino group of
AMC, coupled to an increase in fluorescence emission. As
shown in Fig. 2a, irradiation (8 Gy) of BOH-AMC in PBS leads to
an increase in emission intensity at 441 nm, indicating the
release of AMC. The yield of AMC is 0.048 pM per Gy in PBS
(Fig. 3e), which is close to the G-value (radiolytic yield) of H,0,
(0.073 uM per Gy). We therefore attribute this release to the
oxidation of arylboronic acid by radiation-generated H,O,. The
presence of 2,2,2-trichloroethanol (TCE) during irradiation
results in substantially more AMC activation (G-value = 0.13 pM
per Gy) as evidenced by a higher emission intensity than that in
PBS alone (Fig. 2a and 3e). The key role of TCE implies that the
oxidation is caused by the organochloride peroxyradical species
generated from irradiating PBS/TCE.*”**

To further increase the uncaging efficiency, we looked at
alternative means to oxidize boronic acids. It is reported that
organic N-oxides can oxidize boronic acids or esters selectively
and efficiently.”>* Additionally, N-oxide derivatives are
commonly synthesized by oxidizing tertiary amines using
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Fig. 2 (a) Radiation induced uncaging of BOH-AMC, yielding the AMC
fluorescent probe. (b) Fluorescence emission spectrum of BOH-AMC
before and after 8 Gy of y-irradiation (excitation at 330 nm; 10 uM
probe in PBS, pH 7.4; 12 mM of TCE if present; 100 uM of amine 1 if
present; samples were incubated for 30 min after irradiation); (c)
HPLC-UV chromatograph determines the oxidation of BOH-AMC (10
uM in water; 12 mM of TCE if present; 100 uM of amine 1 if present;
samples were incubated for 30 min after irradiation).
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Fig. 3

(a) Structure screen of tertiary amines; (b) the concentration of released AMC after exposure to 8 Gy y-radiation (1-13, irradiation in PBS/

12 mM TCE/100 uM amines, dashed line presents the AMC release after 8 Gy in PBS/12 mM TCE); (c) determination of AMC release against [1]
(radiation dose, 8 Gy; 10 uM BOH-AMC in PBS/12 mM TCE; dashed line represents the released AMC without 1; n = 3 independent experiments);
(d) proposed mechanism of N,N-dimethylaniline catalyzed arylboronic acid oxidation; (e) dose-dependent AMC release induced by radiation (n
= 3 independent experiments; for some data, error bars are smaller than data markers); (f) time evolution of the probe solutions post-irradiation
(radiation dose, 8 Gy; 10 uM probe in PBS, pH 7.4; 12 mM TCE if present; 100 uM of 1 if present); (g) determination of AMC release against [TCE]
(radiation dose, 8 Gy; 10 uM probe in PBS/5 uM 1; dashed line represents the released AMC without TCE; n = 3 independent experiments).

peroxides such as hydrogen peroxide and peroxybenzoic acids.>*
Building on this, we were curious if tertiary amines can act as
mediators of short lived radiation-generated ROS in the
uncaging of benzylboronic acids, thereby enhancing the radio-
lytic uncaging yield. As shown in Fig. 2b, more AMC is activated
when 2-(dimethylamino)benzoic acid 1 is present in PBS/TCE
during irradiation. In contrast, irradiation of BOH-AMC in
PBS/1 results in much lower AMC activation than observed in
PBS/TCE/1, indicating that the presence of TCE is crucial in the
oxidation process and that radiation-generated "OH plays only
a minor role, if any. This conclusion is corroborated by high-
performance liquid chromatography (HPLC) measurements
(Fig. 2c), where irradiation in water/TCE/1 results in the highest

1754 | Chem. Sci., 2026, 17, 1752-1760

conversion from BOH-AMC to AMC among all the irradiated
groups.

We investigated a series of tertiary amine categories,
including derivatives of N,N-dimethylaniline (compound 1, 3-
9), aliphatic amines (compound 10, 12) and aromatic hetero-
cyclic amines (compound 11, 13) (Fig. 3a) with solutions of
BOH-AMC (10 pM) in PBS/12 mM TCE. After irradiation with 8
Gy of y-radiation, the solutions were incubated at 37 °C for 30
minutes. The emission intensities of AMC are converted to
concentrations according to a calibration curve as shown in
Fig. S1. In all cases, amine concentrations were 100 uM. As
shown in Fig. 3b, irradiation in the presence of 1, 2, 3, 5, 6, 8, 9,
10, 12 leads to enhanced AMC release, whereas the presence of 7
exhibits inhibitory effects. N,N-dimethylaniline derivatives (1, 3,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5, 8, 9) show more pronounced enhancement compared to
aliphatic amines (10, 12) whereas heterocyclic amines (11, 13)
show no enhancement.

