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The role of ionizing radiation-initiated reactions 
in targeted activation of chemotherapeutics

Juncheng Liu    1,2, Antonia G. Denkova    2   & Rienk Eelkema    1 

Abstract

Ionizing radiation-induced drug release is a combined chemoradiation  
therapy, which aims to reduce the systemic toxicity of chemotherapeutics. 
Radiation is used for both radiotherapy and to trigger the release of a 
chemotherapeutic. To understand radiation-induced drug activation 
and to design new radiation-sensitive chemotherapeutics, it is important 
to become familiar with the underlying reaction mechanisms. Here, we  
provide an overview of the crucial process of water radiolysis induced by 
ionizing radiation and the mechanisms of reactive species generation. 
We also discuss the reactivity of these species with cellular components 
and chemical functional groups, to give insight into selective drug 
activation in complex cellular environments. Finally, we discuss recent 
progress on radiation-induced drug release focusing on the reaction 
of water radiolysis products with drug caging groups and the yield of 
released drugs. We aim to bridge the gap between basic chemical 
processes in water radiolysis and their relevance for drug release and 
provide suggestions on the design of radiation-sensitive prodrugs 
or nanocarriers.
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timescales. On the microsecond timescale, scavengers and prodrugs 
are able to react with species from water radiolysis (for example, aque-
ous electron, hydroxyl radical and hydrogen peroxide). We will discuss 
the radiolytic yields and reactivity of these species and discuss which 
species, as a result, is more relevant for triggering drug release. As the 
drug release has to be performed in the tumour microenvironment, 
the compatibility and limitations of these species will be discussed to 
give an expectation of the yield of the released drug. Finally, we will 
discuss boundary conditions of radiation-initiated drug release sys-
tems, illustrated by recently published examples. Through this Review, 
we aim at providing deeper understanding in radiation-induced drug 
release from the perspective of radiation chemistry and eventually to 
the rational design of new drug delivery systems.

The basics of radiation chemistry
Before discussing the radiation-initiated chemical processes of drug 
release from prodrugs and nanocarriers, it is essential to briefly intro-
duce the fundamentals of radiation chemistry in aqueous solutions. 
A key characteristic of ionizing radiation is that the initial interaction 
of radiation with matter depends on the atomic makeup of the mat-
ter and much less on the molecular structure35. Therefore, radiation 
energy is absorbed by the molecules present in the system in proportion 
to their atomic weight and relative abundance, and energy absorp-
tion is most likely to result in the ejection of an electron. In the case 
of irradiation of dilute aqueous solutions ([solute] < 0.1 M), generally 
speaking, only water molecules ([water] = 55 M in aqueous solutions) 
are ionized, and any subsequent radiation-initiated reactions are medi-
ated by the products of water radiolysis36,37. Therefore, understanding 
the radiation chemistry of water radiolysis is crucial in the design of 
radiation-activated prodrugs38,39.

Interactions of ionizing radiation with water
Figure 1 outlines the physical and chemical processes that occur 
following the irradiation of water37. The primary processes are the 
interactions of high-energy photons (such as γ-rays and X-rays) or 
charged particles (such as electrons, protons and α-particles) with 
water, resulting in electronic excitation (reaction 1) or ionization  
(reaction 2). The H2O+ produced in reaction 2 undergoes an ion-to-
molecule reaction with another water molecule to form ·OH and H3O+ 
(reaction 3). The ejected electron from reaction 2 may cause a sec-
ondary ionization and, in the end, can be trapped by surrounding 
water to form a so-called aqueous electron (eaq

− , reaction 5). The H2O* 
(excited water) disassociates to ·OH and ·H (reaction 4). Reactions 1–5 
take place on a timescale of 10−16–10−12 s, after which the radicals start 
to diffuse randomly. At the start of the diffusion process (10−12 s), the 
radicals may encounter one another and undergo reaction 6–12 
(10−12–10−7 s). Next, the species diffuse homogeneously in the solution 
and react with solutes (for example, prodrugs or scavengers) within 
10−4 s. After that, all the radicals are quenched or recombined to form 
molecular products.

