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The controlled release of drugs using local ionizing
radiation presents a promising approach for targeted
cancer treatment, particularly when applied in con-
current radio-chemotherapy. In these approaches,
radiation-generated reactive species often play an
important role. However, the reactive species that
can be used to trigger release have low yield and lack
selectivity. Here, we demonstrate the generation of
highly oxidative species when aqueous solutions
containing low concentrations of organochlorides
(such as chloroform) are irradiated with ionizing
radiation at therapeutically relevant doses. These
reactive species were identified as peroxyl radicals,
which formed in a reaction cascade between orga-
nochlorides and aqueous electrons. We employed
stilbene-based probes to investigate the oxidation
process, showing double bond oxidation and cleav-
age. To translate this reactivity into a radiation-sen-
sitive material, we synthesized a micelle-forming
amphiphilic block copolymer that has stilbene as the
linker between two blocks. Upon exposure to ioniz-
ing radiation, the oxidation of stilbene led to the
cleavage of the polymer, which induces the

Introduction

Over the last few decades, smart materials that exhibit
responses to various stimuli have found wide application
in drug delivery systems.” In the area of cancer
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dissociation of the block-copolymer micelles and the
release of loaded drugs.
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treatment, stimuli-responsive self-assemblies composed
of amphiphilic block copolymers are used to encapsulate
hydrophobic antitumor drugs to transport them in the
bloodstream, which helps to address the challenge of
poor solubility and also mitigates the toxic effects of the
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drugs.®* Several biodegradable polymer building blocks,
including poly(e-caprolactone) (PCL), poly(lactide-co-
glycolide),® and polyethylene glycol (PEG), have been
approved by the U.S. Food and Drug Administration for
clinical application.® These polymers can be modified
such that they exhibit changes in physical or chemical
properties upon exposure to stimuli from external
sources (e.g., light,” ultrasound,® and magnetic field®) or
from cancerous tissues (e.g., pH,”° reactive oxygen spe-
cies,"™ temperature,® and biomarkers™). These changes
can include alterations in their aggregation state or bond
cleavage, which in turn facilitate controlled drug release
in tumor cells.

Among the various stimuli of interest, ionizing radia-
tion is a promising external stimulus owing to its capa-
bility of precise and deep tissue penetration.""
Combined radiotherapy and chemotherapy has been
demonstrated to exhibit improved therapeutic efficacy
in the treatment of cancer.® In biological systems, the
exposure to ionizing radiation initiates a cascade of reac-
tions which result in the generation of reactive species
including agueous electrons, hydroxyl radicals, hydrogen
radicals, and hydrogen peroxide. These species have
been showntotrigger reactions thatlead to bond cleavage
and subsequent release of drugs. For example, the oxida-
tive cleavage of diselenide bonds by hydroxyl radicals
results in the disassembly of diselenide-based nanoparti-
cles, facilitating the release of encapsulated drugs.??2*
Radiation-responsive groups have been applied in pro-
drug therapy,?*?® wherein an antitumor drug is protected
and can be selectively activated upon reacting with hy-
droxyl radicals or agueous electrons. The applied radia-
tion dose should be within the clinically relevant window,
which depends on the specific type of radiotherapy. For
instance, in external beam radiotherapy, patients typically
receive a dose fraction of 1.8-2 Gy over 6-7 weeks, accu-
mulating to a total dose of 60-70 Gy,?* while in radio-
embolization higher doses (80-100 Gy) are applied.* In
radionuclide therapy, localized doses as high as 100 Gy
can be achieved.® Despite the success in applying radia-
tion-responsive functional groups, the studies of smart
materials that exhibit response to ionizing radiation, es-
pecially clinically relevant doses, is still limited due to the
poor sensitivity and selectivity when used to trigger
reactions.

Herein, we present the discovery of an ionizing radia-
tion-induced oxidation reaction that is greatly amplified
in the presence of low concentrations of aliphatic orga-
nochlorides. This amplification effect is attributed to the
generation of aliphatic peroxyl radicals, which arise from
the reaction between the organochlorides and radiation-
generated aqueous electrons (Figure 1a). Stilbene serves
as a suitable probe for monitoring the oxidation process,
as it undergoes oxidation specifically at its double bond
motif, resulting in a measurable decrease in UV-vis light
absorption. Subsequently, we have developed a stilbene-
DOI: 10.31635/ccschem.024.202303794
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Figure 1| Oxidative cleavage of stilbene by radiation in
water containing organochloride. (a) Proposed sequence
of events; (b) chemical structure of compound 1, 2 and
block copolymer PSP

linked amphiphilic block copolymer (poly(e-caprolac-
tone)-stilbene-poly(ethylene glycol) (PSP)) that allows
for radiation-induced release of a chemotherapeutic
drug.