To test whether N,N-dimethylanilines serve as a catalyst in
the oxidation process, BOH-AMC solutions were prepared in
PBS/TCE with varying concentrations of amine 1. The release of
AMC was monitored following irradiation (8 Gy). As shown in
Fig. 3¢, the AMC release exhibits an increase with increasing [1],
peaking at 5 uM, after which it decreases. At [1] exceeding
~1 mM, the activation of AMC decreases even below that
observed without the presence of 1. Notably, at [1] = 0.1 pM,
approximately 0.36 pM more AMC is activated compared to that
in the absence of the amine, suggesting multiple catalytic
turnovers by the amine. Our observations align with findings
reported by Zhu et al.,** wherein N,N-dimethylaniline N-oxide
derivatives exhibit the highest reactivity towards arylboronic
acids, while aliphatic tertiary amines, such as N-methyl-
morpholine N-oxide and trimethylamine N-oxide, exhibit slug-
gish reactivity. In addition, we also detected the N-oxide of 9
after irradiation of a water/TCE/9 solution (120 Gy, Fig. S5).
However, when we mixed the separately synthesized N-oxide of
9 with BOH-AMC and allowed it to react, we did not observe
activation of AMC, suggesting a different catalytic mechanism
(Fig. S7 and S8). Experiments where we irradiated PBS solutions
of TCE or TCE/9 and only after irradiation added the BOH-AMC
probe showed much lower levels of uncaging than when the
probe was present in the mixture during irradiation (Fig. S9-
S11). This result indicates that highly reactive and unstable
species are involved in boronic acid oxidation, and that the
relatively stable N-oxide does not play a significant role. N,N-
dimethylanilines are easily oxidized to their radical cations.
These unstable species likely play a role in the catalytic boronic
acid uncaging, possibly through cleavage of the carbon-boron®
bond and subsequent phenol formation through reaction of the
aryl radical>* with O,. We thereby proposed a catalytic cycle
(Fig. 3d) in which peroxyradicals, generated during the irradi-
ation of PBS/TCE, oxidize N,N-dimethylaniline to its corre-
sponding radical cation, which then oxidizes the arylboronic
acid.

We used compound 1 for subsequent studies. Fig. 3e shows
the release AMC profiles in relation to absorbed radiation dose.
BOH-AMC (10 pM) was irradiated in PBS, PBS/TCE and PBS/
TCE/1, and the solutions were incubated for 30 minutes at room
temperature. Irradiation in PBS gives the lowest G-value (0.048
UM per Gy). The presence of 12 mM TCE increases the G-value of
AMC to 0.13 pM per Gy, and the G-value is further enhanced
(0.19 uM per Gy) when amine 1 is present (Fig. 3e). When
measuring the concentration of activated AMC after irradiation,
we observed concentration-time profiles that correlate with the
G-values associated with the various conditions (Fig. 3f). This
observation indicates that, in the two-step process of boronic
acid oxidation and subsequent elimination of the 4-hydrox-
ybenzyl carbamate intermediate, the latter step is rate limiting,
obscuring measurements of the relative rates of H,O, and per-
oxyradical boronic acid oxidations.*® In addition, in the absence
of irradiation, BOH-AMC remains stable over the course of the
experiment.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The use of organochlorides like TCE in biomedical settings
raises concerns about potential hepatotoxicity and carcinoge-
nicity.*” It is advisable to minimize TCE usage to mitigate any
side effects. Considering this, we investigated the oxidation of
BOH-AMC in PBS/TCE/1 with TCE concentrations ranging from
12 uM to 24 mM. As illustrated in Fig. 3g, after exposure to the
same dose of y-irradiation, low concentrations of TCE lead to
decreasing release of AMC, while at 24 mM TCE, the release of
AMC is slightly lower than that at 12 mM. The strong depen-
dence on TCE concentration can be attributed to the short
lifetime of the aqueous electron, where higher TCE concentra-
tions favor the TCE-aqueous electron reaction over reacting with
molecular oxygen or other scavengers (Fig. 4a).

It is interesting that molecular oxygen, a crucial species in
the formation of the peroxyl radical, can also efficiently scav-
enge aqueous electrons. To describe the competitive relation-
ship between aqueous electrons, organochloride and molecular
oxygen, we proposed a reaction network as depicted in Fig. 4a.
There, the organochloride reacts with an aqueous electron to
form a carbon-centered radical and a chloride anion. The
reaction rate is unknown but is estimated to be diffusion
controlled (k ~10' M~ s7%).*® The formed carbon centered
radical reacts with molecular oxygen to form the peroxyl radical
(k ~10° M~" s71).* In parallel, H,0, is formed primarily by
recombination of hydroxyl radicals (k = 5.5 x 10° M~ * s™1),*
but the radiolytic yield is considerably lower than that of
hydrated electrons and even of the TCE-mediated BOH-AMC
uncaging (G(H,0,) = 0.073 puM per Gy, G(e,q ) = 0.28 uM per
Gy, G(TCE) = 0.13 uM per Gy). Ultimately, either H,O, or the
organochloride peroxyradical will oxidize the boronic acid,
leading to uncaging. They will do so at different rates,
depending on their respective concentrations and rate
constants, with the H,0,-mediated oxidation typically
proceeding at k ~2 M~ " s at physiological pH.*!
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: 2= : - 0" "X
. .u.u“ﬁ”'o?- 0, \”\ / X = cargo
BOH-X
(ol [ o (o] . -0
o 0, C|><o o]
R™ "Cl R™ CI R™ ~cl
P=0.026
® :
.
0.8 N
E30.6- ns
%) @ . — -
= 044
< o - PBS-8Gy
0.2 = PBS/TCEA - 8 Gy
0.0 T T T T
0 5 10 15 20