Among all the products formed by water radiolysis, the species 
most likely to initiate chemical reactions (for example, activating 
prodrugs) are eaq

− , ·OH, ·H and H2O2. The radiolytic yield of H+ is too 
small to induce a significant pH change in biological systems and is 
thereby not suitable for such applications. The reaction rate between 
prodrugs and radiolytic species is generally below 107 s−1 (see the 
section Reactivity and selectivity of radiolytic species in biological 
systems)36, meaning that anything lasting less than 10−7 s does not 
react sufficiently fast enough to contribute significantly to the 

Introduction
Surgery, chemotherapy and radiotherapy are the primary treatments 
for malignant tumours. Chemotherapy and radiotherapy have differ-
ent cell-killing mechanisms and are, therefore, often used in combi-
nation to enhance therapeutic efficacy and minimize side effects1. 
Radiotherapy kills cancer cells either by direct interaction between radi-
ation and DNA or indirectly by creating reactive species that then dam-
age DNA. Radiation can be given externally, that is, in external-beam 
radiotherapy which uses high-energy photons, such as X-rays or γ-rays, 
or internally in radionuclide therapy that typically uses β− particles, 
which have low linear energy transfer (LET). Such low-LET treat-
ments result mostly in indirect damage to DNA via radical formation. 
Alternatively, high-LET radiation (for example, α-particles) induces 
mostly direct DNA damage, which is often clustered and therefore  
difficult to repair.

Chemotherapy uses cytotoxic drugs to treat localized tumours or 
metastasized cancer, inducing cell death or inhibiting proliferation2. 
However, the systemic administration of chemotherapeutics means 
also treating normal tissues and results in severe side effects. These 
side effects affect patient well-being and limit both the dose of admin-
istered drug and treatment duration3. Enhancing the effectiveness 
of cancer therapy requires either increasing the effects on tumours 
or reducing the impact on surrounding tissues4. Stimuli-induced 
drug release from nanocarriers and prodrugs offers a way to reduce 
the side effects to healthy tissues by releasing active drugs only in 
response to conditions specific to tumours such as low pH5, hypoxia6 
and enzymes7. External release stimuli such as near-infrared light8 
and ultrasound9 have also been extensively studied in the treatment 
of various types of cancers10.

The combination of radiotherapy and systemic drug administra-
tion has various treatment consequences11,12. For example, treating 
a tumour with radiation perturbs the cell cycle13, making the tumour 
more sensitive to chemotherapeutics. Drug release triggered by ionizing 
radiation offers important advantages over traditional combinations of 
radiotherapy and chemotherapy. It can exploit the different therapeutic 
mechanisms of the two treatments, potentially reducing the systemic 
toxicity of antitumour drugs and enhancing overall treatment efficacy. 
Various drug carriers have been reported for ionizing radiation-initiated 
drug release system, including metal-organic frameworks14,15, covalent 
organic frameworks16, polymeric nano-aggregates17–19 and prodrugs20,21. 
Besides, radiation-induced versions of photodynamic therapy22–26 
and radiation-activated scintillating nanoparticles27,28 have also been 
reported. In contrast to radiation-initiated photodynamic therapy 
effects — in which heavy elements with high cross-sections are used to 
convert the energy from radiation to photosensitizers29 — activation 
of prodrugs relies on chemical reactions with species generated by 
the radiolysis of water, as most prodrugs (organic compounds) do not 
absorb radiation to any appreciable degree.

The interaction of these therapies with various cell lines or tumours 
has been discussed in recent reviews30–34. However, these reviews pri-
marily focused on novel chemistries and drug release applications, 
while giving limited attention to the fundamental mechanisms of 
water radiolysis and the interactions of reactive species with functional 
groups — processes that are crucial for advancing scientific understand-
ing and progress in this field. In this Review, we aim to bridge this gap, 
to help researchers to rationally develop new radiation-induced drug 
release systems. We will start with the fundamentals of radiation chem-
istry, discussing the physical processes and chemical reactions taking 
place on the sub-picosecond to pseudo-steady-state microsecond 
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product distribution. This means that the yield of reactive species 
that persist longer than 10−7 s determines the expected yield of  
activated drugs.