Experimental Methods

All compounds were purchased from commercial sup-
pliers (Sigma Aldrich (Zwijndrecht, the Netherlands),
Tokyo Chemical Industry (Zwijndrecht, the Netherlands)
and abcr Gute Chemie (Karlsruhe, Germany)) and used
without further purification unless otherwise specified.
Compound S3 was synthesized according to previous
work from our group.®* Detailed synthesis procedures of
compounds 1, 2 and polymer PSP are presented in the
Supporting Information. Reactions were monitored by
thin-layer chromatography on a silica gel plate and visu-
alized by UV light (254 nm) or stained using a KMnO,/
OH™ solution. Flash column chromatography was carried
out on a 30 cm column loaded with 230-400 mesh silica
gel. '"H-NMR spectra were recorded on an Agilent-400
MR DD2 (Santa Clara, United States) (399.67 MHz) at
298 K. UV-vis spectroscopic measurements were per-
formed on an Analytik Jena Specord spectrometer
(UnterschleiBheim, Germany). Milli-Q water was obtained
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Figure 2 | (a) UV-vis absorption of compound 1 before and after 978 Gy of y-irradiation in chloroform. (b) Relative
absorption of compound 1 after 978 Gy of y-irradiation in different solvents. The y-rays are delivered by the °Co

source, absorption is relative to the unirradiated solution.
samples.

by purification of demineralized water with a Milli-Q IQ
7000 (Darmstadt, Germany) machine equipped with a
Millipak 0.22 uM filter. High-performance liquid chroma-
tography-mass spectrometry (HPLC-MS) was per-
formed on a LTQ XL spectrometer from Thermo
Scientific (Bleiswijk, The Netherlands) that was con-
nected with a Shimadzu HPLC setup with D2 detector
and Discovery C18 reverse phase column (Kyoto, Japan).
Water/MeCN with 0.1% (v/v) formic acid was used as the
mobile phase at a flow rate of 0.2 mL/min. The average
molecular weight and dispersity (®, M,,/M,) of the syn-
thesized polymers were determined using a Shimadzu
gel permeation chromatography (GPC) (Kyoto, Japan)
system, which was equipped with a Shimadzu RID-10A
refractive index detector and a Shimadzu SPD-20A
UV-vis detector. Two columns, a PL gel guard column
(MIXED-C, 5 pm) with dimensions of 50 mm x 7.5 mm and
an Agilent PLGel (Santa Clara, United States) (MIXED-C,
5 pm) column with dimensions of 300 mm x 7.5 mm, were
used. The GPC system provided an effective molar mass
range of 200 to 2 x 10° g/mol. The eluent used was N,N-
dimethylformamide LiBr (25 mM), and the flow rate was
set to 1.0 mL/min. The measurements were conducted at
a temperature of 50 °C. The GPC was calibrated with low
dispersity PEG standards (Sigma Aldrich) from 200 to
200,000 g/mol. Dynamic light scattering (DLS) was
performed on a Malvern Pananalytical Zetasizer Pro
(Worcestershire, United Kingdom) equipped with laser
operating at 633 nm. The irradiations with y-rays were
performed using a Nordion 220 %°Co gamma cell (Otta-
wa, Canada). The dose rate at the experimental date was
around 460 Gy/h which is calculated based on the decay
law and the half-life of ®°Co. The delivered dose was
calculated by the dose rate at the date of the experi-
ments multiplied by the exposure time. Radiation was
given in one fraction unless otherwise specified. The
X-ray irradiation was carried out using an X-ray source
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Error bars represent experimental uncertainties of three

(Philips MCN 321 variable-energy X-ray tube, Eindhoven,
The Netherlands) performed in a working voltage of
240 keV and a current of 10 mA. The dose rate of the
X-ray source was determined using the method as de-
scribed in literature.®