O, partial pressure (%)

Fig.4 (a) Proposed reaction network, including the competitive effect
of oxygen on the boronic acid oxidation; (b) the effect of oxygen
concentration on AMC release (t-test, n = 3, P > 0.05 show as "ns”).
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Aqueous electrons can react with molecular oxygen to form
superoxide anion (k = 1.9 x 10'® M~ s7")*® which is known to
be unreactive toward organochlorides.*” The comparable reac-
tion rate of oxygen and organochloride with aqueous electrons
makes the yield of the peroxyl radical strongly dependent on the
concentration ratio of organochloride and oxygen.** To experi-
mentally investigate this dependence and to test if radiation-
induced oxidation can be performed under hypoxic condi-
tions, BOH-AMC solutions (10 pM) were irradiated with 8 Gy y-
rays in varying oxygen concentrations. The concentrations of
TCE and amine 1 were 120 uM and 5 uM, respectively. Oxygen
partial pressure at 2% is the commonly reported value for
hypoxic tumors and 5% oxygen is the average for healthy
tissues.**** As shown in Fig. 4b, in the group of irradiation in the
presence of TCE and amine 1, the maximum AMC release is
observed at 2% (ca. 27 uM) oxygen, and higher oxygen concen-
tration results in reduced release of AMC. This result is in line
with the proposed mechanism, and means that the oxidation is
most efficient under hypoxic conditions. Notably, the release of
AMC in the group without organochloride and amine present
has a lower total yield which reaches a plateau from 2% oxygen
onwards.

Radiation-initiated activation of prodrugs in a cell environ-
ment was tested using gemcitabine (Gem) as the drug. The
combination of Gem and radiotherapy has been investigated to
treat a variety of cancers since Gem is a potential radiosensitizer
in vitro and in vivo.*** However, the side effects are unaccept-
able when Gem is used in combination with radiotherapy or
other chemotherapeutics.*® Inspired by Matsushita et al.,> we
synthesized a prodrug, BOH-Gem, where the 4-amino group of
Gem was caged by a benzylboronic acid-based carbamate group
(Fig. 5a). U87, a human glioblastoma cell line, was selected
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Fig. 5 (a) Radiation induced uncaging of benzylboronic acid pro-
tected prodrug BOH-Gem to release gemcitabine (Gem); (b) ICsq
assays of Gem and BOH-Gem on U87 cell line; (c) cell viability of U87
cells without irradiation; (d) cell viability of U87 cells after 6 Gy of X-ray
irradiation (control: addition of DMEM; A + T: addition of 5 uM amine 1
and 500 uM TCE; BOH-Gem: addition of 20 nM prodrug; BOH-Gem +
A + T: addition of 20 nM prodrug, 5 pM amine 1 and 500 uM TCE; Gem
+ A + T: addition of 20 nM gemcitabine, 5 uM amine 1 and 500 uM TCE.
One-way ANOVA, n =6, P-values > 0.05 show as "ns”, ¥****P < 0.0001).
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because of the low level of in-cell generated H,0,.> We found
that the half maximal inhibitory concentration (ICs,) of BOH-
Gem is 90.9 nM against the U87 cell line, which is much
higher than that of Gem (6.27 nM) (Fig. 6b). We selected the
concentration of 20 nM for both Gem and BOH-Gem in the
irradiation experiment. It should be noted that TCE is the active
intermediate of chloral hydrate when this is used as sedative
agent.* In the following cell experiments, we use TCE at 500 uM
concentration, as a proof of concept study. As this concentra-
tion is well above the human toxicity limit of TCE, future clinical
translation will require other sources of organochloride or
covalent attachment to polymeric scaffolds.”® Amine 1 is re-
ported to have anti-cancer activity at concentrations above 50-
100 uM, without affecting healthy cells.*® We used X-rays (240
kv) instead of y-rays for the radiation source, as the X-rays set-
up allowed more control over the precise radiation dose given.
Although the radiolytic yield of aqueous electrons is slightly
different compared to using y-rays, the mechanism of prodrug
activation will be the same.> The activation of BOH-Gem under
various conditions, characterized using the HPLC, is shown in
Fig. S2-S4. Exposure to X-rays (60 Gy) in PBS results in partial
conversion of BOH-Gem (50 pM) to Gem (Fig. S3). The addition
of TCE significantly enhances the conversion, and in the pres-
ence of both amine 1 and TCE, BOH-Gem undergoes nearly
complete conversion. 6 Gy irradiation of a 10 yM BOH-Gem
solution shows the same trend, albeit at an overall lower
conversion due to the lower radiation dose (Fig. S4).