Radiolytic yield of reactive species
The interaction of ionizing radiation with water results in multiple 
water molecules being ionized or excited by a single ionizing event. 
LET describes the energy absorbed by matter (in this case, water) as a 
function of travelled distance of incident radiation, which determines 
the number of ionizations along the track40. For low-LET radiation 
(photons and high-energy electrons), ionizations are widely spread 
along the track, and the diffusion pattern of radicals resembles a spur 
(tiny regions with high concentrations of radicals, Fig. 1). As spurs are 
far away from each other, radical recombination between spurs is lim-
ited, so radical products (for example, eaq

− , ·H and ·OH) are favoured 
over molecular products. Conversely, high-LET radiation tends to 
produce more of the molecular products (for example, H2 and H2O2) 
and less of the radical products41,42, as spurs occur close to each other 
thus facilitating radical recombination.

The dose of radiation is given by the unit Gray (Gy), in which 1 Gy 
equals 1 J of energy absorbed by 1 kg of matter (1 Gy = 1 J kg−1). The 
radiolytic yields, known as G-values, are expressed as the number of 
molecules formed per 100 eV of absorbed energy, in which 1 molecule 
per 100 eV is approximately equal to 0.103 µmol J−1, and 0.103 µM Gy−1 
for solutions of unit density (for example, water when ρ = 1 kg L−1)43. In 
aqueous solutions with low concentration of scavengers (less than tens 
of millimolar concentration), the G-values of reactive species that 
remain after 10−7 s timescale are close to the values shown in Table 1. 
Clinical administration of concurrent chemoradiation therapy follows 
a fractionation regimen, that is, radiation is given in several 
fractions44,45. Long-course chemoradiotherapy generally delivers 
40–60 Gy in approximately 30 fractions over 5–6 weeks, whereas 
short-course combination therapy delivers ~25 Gy in 4–5 fractions over 

3 weeks46. For each fraction, the delivered dose varies from 2 Gy to 
10 Gy, where ~0.56–2.8 µM of e /·OHaq

−  is generated.

The reactivity of products of water radiolysis
In this section, we will discuss the products of water radiolysis, relevant 
for triggering prodrug activation. These species include radical 
products such as eaq

− , ·OH and H·, as well as the molecular product H2O2. 
Given the reactivity of these species with a broad range of substrates, 
we will discuss the reaction rates of each species with various typical 
substrates or functional groups. The second-order reaction rate con-
stants are listed in Supplementary Tables 1 and 2 and summarized in 
Fig. 2. The data are acquired from ref. 47. Here, we will focus on the 
reactions of the most relevant water radiolysis products with:

	1.	 compounds abundant in cellular components, such as amino  
acids, lipids, carbohydrates and nucleotides;

	2.	 typical reactive functional groups, for example, nitro compounds  
with aqueous electrons;

	3.	 functional groups that have been used recently to design 
radiation-sensitive prodrugs.

By comparing these reaction rates, we expect that readers will be 
able to estimate which reaction will dominate in a given system such as 
the tumour microenvironment. Moreover, understanding the reaction 
mechanisms of these reactive species can help anticipating the final 
product, providing in this way considerations for prodrug design.
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Fig. 1 | Time-dependent events of water radiolysis and the related reactions. 
The grey area indicates the spatial distribution of radicals: at timescales 
from 10−16 to 10−7 s, the radical distribution looks like spurs in which reactions 

have non-homogeneous kinetics; at timescale > 10−7 s, radicals distribute 
homogeneously in solution37.