Results and Discussion

We recently found that the absorbance of a chloroform
solution of the trans-stilbene derivative 1 decreased after
exposure to y-rays from a ®°Co source (Figure 2a). The
vic-diol as well as 4-acetylbenzaldehyde and 4-anisalde-
hyde were identified as products indicating oxidation
and oxidative cleavage of the ethene moiety in com-
pound 1 (Supporting Information Figures S3-S5,
Scheme S1). Given that the concentration of compound
1is 50 pM in chloroform, it is unlikely that compound 1
undergoes direct radiation-induced oxidation reactions.
Rather, it is more plausible that interaction of chloroform,
the solvent, with ionizing radiation generates reactive
species that subsequently oxidize compound 1. Previous
research by Wilhelm and coworkers.*® reported the
formation of Cl, and CCIzOOH during y-irradiation of
O,-saturated chloroform. Given this precedent and the
products identified from the reaction of 1, we propose
that compound 1 is oxidized by a peroxide species gen-
erated during radiolysis of chloroform.

To investigate the influence of the solvent on the
radiolysis of stilbene, compound 1 was dissolved in vari-
ous solvents and subsequently exposed to y-radiation.
We employed the relative UV-vis light absorption to
evaluate the extent of decomposition (Figure 2b). The
relative absorption is calculated from the absorption of
compound 1 at 350 nm postirradiation divided by its
initial absorption. Interestingly, oxidation occurs in all
tested chlorinated organic solvents, whereas in non-
chlorinated solvents, the molecule remains intact after
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irradiation. We therefore concluded that the carbon-
chlorine bond plays a crucial role in the oxidation of
stilbene during radiolysis. Furthermore, the extent of
decomposition varies depending on the solvent used.
Chloroform and methyl trichloroacetate, where a carbon
atom is bonded to three chlorine atoms, showed the
largest effect. In 1,2-dichloroethane and dichloro-
methane, where a carbon atom is bonded to fewer than
three chlorine atoms, a lower degree of oxidation is
observed. In contrast, for chlorinated aromatic solvents
such as 1,2-dichlorobenzene and 1,2,4-trichlorobenzene,
compound 1 exhibits the lowest degree of oxidation
among all chlorine-based solvents. According to previ-
ous research conducted by Packer et al.,*” the reactivity
of alkyl peroxyl radicals increases when the a-carbon is
bonded with chlorine, with further enhancement ob-
served upon multiple chlorine substitutions. These trends
align with our observations.

To test if this organochloride-mediated radiolysis of
stilbene could take place in water, we synthesized com-
pound 2 (Figure 1b), in which a sulfonate group was
introduced to increase solubility in water. Upon irradia-
tion by y-rays (75 Gy) in water, the concentration of
compound 2 decreased from 90 pM to 56 + 0.2 uM,
indicating its oxidation (Supporting Information Figure
S6). Only diol (compound S11 in Supporting Information
Scheme S2 and Figure S7¢) was identified as the product
of radiolysis under these conditions. When 0.1 vol %
chloroform was added in the solution (the maximum
solubility of chloroform in water at 20 °C is 0.54 vol %
according to the International Union for Pure and Applied
Chemistry-National Institute of Standards and Technol-
ogy (IUPAC-NIST) database), a greater decrease was
observed (from 90 pM to 28.1 + 1.0 pM) after exposure
to the same dose of radiation. This indicates the involve-
ment of additional reactive species derived from the
radiolysis of chloroform. The corresponding aldehyde
(compound S12 and p-anisaldehyde) and diol (com-
pound S11) were found in MS, suggesting a further oxi-
dating process compared to pure water.

Inspired by the ionizing radiation-induced oxidative
cleavage of stilbene, we aimed to design a radiation-
responsive nanocarrier capable of dissociating upon
exposure to radiation. For this purpose, we have synthe-
sized anamphiphilic block copolymer, PSP, using a stilbene
derivative as the linker connecting the hydrophilic and
hydrophobic blocks (Figure 1b). We chose PCL and PEG
as the polymer blocks since they are widely employed
materials for nanocarriers in biomedical settings.