As shown in Fig. 5¢ and d, 5 uM of amine 1 and 500 pM TCE
is not toxic toward U87 cells with or without exposure to irra-
diation, as seen by the non-significant changes in cell viability
compared to the control group. Irradiation of cells with BOH-
Gem alone does not lead to a high cell killing efficiency
(Fig. 5d), which indicates the H,0, generated by 6 Gy of X-ray is
not enough to release significant amounts of Gem and kill the
cells. Irradiation of BOH-Gem with addition of compound 1 and
TCE results in a similar cell killing efficiency compared to
irradiation of Gem, demonstrating the radiation-driven activa-
tion of prodrug causes a comparable toxicity as the parent drug.
U87 cells treated with BOH-AMC, TCE, amine 1 and 20 Gy of X-
ray radiation demonstrated higher fluorescence intensity
compared to that without radiation (Fig. S12), further validating
the radiation-induced release of caged cargo.

Having found reduced viability of 2D cell cultures upon
prodrug activation, we continued testing with 3D tumor
spheroids, which resemble much better the physiological
environment of tumors. Tumor spheroids naturally have
gradient decrease of oxygen concentration from the periphery to
the core.”** For example, for spheroids of ca. 400 nm diameter
under standard culture conditions (20% oxygen in gas phase),
the oxygen concentration decreases from ca. 100 uM on the
periphery to nearly zero at the center of spheroids.>® Using
spheroids as in vitro 3D tumor model has provided key insights
for understanding hypoxia-related resistance to radiotherapy
and chemotherapy.®*® Although a hypoxic microenvironment
makes cells resistant to ionizing radiation, it could facilitate
organochloride oxidation, thereby enhancing
radiation-triggered drug activation (see above).

mediated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The diameter of spheroids after various treatments as a function of time, shown for samples that are (a) not irradiated and (b) irradiated
with 6 Gy X-rays; Gem + A + T: addition of 81 nM gemcitabine, 5 uM amine 1 and 500 uM TCE; BOH-Gem + A + T: addition of 81 nM prodrug, 5
pM amine 1 and 500 uM TCE; BOH-Gem + T: addition of 81 nM prodrug and 500 uM TCE; BOH-Gem: addition of 81 nM prodrug; control:
addition of 5 uM amine 1 and 500 uM TCE. One-way ANOVA, n = 4, *P < 0.05, **P < 0.01, ****P < 0.0001. (c) Light microscopy images of
spheroids treated with indicated conditions, scale bar = 400 um. (Gem represents addition of 81 nM gemcitabine; BOH-Gem A + T represents

addition of 81 nM BOH-Gem, 5 uM amine 1 and 500 uM TCE).

U87 cells were seeded and allowed to grow for 4 days at
which point the diameter was ca. 400 pm. Gemcitabine or BOH-
Gem (with amine 1 and TCE) was administered on day 0, and
radiation was applied on the same day. After treatment on day 0,
the spheroids were incubated for 2 days and the cell culture
medium (DMEM) was refreshed to remove the drug. The
spheroid growth curves and the taken images are shown in
Fig. 6. Without drug or radiation, the spheroid diameter
increased linearly with time until day 6, after which the growth
slowed down and reached a plateau (883 &+ 22 um on day 20).
The surface continued to be smooth up to the last day of
measurement, day 15 (Fig. 6¢). Gemcitabine (81 nM) inhibited
spheroid growth (Fig. 6a), with a noticeably smaller diameter
than the control on day 3 and shrinkage from day 3 to day 5,
after which the growth remained minimal. The surface of the
spheroids appeared to be fuzzy on day 15, which indicates
decreased intercellular interaction because of dead cells. A
lower concentration of gemcitabine (54 nM, Fig. S13a) resulted
in an initial growth curve similar to the 81 nM group, followed
by apparent regrowth from day 13 to day 20. High concentration
of gemcitabine (122 nM, Fig. S13c) caused no growth over the
observed period. BOH-Gem is much less effective on growth
inhibition than gemcitabine. The growth of spheroids treated
with BOH-Gem (81 nM) was slowed from day 3 to day 6, but
recovered to linear growth from day 6 and reached plateau from
day 15 on, showing no significant difference compared to
control on day 20 (Fig. 6a). The starting time of spheroid
regrowth was delayed at higher concentration of BOH-Gem,
from day 3 at 54 nM to day 9 at 122 nM BOH-Gem (Fig. S13a
and c). The addition of 5 pM amine 1 and 500 uM TCE together
with BOH-Gem had a slightly inhibition on the growth of
spheroids compared to control on day 20 (Fig. 6a).

X-ray irradiation (6 Gy) slightly inhibited spheroid growth.
Under these conditions, the spheroids grew to 813 & 18 um by
day 20, and their surface was smooth on day 15 (Fig. 6c). Irra-
diating (6 Gy) spheroids that were treated with 81 nM BOH-Gem

© 2026 The Author(s). Published by the Royal Society of Chemistry

showed delayed growth where the diameter did not increase
from day 3 to day 13 and increased linearly with time from day
13 to day 20 (Fig. 6b). The presence of 500 uM TCE enhanced the
inhibiting effect, as evidenced by smaller diameter than the
BOH-Gem treated group. The spheroid growth was significantly
inhibited by day 20 when spheroids treated with 81 nM BOH-
Gem, 5 uM amine 1 and 500 pM TCE were irradiated with 6
Gy of X-rays. The growth curve was similar to the group treated
with X-rays and gemcitabine. The spheroids treated with X-rays,
BOH-Gem, TCE and amine 1 also developed a fuzzy surface by
day 15, which is similar to the group treated with X-rays and
gemcitabine (Fig. 6¢). The enhancing effect of TCE and amine 1
was more significant at 54 nM BOH-Gem, while irradiating
122 nM BOH-Gem resulted in comparable toxicity as gemcita-
bine (122 nM) treated group.