Table 1 | G-values for water radiolysis for low-linear energy 
transfer radiation

Reactive species eaq
− ·OH ·H H2O2

Yield (µM Gy−1) 0.28 0.28 0.062 0.073

Yield (molecule per 100 eV) 2.70 2.70 0.060 0.70
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Aqueous electron
The aqueous electron is a strong reductant with a reduction potential 
of –2.9 V (versus H+/H2), which readily reduces metal ions (equation (13), 

Fig. 2c). For example, eaq
−  can reduce Cu(II) to Cu(I) at a diffusion-

controlled rate (k = 3.3 × 1010 M−1 s−1; Fig. 2a and Supplementary Table 1). 
Aqueous electrons are unreactive towards saturated hydrocarbons, 
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Fig. 2 | Reactivity of species generated through water radiolysis. 
a, Second-order rate constants for reactions of aqueous electrons 
in aqueous solutions47,111, summarized from Supplementary Table 1. 
Species on the left of the dashed line can be considered unreactive. 
b, Second-order rate constants for reactions of hydroxyl radical 
in aqueous solution47, summarized from Supplementary Table 2. 
c, Equations (13) to (17) show typical reactions with aqueous electrons 
and hydroxyl radicals.
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isolated alkenes, alcohols, amide bonds and amines, meaning that 
cellular components such as lipids, sugars, most of the amino acids 
(with exception of cystine and cysteine) and peptides are inert to 
eaq

−  (Fig. 2a). In aqueous solutions, eaq
−  interacts with organic compounds 

primarily through two mechanisms48,49: (1) dissociative electron  
capture (equation (14), Fig. 2c) and (2) addition reactions to π-bonds  
(equation (15), Fig. 2c). A common reaction involving eaq

−  is the electron 
capture by a carbon–halogen bond, resulting in the release of a halogen 
anion and production of a carbon-centred radical. The reaction rate 
can vary by four orders of magnitude depending on the structure. 
Fluorinated compounds are less reactive than other organic halides. 
Bromo and iodo-compounds react rapidly with eaq

− , whereas the degree 
of substitution determines the reaction rate of organochlorides 
(Supplementary Table 1). Compounds containing electron-withdrawing 
groups demonstrate high reactivity towards eaq

− . For examle, both 
aliphatic and aromatic nitro compounds react with eaq

−  in diffusion-
controlled reaction rates (~1010 M−1 s−1). π-Conjugated compounds  
with electron-withdrawing groups are also reactive to eaq

− , with  
k ~ 109–1010 M−1 s−1. In biological systems, eaq

−  reacts rapidly with electron-
deficient nucleobases (k ~ 1010 M−1 s−1). Additionally, the aqueous 
electron can perform one-electron reduction of thiols (for example, 
cysteine, k = 1.2 × 1010 M−1 s−1) or disulfides (for example, oxidized glu-
tathione, k = 3.7 × 109 M−1 s−1) through dissociative electron transfer 
mechanisms, leading to the formation of thiol radicals (Fig. 2a). It is 
important to note that eaq

−  reacts with molecular oxygen at a diffusion-
controlled rate, to form a peroxyl anion known as superoxide. Super-
oxide is a highly reactive species, which is quickly scavenged by 
superoxide dismutase in living organisms. The concentration of 
molecular oxygen can vary substantially depending on the type of 
tissue: the average physiological oxygen level in normal tissues is ~5% 
(~60 µM) (‘normoxia’), whereas in cancerous tissues it typically drops 
to <2% (~25 µM) (‘hypoxia’). Certain tumour types or zones can be 
extremely hypoxic, with oxygen levels falling below 0.5% (Fig. 2a).