To verify the radiation-induced cleavage of PSP, we
prepared micelles and irradiated the solutions with y-rays
over a dose range of 0-8 Gy, using phosphate-buffered
saline (PBS, pH 7.4) or PBS/chloroform (0.1 vol % chlo-
roform in PBS, pH 7.4) as the solvent. We employed
X-rays (240 keV) as an alternative irradiation source. We
used fractionated radiation of 2 Gy per fraction, since
DOI: 10.31635/ccschem.024.202303794
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these conditions are close to clinical application. The
micelle solution exhibits an absorption peak at 350 nm,
corresponding to the absorption of the stilbene moiety in
PSP (Supporting Information Figure S9). Figure 3a shows
a significant decrease of absorption after 4 Gy of irradia-
tion in PBS/chloroform. The gradual decrease indicates a
dose-dependent oxidation of stilbene. However, irradia-
tion with the same dose in PBS leads to a much less
pronounced decrease in absorption and no change in the
peak shape (Supporting Information Figure S9), indicat-
ing no oxidation in the absence of chloroform. The energy
of the irradiation source does not significantly influence
the efficiency of the oxidation process, as evidenced by
the similar slopes of absorption decrease observed for X-
rays and y-rays. This phenomenon should be similar to
chemical reactions triggered by species formed when
exposed to radiation having the same linear energy trans-
fer value since the yield of each primary species, described
by its G-value (molecules produced per 100 eV absorbed
energy) will be nearly the same.

We varied the concentration of chloroform in PBS to
investigate the effect of the molar ratio of chloroform-to-
stilboene on the oxidation process. The extent of the
decrease in absorption correlates with the chloroform-
to-stilbene ratio (Figure 3b). At the molar ratio of 500:1,
the absorption decreases from 1.0 to 0.60, whereas at
molar ratios ranging from 10:1 to 0.5:1, the absorption
does not decrease. The dependence indicates that the
oxidation is not catalytic in nature but rather requires an
excess amount of chloroform.

We lyophilized the micelle solutions after irradiation and
measured the molecular weight of the polymers using GPC
to verify the oxidative cleavage of PSP. As shown in
Figure 3c, PSP has a retention time of 8.19 min, correspond
toamolecular weight of 9.3 kDa. Following the exposure to
15 Gy of y-irradiation in the presence of chloroform, a
shoulder peak appears at a retention time of 8.44 min,
whichisthe sameretention time as the PCL-block. A higher
exposure dose of 30 Gy increases the intensity of the PCL
peak, further supporting the conclusion that the oxidative
cleavage by radiation is dose dependent.

The oxidation pathway of stilbene varies depending on
the solvent, as the irradiated medium generating reactive
species is different. In chloroform, the oxidizing agents
generated through the radiolysis of chloroform include
Cl, and CCIzO0H.*® However, in agueous solutions, the
majority of ionizing radiation energy is absorbed by
water molecules, leading to the generation of primary
species such as aqueous electrons (e,q7), hydroxyl radi-
cals (OH-) and hydrogen radicals (H-) (eq 1). Experi-
mental studies using pulse radiolysis****? have confirmed
that in the presence of chloroform, the primary reaction
of chloroform involves reduction by e,q~ because of the
high electron affinity, resulting in the formation of chlo-
ride ions and the carbon-centered radical - CHCI, (eq 2).
In the presence of trace amount of oxygen, the - CHCI,

=
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Figure 3 | (a) Decrease of the absorption of PSP micelle solutions (0.05 mg/mL) at 350 nm against radiation dose;
(b) decrease of absorption after 75 Gy of irradiation in solutions with varied chloroform-to-stilbene ratio (for some
data, error bars are smaller than data markers), (c) GPC retention time of PCL-block, PEG-block, PSP before and after
y-irradiation in water/0.1 vol % chloroform solution. The y-rays are delivered by the ®°Co source. We used 240 keV
X-rays. Error bars represent experimental uncertainties of three samples.

reacts with oxygen at a diffusion-controlled rate, leading
to the formation of peroxyl radicals (eq 3) that are able to

oxidize stilbene.

y—rays

Hzo —

H+HO+e;,+H"

CHCl3+e5, — “CHClo+CI-

:CHCIl3+05 — CI,HCOO:-

We conducted scavenger experiments to investigate
the underlying mechanism of radiation-induced stilbene
oxidation in water/0.1 vol % chloroform solution. Micelle
solutions were irradiated in PBS (pH 7.4) containing