Conclusions

We show that an arylboronic acid-based probe and prodrug can
be oxidized by peroxyl radicals generated from the radiolysis of
aqueous solutions containing an organochloride compound.
The oxidation is substantially enhanced when N,N-di-
methylaniline catalysts are present. Higher concentration of
organochloride results in more oxidation, while at low
concentrations of organochloride, the yield of oxidizing product
depends on the concentration of oxygen. A boronic acid-caged
gemcitabine prodrug shows reduced toxicity compared to
parent drug. Exposure of prodrug solutions containing an
organochloride and N,N-dimethylaniline derivative to clinical
doses of radiation results in comparable cell toxicity as the
parent drug and results in growth inhibition of U87 spheroid
tumor models. This study demonstrates that the widely applied
aryl boronic acid caging group can be removed using ionizing
radiation as a trigger, and that this uncaging strategy is effective
in cellular environments, using clinical doses of radiation.

Chem. Sci., 2026, 17, 1752-1760 | 1757


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03191e

Open Access Article. Published on 24 November 2025. Downloaded on 4/7/2026 2:14:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Author contributions

J. L.: conceptualization; investigation; formal analysis; writing -
original draft; B. X.: investigation; formal analysis; M. A. R. d. G.:
investigation; formal analysis; A. G. D.: supervision; writing —
review & editing; R. E.: conceptualization; formal analysis;
writing - original draft; writing - review & editing.

Conflicts of interest

The authors declare no conflicts of interest.

Data availability

Data supporting this study are available from the 4TU.
Researchdata repository at https://doi.org/10.4121/6244da9d-
d869-4596-b922-a35ce39ff123.v1.

Supplementary information (SI): experimental details on the
synthesis of BOH-AMC and BOH-Gem; LC-MS and mass spectra;
method of oxygen concentration determination; confocal laser
scanning microscope images. See DOI: https://doi.org/10.1039/
d5sc03191e.

Acknowledgements

This work has received financial support from the Chinese
Scholarship Council (J. L. and B. X.) and the Netherlands
Organisation for Scientific Research (M. A. R. d. G., Veni grant
VI.Veni.232.338).

References

1 A. G. Denkova, H. Liu, Y. Men and R. Eelkema, Enhanced
Cancer Therapy by Combining Radiation and Chemical
Effects Mediated by Nanocarriers, Adv. Therap., 2020, 3,
1900177.

2 K. Matsushita, T. Okuda, S. Mori, M. Konno, H. Eguchi,
A. Asai, ]J. Koseki, Y. Iwagami, D. Yamada, H. Akita,
T. Asaoka, T. Noda, K. Kawamoto, K. Gotoh, S. Kobayashi,
Y. Kasahara, K. Morihiro, T. Satoh, Y. Doki, M. Mori,
H. Ishii and S. Obika, A Hydrogen Peroxide Activatable
Gemcitabine Prodrug for the Selective Treatment of
Pancreatic Ductal Adenocarcinoma, ChemMedChem, 2019,
14, 1384-1391.

3 C. Skarbek, S. Serra, H. Maslah, E. Rascol and R. Labrueére,
Arylboronate Prodrugs of Doxorubicin as Promising
Chemotherapy for Pancreatic Cancer, Bioorg. Chem., 2019,
91, 103158.

4 B.S.Lee, Y. W. Cho, G. C. Kim, D. H. Lee, C. J. Kim, H. S. Kil,
D.Y. Chi, Y. Byun, S. H. Yuk, K. Kim, L. S. Kim, I. C. Kwon and
S. Y. Kim, Induced Phenotype Targeted Therapy: Radiation-
Induced Apoptosis-Targeted Chemotherapy, J. Natl. Cancer
Inst., 2015, 107, dju403.

5 K. Q. Long, W. Lv, Z. H. Wang, Y. M. Zhang, K. Chen, N. Fan,
F. Y. Li, Y. C. Zhang and W. P. Wang, Near-Infrared Light-
Triggered Prodrug Photolysis by One-Step Energy Transfer,
Nat. Commun., 2023, 14, 8112.

1758 | Chem. Sci,, 2026, 17, 1752-1760

View Article Online

Edge Article

6 Y. Cao, J. Si, M. Zheng, Q. Zhou and Z. Ge, X-Ray-Responsive
Prodrugs and Polymeric Nanocarriers for Multimodal
Cancer Therapy, Chem. Commun., 2023, 59, 8323-8331.