Hydroxyl radical
OH reacts with most organic substrates at close to diffusion-controlled 
rates, which includes, for example, alcohols, carbohydrates, thiols, 
aromatic compounds and organic selenides (Fig. 2b). Among these, 
electron-rich aromatic compounds (such as methoxyphenols and meth-
oxybenzoates) and organic selenides have even higher reaction rates 
(k~1010 M−1 s−1) with ·OH. By contrast, ·OH is relatively inert to organic hal-
ides (~108 M−1 s−1). The main reaction types of ·OH with substrates include 
(1) addition to double bonds, (2) hydrogen abstraction and (3) electron 
transfer50 (Fig. 2c). In biological systems, ·OH undergoes addition reactions 
with double bonds in the base moieties of nucleotides51 (equation (16),  
Fig. 2b) with near diffusion-controlled rate constants (k ~ 1010 M−1 s−1). 
Additionally, ·OH participates in hydrogen abstraction reactions at the 
sugar moiety (equation (17), Fig. 2b,c), such as glucose (k = 1.5 × 1010 M−1 s−1) 
and ribose (k = 1.5 × 1010 M−1 s−1). Given the relatively high concentration of 
nucleotides in cells and the rapid reaction rate of ·OH with most biological 
molecules, the design of prodrugs or activation systems targeted by ·OH 
should incorporate functional groups that are either present in signifi-
cantly higher concentrations than nucleotides or have a much higher 
reaction rate with ·OH. The section ‘Radiation-initiated drug release’ will 
present a few examples using ·OH as the triggering agent:

Hydrogen radical
The hydrogen radical (H·) is the conjugate acid of eaq

− , with a pKa of 9.1. 
The typical reaction of H· with organic compounds is hydrogen 

abstraction, which occurs at a significantly lower rate compared with 
reactions with ·OH (ref. 47). Under physiological conditions, eaq

−  is con-
sidered the dominant reductant, which is attributed not only to the 
lower radiolytic yield of H· compared with eaq

−  but also to the fact that 
the reaction rates of H· with most organic compounds are one to three 
orders of magnitude lower than those of eaq

− .

Hydrogen peroxide
Hydrogen peroxide is present in most cells at concentrations ranging 
from a few micromolar in normal cells to sub-millimolar in cancerous 
or inflamed cells52,53. This widespread presence makes H2O2 a popular 
stimulus for activating prodrugs or nanocarriers54,55. However, the 
radiolytic production of H2O2 under low-LET radiation has a very low 
yield (0.07 µM Gy−1), leading to radiation-induced concentrations that 
are comparable to typical intracellular levels. Consequently, design-
ing prodrugs that rely on H2O2 generated by low-LET radiation is quite 
challenging. There are, to the best of our knowledge, no examples 
published that use H2O2 generated from water radiolysis. By contrast, 
high-LET radiation produces somewhat higher yields of H2O2 (for exam-
ple, 0.13 µM Gy−1 for 3.4 MeV α-beams)56,57, making it useful to consider 
in combination with radionuclide therapy.

Reactivity and selectivity of radiolytic species in 
biological systems
As discussed in the previous section, both eaq

−  and ·OH can react with a 
wide variety of cellular components. In this section, we will discuss the 
selectivity of their reactions with cellular components and radiolytic 
species-sensitive molecules. Consider a prodrug is designed to react 
with eaq

− , exposure of a biological system containing this prodrug to 
ionizing radiation generates eaq

− , which can then react with either the 
prodrug molecule or any other cellular components. The fraction (f ) 
of eaq

−  reacting with the prodrug relative to the overall scavenging 
by cellular components can be used to quantify the reactivity of the 
prodrug in a biological system58.

f is given by:

∑f k k S= [functional group]/ ( [ ]) (18)p i i

and the generated concentration of the activated drug is given by:

e f[activated functional group] = [ ] × (19)aq
−

in which kp is the rate constant of eaq
−  with functional group, ki is the 

reaction rate of the ith cellular component Si with eaq
− , [e ]aq

−  is the yield 
of aqueous electrons at a given dose of radiation. The sum represents 
all the scavenging reactions of eaq

−  within cells, including the reaction 
with the prodrug. In 1978, Michaels and Hunt59 estimated this sum to 
be 3.4 × 108 s−1 in mammalian cells without prodrugs. This estimation 
is based on several assumptions, including the homogeneous distribu-
tion of all reactants within cells. However, certain scavengers, such as 
bases in DNA, are concentrated in the nucleus and are not homogene-
ously distributed, suggesting that the actual value might be lower. 
Considering a few homogeneously distributed eaq