0.1 vol % chloroform and scavengers. Irradiation of the
micelle solution in a PBS buffer yields negligible absorp-
tion reduction (96.0% remaining), whereas the addition
of 0.1 vol % chloroform results in a notable reduction to
38.9% (Figure 4a). The presence of 10 mM tert-butanol
(- OH scavenger) leads to no significant difference in
absorption reduction compared to that of the chloroform
experiment (P = 0.17), suggesting that scavenging of the
hydroxyl radical does not impede the reaction. Scaveng-
ing of the peroxyl radical by 10 mM ascorbic acid or of
agueous electrons by 100 mM NaNOz shows much less
absorption reduction than the chloroform experiment,
which means the peroxyl radical and agqueous electrons
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Figure 4 | (a) The relative absorption of micelles solutions with scavengers after 75 Gy of y-irradiation. Control,
0.5mg/mL PSP in 10 mM PBS (pH 7.4),; chloroform, O.1vol % chloroform was added to the control solution. Scavengers
were added to the 0.1 vol % chloroform solution: t-BuOH, 10 mM; ascorbic acid, 10 mM; NaNOz, 100 mM. N5, solution
was degassed and backfilled with N> before adding chloroform. (n = 3, one-way analysis of variance (ANOVA) t-test,
P-values >0.05 show as “ns,” **** indicates P-value < 0.0001). (b) The relative absorption of micelle solutions
containing 12 mM organochlorides after 75 Gy of y-irradiation. Control, 0.5 mg/mL PSP in 10 mM PBS (pH 7.4).
Organochloride samples were generated by adding the respective organochloride to the control solution.
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must play a role in the reaction. Removal of oxygen via
nitrogen purging results in an absorption reduction to 73%
of the original value, suggesting the participation of oxy-
gen in the oxidation. Additional electron paramagnetic
resonance experiments using spin traps showed the for-
mation of hydrated electrons under y-irradiation of PBS,
and their efficient removal in the presence of chloroform
(see Supporting Information Figure S11, Scheme S3, and
Table S1). These findings provide further confirmation that
the oxidation of stilbene is associated with agueous elec-
tron and peroxyl radical formation during the radiolysis of
aqueous solutions containing chlorinated compound.
We investigated whether chlorinated organic mole-
cules, apart from chloroform, can induce oxidation of
stilboene under irradiation. Micelle solutions containing
various chlorinated molecules at equal concentration
(12 mM, equal to that of 0.1 vol % chloroform in PBS)
were irradiated with the same dose of y-rays, and the
degree of oxidation was evaluated based on the reduc-
tion in absorption. Note that all used organochlorides are
added at concentrations below their solubility limit in

water, that is, in all cases homogenous solutions were
used. As illustrated in Figure 4b, all multichlorinated
organic additives exhibit oxidizing capabilities, whereas
the monochlorinated 2-chloroethanol shows no signifi-
cant difference in reduction compared to that observed
in PBS alone. This suggests that the peroxyl radical
formed from 2-chloroethanol (R1, Scheme 1) lacks suffi-
cient reactivity to react with stilbene. In contrast, R2,
formed from 2,2,2-trichloroethanol, shows the highest
reactivity among all tested molecules, resulting in an
absorption decrease of 80%. This can be attributed to
the electron-withdrawing effect of the chlorine and hy-
droxyl groups, which render the corresponding peroxyl
radical more reactive. The same trend is observed in
experiments involving chloroform and dichloromethane.
At the pH of these experiments, trichloroacetic acid and
the so formed peroxyl radicals are ionized. The carbox-
ylate ion group exhibits a deactivating effect, as previ-
ously reported by Packer et al.*” so the degree of
oxidation in trichloroacetic acid is lower compared to
that in the chloroform experiment.