7 H. Liu, J. Zhao, Y. Xue, J. Zhang, H. Bai, S. Pan, B. Peng, L. Li
and N. H. Voelcker, X-Ray-Induced Drug Release for Cancer
Therapy, Angew. Chem., Int. Ed., 2023, 62, €202306100.

8 Q. Fu, S. Shen, P. Sun, Z. Gu, Y. Bai, X. Wang and Z. Liu,
Bioorthogonal Chemistry for Prodrug Activation in Vivo,
Chem. Soc. Rev., 2023, 52, 7737-7772.

9 C. Wang, Z. Zhang and Z. Liu, Radiotherapy-Activated
Prodrug: Past, Present and Beyond, ACS Cent. Sci., 2025,
11, 1306-1320.

10 P. Wardman, Factors Important in the Use of Fluorescent or
Luminescent Probes and Other Chemical Reagents to
Measure Oxidative and Radical Stress, Biomolecules, 2023,
13, 1041.

11 K. Tanabe, J. Ishizaki, Y. Ando, T. Ito and S. I. Nishimoto,
Reductive Activation of 5-Fluorodeoxyuridine Prodrug
Possessing Azide Methyl Group by Hypoxic X-Irradiation,
Bioorg. Med. Chem. Lett., 2012, 22, 1682-1685.

12 Q. Fu, H. Li, D. Duan, C. Wang, S. Shen, H. Ma and Z. Liu,
External-Radiation-Induced Local Hydroxylation Enables
Remote Release of Functional Molecules in Tumors,
Angew. Chem., Int. Ed., 2020, 59, 21546-21552.

13 Z. Ding, Z. Guo, Y. Zheng, Z. Wang, Q. Fu and Z. Liu,
Radiotherapy Reduces N-Oxides for Prodrug Activation in
Tumors, J. Am. Chem. Soc., 2022, 144, 9458-9464.

14 Q. Fu, Z. Gu, S. Shen, Y. Bai, X. Wang, M. Xu, P. Sun, J. Chen,
D. Li and Z. Liu, Radiotherapy Activates Picolinium Prodrugs
in Tumours, Nat. Chem., 2024, 16, 1348-1356.

15 J. Geng, Y. Zhang, Q. Gao, K. Neumann, H. Dong, H. Porter,
M. Potter, H. Ren, D. Argyle and M. Bradley, Switching on
Prodrugs Using Radiotherapy, Nat. Chem., 2021, 13, 805-
810.

16 Z. Guo, H. Hong, Y. Zheng, Z. Wang, Z. Ding, Q. Fu and
Z. Liu, Radiotherapy-Induced Cleavage of Quaternary
Ammonium Groups Activates Prodrugs in Tumors, Angew.
Chem., Int. Ed., 2022, 61, €202205014.

17 K. Tanabe, M. Sugiura, T. Ito and S. Nishimoto, Synthesis
and One-Electron Reduction Characteristics of Radiation-
Activated Prodrugs Possessing Two 5-Fluorodeoxyuridine
Units, Bioorg. Med. Chem., 2012, 20, 5164-5168.

18 D. De Ruysscher, G. Niedermann, N. G. Burnet, S. Siva,
A. W. M. Lee and F. Hegi-Johnson, Radiotherapy Toxicity,
Nat. Rev. Dis. Primers, 2019, 5, 13.

19 S. Gnaim and D. Shabat, Activity-Based Optical Sensing
Enabled by Self-lmmolative Scaffolds: Monitoring of
Release Events by Fluorescence or Chemiluminescence
Output, Acc. Chem. Res., 2019, 52, 2806-2817.

20 J. Zielonka, A. Sikora, M. Hardy, J. Joseph, B. P. Dranka and
B. Kalyanaraman, Boronate Probes as Diagnostic Tools for
Real Time  Monitoring of  Peroxynitrite  and
Hydroperoxides, Chem. Res. Toxicol., 2012, 25, 1793-1799.

21 J. L. M. Jourden, K. B. Daniel and S. M. Cohen, Investigation
of Self-Immolative Linkers in the Design of Hydrogen
Peroxide Activated Metalloprotein Inhibitors, Chem.
Commun., 2011, 47, 7968-7970.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.4121/6244da9d-d869-4596-b922-a35ce39ff123.v1
https://doi.org/10.4121/6244da9d-d869-4596-b922-a35ce39ff123.v1
https://doi.org/10.1039/d5sc03191e
https://doi.org/10.1039/d5sc03191e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03191e

Open Access Article. Published on 24 November 2025. Downloaded on 4/7/2026 2:14:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

22 H. Maslah, C. Skarbek, C. Gourson, M. A. Plamont, S. Pethe,
L. Jullien, T. Le Saux and R. Labruere, In-Cell Generation of
Anticancer  Phenanthridine  Through  Bioorthogonal
Cyclization in Antitumor Prodrug Development, Angew.
Chem., Int. Ed., 2021, 60, 24043-24047.

23 S. M. Kondengadan and B. Wang, Quantitative Factors
Introduced in the Feasibility Analysis of Reactive Oxygen
Species (ROS)-Sensitive Triggers, Angew. Chem., Int. Ed.,
2024, 63, €202403880.