Figure 5 | Cryo-EM images of PSP micelles and PSP-encapsulating Dox. (a) PSP micelle solution in water, O Gy; (b) PSP
micelle solution in water/chloroform, O Gy; (c¢) PSP-Dox micelle solution in water, O Gy; (d) PSP-Dox micelle solution in
water/chloroform, O Gy; (e) PSP micelle solution in water, 15 Gy; (f) PSP micelle solution in water/chloroform, 15 Gy;
(9) PSP-Dox micelle solution in water, 15 Gy; (h) PSP-Dox micelle solution in water/chloroform, 15 Gy.
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Cryo-EM images were used to investigate the morpho-
logical changes of the micelles after irradiation in water
or water/0.1 vol % chloroform solution. As shown in
Figure 5a,b, the nonirradiated samples exhibit predomi-
nantly spherical particles, with a minor presence of
worm-like structures. Particle analysis of the nonirradiat-
ed micelles showed an average core diameter of
16.3 + 4.9 nm in water and 14.7 + 3.0 nm in water/
chloroform (Supporting Information Figure S10). Upon
exposure to 15 Gy of y-radiation, the micelles maintained
their spherical morphology (Figure 5e,f), with an average
core diameter of 16.1+ 3.6 nmin waterand14.4 + 41nmin
water/chloroform. The size distribution of the micelles
before and after irradiation in water or in water/chloro-
form exhibited minimal variation, indicating that the struc-
ture of the micelles was preserved. The hydrodynamic
diameter (D) of PSP, determined by DLS, exhibited no
size distribution shift after irradiation in water and water/
chloroform (Supporting Information Figure S10a,d).

To test the drug release property of PSP micelles under
irradiation, we used doxorubicin (Dox) as a model drug.
The Dox loading efficiency in the micelles was 0.23-
0.25 mg/mg (Dox/PSP). PSP-Dox micelles showed
significantly larger core diameter than PSP micelles
(cryogenicelectron microscopy (cryo-EM): 36.2+10.7 nm
in water and 43.9 + 10.1 nm in water/chloroform,
Figure 5c¢,d). The Dy (DLS) of Dox-loaded micelles was
97.8 + 1.0 nm, while that of unloaded micelles was
38.2 + 0.2 nm (Supporting Information Figure S13 and
Table S3). The relatively larger diameter of PSP-Dox
compared to PSP alone is attributed to the high Dox
loading in the hydrophobic core of the micelles. Upon
exposure to 15 Gy of y-irradiation in water/chloroform,
cryo-EM of PSP-Dox showed a lower number of large
micelles (40-55 nm) and relatively more small micelles
(15-30 nm) (Figure 5d,h and Supporting Information
Figure S10k,). In contrast, PSP-Dox micelles in water
exhibited no significant change of morphology when
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Dox release (%)
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Figure 6 | The release profiles of Dox from PSP micelles
solutions irradiated in PBS and PBS/chloroform solution
(n = 3, two-way ANOVA t-test, **** indicates P-value <
0.0000).
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irradiated by y-rays (cryo-EM: Figure 5c,g and
Supporting Information Figure S10h,i).

The Dox release ratio after irradiation was determined,
representing the releasing Dox from the micelles divided
by the total Dox after irradiation. As shown in Figure 6,
both groups exhibited a Dox release of approximately
30% at O Gy, indicating a passive release of Dox during
the preparation of the micelle solutions. After 8 Gy of
irradiation, there was no significant difference in Dox
release between the PBS and PBS/chloroform group.
However, an increase in radiation dose to 15 Gy, resulted
in a higher release of Dox in the PBS/chloroform group,
that is, a release of 74.4%, while in the PBS group 45.7%
released from the micelles. Increasing the exposure dose
to 30 Gy showed the same trend as observed in the 15 Gy
case.

Conclusion

We show that the presence of low concentration orga-
nochloride compounds can have a profound effect on
the oxidizing capabilities of reactive species generated in
the radiolysis of water. Using clinical dose gamma rays or
X-rays, we observed oxidative cleavage of stilbene deri-
vatives in buffered aqueous solutions containing 0.1 vol %
chloroform or other multichloro compounds. Mechanistic
studies revealed that the reactive species responsible for
the oxidation reaction were peroxyl radicals generated
through the reaction between aqueous electrons and
chlorinated molecules. Irradiation of micelles, composed
of an amphiphilic block copolymer with stilbene serving
as the linkage between the two building blocks, in a
water/0.1 vol % chloroform solution, resulted in the
breakage of polymer chains. This, in turn, led to the
disruption of the micelles and the subsequent release of
the cargo encapsulated within them. This study offers
valuable insights into the molecular design of radiation-
sensitive materials intended for use in controlled drug
delivery applications, in particular for combined chemo-
therapy and radiotherapy. As the application of small
molecular organochlorides in clinical settings poses
biocompatibility concerns, we are currently investigating
avenues to reduce organochloride toxicity.
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