24 M. Liu, Y. Luo, J. Yan, X. Xiong, X. Xing, J. S. Kim and T. Zou,
Photoactivation of Boronic Acid Prodrugs via a Phenyl
Radical Mechanism: Iridium(III) Anticancer Complex as an
Example, J. Am. Chem. Soc., 2023, 145, 10082-10091.

25 X. Liang, S. Qian, Z. Lou, R. Hu, Y. Hou, P. R. Chen and
X. Fan, Near Infrared Light-Triggered Photocatalytic
Decaging for Remote-Controlled Spatiotemporal Activation
in Living Mice, Angew. Chem., Int. Ed., 2023, 62, €202310920.

26 R. Nakamura, T. Yamazaki, Y. Kondo, M. Tsukada,
Y. Miyamoto, N. Arakawa, Y. Sumida, T. Kiya, S. Arai and
H. Ohmiya, Radical Caging Strategy for Cholinergic
Optopharmacology, J. Am. Chem. Soc., 2023, 145, 10651~
10658.

27 J. Liu, T. G. Brevé, B. Xu, P.-L. Hagedoorn, A. G. Denkova and
R. Eelkema, Organochlorides Mediate Oxidation Reactions
Induced by Low Dose Ionizing Radiation, CCS Chem., 2024,
6, 1712-1720.

28 J. Liu, I. Piergentili, B. Xu, A. G. Denkova and R. Eelkema,
Alkyl Chloride-Functionalized Polymers Mediate Oxidation
of Thioethers Initiated by Ionizing Radiation, ACS Appl.
Polym. Mater., 2025, 7, 3835-3841.

29 S. Gupta, P. Sureshbabu, A. K. Singh, S. Sabiah and
J. Kandasamy, Deoxygenation of Tertiary Amine N-oxides
Under Metal Free Condition Using Phenylboronic Acid,
Tetrahedron Lett., 2017, 58, 909-913.

30 Z.Yan, Y. Pan, G. Jiao, M. Xu, D. Fan, Z. Hu, J. Wu, T. Chen,
M. Liu, X. Bao, H. Ke and X. Ji, A Bioorthogonal Decaging
Chemistry of N-Oxide and Silylborane for Prodrug
Activation both In Vitro and In Vivo, J. Am. Chem. Soc.,
2023, 145, 24698-24706.

31 Z. Zhou, S. Feng, J. Zhou, X. Ji and Y. Long, On-Demand
Activation of a Bioorthogonal Prodrug of SN-38 with Fast
Reaction Kinetics and High Releasing Efficiency In Vivo, J.
Med. Chem., 2022, 65, 333-342.

32 C. Zhu, R. Wang and J. R. Falck, Mild and Rapid
Hydroxylation of Aryl/Heteroaryl Boronic Acids and
Boronate Esters with N-Oxides, Org. Lett., 2012, 14, 3494~
3497.

33 C. Zhu and J. R. Falck, Transition Metal-Free Ipso-
Functionalization of Arylboronic Acids and Derivatives,
Adv. Synth. Catal., 2014, 356, 2395-2410.

34 M. Gopiraman, H. Bang, S. G. Babu, K. Wei, R. Karvembu
and I. S. Kim, Catalytic N-Oxidation of Tertiary Amines on
RuO,NPs Anchored Graphene Nanoplatelets, Catal. Sci.
Technol., 2014, 4, 2099-2106.

35 C. Sandford, R. Rasappan and V. K. Aggarwal, Synthesis of
Enantioenriched Alkylfluorides by the Fluorination of

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Boronate Complexes, J. Am. Chem. Soc., 2015, 137, 10100-
10103.

36 A. Alouane, R. Labruere, T. Le Saux, F. Schmidt and
L. Jullien, Self-Immolative Spacers: Kinetic Aspects,
Structure-Property Relationships, and Applications, Angew.
Chem., Int. Ed., 2015, 54, 7492-7509.

37 L. W. D. Weber, M. Boll and A. Stampfl, Hepatotoxicity and
Mechanism of Action of Haloalkanes: Carbon
Tetrachloride as a Toxicological Model, Crit. Rev. Toxicol.,
2003, 33, 105-136.

38 G. V. Buxton, C. L. Greenstock, W. P. Helman and A. B. Ross,
Critical Review of Rate Constants for Reactions of Hydrated
Electrons, Hydrogen Atoms and Hydroxyl Radicals (‘OH/
'07) in Aqueous Solution, J. Phys. Chem. Ref. Data, 1988,
17, 513-886.

39 P. Neta, J. Grodkowski and A. B. Ross, Rate Constants for
Reactions of Aliphatic Carbon-Centered Radicals in
Aqueous Solution, J. Phys. Chem. Ref. Data, 1996, 25, 709~
1050.

40 A. Hiroki, S. M. Pimblott and ]J. A. LaVerne, Hydrogen
Peroxide Production in the Radiolysis of Water with High
Radical Scavenger Concentrations, J. Phys. Chem. A, 2002,
106, 9352-9358.

41 K. Pierzchala, J. Pieta, M. Pieta, M. Rola, ]J. Zielonka,
A. Sikora, A. Marcinek and R. Michalski, Boronate-Based
Oxidant-Responsive Derivatives of Acetaminophen as
Proinhibitors of Myeloperoxidase, Chem. Res. Toxicol.,
2023, 36, 1398-1408.

42 J. Monig, K. Krischer and K. D. Asmus, One-Electron
Reduction of Halothane and Formation of Halide Ions in
Aqueous Solutions, Chem.-Biol. Interactions, 1983, 45, 43-52.

43 J. Liu, B. Xu, E. A. Uslamin, E. A. Pidko, A. G. Denkova and
R. Eelkema, Reaction Network Analysis of Organochloride
Mediated Oxidation Induced by Ionizing Radiation,
ChemRxiv, 2025, DOIL: 10.26434/chemrxiv-2025-cq53z.

44 A. L. Harris, Hypoxia-a Key Regulatory Factor in Tumour
Growth, Nat. Rev. Cancer, 2002, 2, 38-47.

45 S. R. McKeown, Defining Normoxia, Physoxia and Hypoxia in
Tumours-Implications for Treatment Response, Brit. J.
Radiol., 2014, 87, 20130676.

46 F. Mornex and N. Girard, Gemcitabine and Radiation
Therapy in Non-Small Cell Lung Cancer: State of the Art,
Ann. Oncol., 2006, 17, 1743-1747.

47 B. Pauwels, A. E. C. Korst, F. Lardon and ]J. B. Vermorken,
Combined Modality Therapy of Gemcitabine and
Radiation, Oncologist, 2005, 10, 34-51.

48 B. Pandit and M. Royzen, Recent Development of Prodrugs
of Gemcitabine, Genes, 2022, 13, 466.

49 C. M. B. Heard and J. E. Fletcher, in Pediatric Critical Care, B.
P. Fuhrman and J. J. Zimmerman, Mosby, Saint Louis, 4th
edn, 2011, pp. 1654-1681, DOI: 10.1016/B978-0-323-07307-
3.10123-5.

50 D. Lee, S. Lee, Y. S. Jang, R. Ryoo, J. K. Kim, K. S. Kang and
K. H. Kim, N,N-Dimethyl-Anthranilic Acid from Calvatia
Nipponica Mushroom Fruiting Bodies Induces Apoptotic
Effects on MDA-MB-231 Human Breast Cancer Cells,
Nutrients, 2023, 15, 3091.

Chem. Sci., 2026, 17,1752-1760 | 1759


https://doi.org/10.26434/chemrxiv-2025-cq53z
https://doi.org/10.1016/B978-0-323-07307-3.10123-5
https://doi.org/10.1016/B978-0-323-07307-3.10123-5
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03191e

Open Access Article. Published on 24 November 2025. Downloaded on 4/7/2026 2:14:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

51 J.-P. Jay-Gerin, Fundamentals of Water
Encyclopedia, 2025, 5, 38.

52 F. Hirschhaeuser, H. Menne, C. Dittfeld, J. West, W. Mueller-
Klieser and L. A. Kunz-Schughart, Multicellular Tumor
Spheroids: An Underestimated Tool is Catching Up Again,
J. Biotechnol., 2010, 148, 3-15.

53 A. L. D. Wallabregue, H. Bolland, S. Faulkner,
E. M. Hammond and S. J. Conway, Two Color Imaging of
Different Hypoxia Levels in Cancer Cells, J. Am. Chem. Soc.,
2023, 145, 2572-2583.

54 X. Mao, S. McManaway, J. K. Jaiswal, P. B. Patel,
W. R. Wilson, K. O. Hicks and G. Bogle, An Agent-Based

Radiolysis,

1760 | Chem. Sci., 2026, 17, 1752-1760

View Article Online

Edge Article

Model for Drug-Radiation Interactions in the Tumour
Microenvironment: Hypoxia-Activated Prodrug SN30000 in
Multicellular Tumour Spheroids, PLoS Comput. Biol., 2018,
14, 1006469.

55 A.Ivascu and M. Kubbies, Rapid Generation of Single-Tumor
Spheroids for High-Throughput Cell Function and Toxicity
Analysis, J. Biomol. Screen, 2006, 11, 922-932.

56 R. D. Leek, I. Stratford and A. L. Harris, The Role of Hypoxia-
Inducible Factor-1 in Three-Dimensional Tumor Growth,
Apoptosis, and Regulation by the Insulin-Signaling
Pathway, Cancer Res., 2005, 65, 4147-4152.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03191e

	Organochloride mediated prodrug activation induced by ionizing radiation
	Organochloride mediated prodrug activation induced by ionizing radiation
	Organochloride mediated prodrug activation induced by ionizing radiation
	Organochloride mediated prodrug activation induced by ionizing radiation
	Organochloride mediated prodrug activation induced by ionizing radiation
	Organochloride mediated prodrug activation induced by ionizing radiation
	Organochloride mediated prodrug activation induced by ionizing radiation
	Organochloride mediated prodrug activation induced by ionizing radiation