−  scavengers in can-
cerous tissues, such as glutathione (intracellularly 1–10 mM (ref. 60) 
and 20–40 µM outside cells61,62, k = 4.5 × 109 M−1s−1), cysteine (~0.3 mM 
in blood63,64, k = 1.2 × 1010 M−1 s−1) and oxygen (on average 16.3 µM (ref. 65) 
in tumour microenvironment, k = 1.9 × 1010 M−1 s−1) and using the previ-
ously mentioned reaction rates, the sum is 0.40 × 107 s−1 (outside cells). 
In this context, substantial activation of a prodrug by eaq

−  requires that 
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kp[functional group] should be at least comparable to this value. In the 
case of a prodrug designed to react with ·OH, the competition between 
the prodrug and cellular components for ·OH is less favourable, as 
sugars, which are unreactive to eaq

− , can rapidly react with ·OH. Consid-
ering some homogeneously distributed ·OH scavengers in cells,  
such as cysteine (k = 3.4 × 1010 M−1 s−1), glucose (~5.5 mM (ref. 66), 
k = 1.5 × 109 M−1 s−1) and glutathione (k = 1.4 × 1010 M−1 s−1), the total scav-
enging rate is 1.91 × 107 s−1. This rate is more than four times higher than 
that of eaq

− , making the design of prodrugs targeted by ·OH significantly 
more challenging than those targeting eaq

− .

Guidelines for the design of radiolysis-driven drug  
activation systems
Given their substantially higher radiolytic yield, eaq

−  and ·OH are pre-
ferred over other radiolysis products as species initiating release, and 
prodrugs should be designed to react rapidly and selectively with  
these species. To achieve any required amount of drug activation  
(equations (18) and (19)), the prodrug must have a significantly higher 
reactivity than the combination of scavengers present. As the concen-
tration of prodrugs (~101 μM) is much lower than that of scavengers 
(<10 mM), the reaction rate of the prodrug should be at least one order 
of magnitude higher than that of the scavengers. Any combination of 
functional group concentration and rate constant (Figs. 2 and 3) that 
satisfies this condition has the potential to act as a radiolysis product-
sensitive functional group. Reaction of such a functional group with 
the radiolysis product should lead to bond breakage (for example, 
diselenide or stilbene), group transformation (for example, N-oxide 
to amine) or initiation of a self-immolation process (for example, azi-
dobenzyl to aminobenzyl and subsequent removal of the cage). The 
prodrug should have good solubility to ensure a homogeneous reaction 
with reactive species. The drug should be effective at the concentra-
tions predicted by equations (18) and (19), and the prodrug should 
have only limited toxicity at the applied concentration.

Challenges for clinical translation
The ultimate goal of these developments is clinical translation, that is, the  
application of radiation-triggered drug release strategies in patients 
to treat cancer through the combination of radiotherapy with chemo-
therapy or immunotherapy. To date, this approach has not yet entered 
clinical trials, which is understandable given that the field remains in 
its early stages of development. Nevertheless, several key challenges 
must be addressed to enable successful clinical implementation.

First, drug release must be achieved at clinically relevant radiation 
doses, typically ranging from 2 Gy to 10 Gy for external beam therapy 
and up to several tens of Gray for radionuclide therapy67,68. Second, the 
prodrug must exhibit minimal inherent toxicity, whereas the released 
drug must demonstrate high therapeutic efficacy — in other words, 
the prodrug–drug system should offer a large therapeutic index. In 
addition, the prodrug must remain stable under physiological condi-
tions in the absence of radiation, avoiding premature hydrolysis or 
degradation. By-products generated by the activation must also be 

non-toxic and should not induce undesirable side effects. The timing 
of drug release is another critical factor: tumour uptake and retention 
of the prodrug must be sufficient and well characterized to enable 
effective combination with radiotherapy. Although addressing these 
challenges is complex, the flexibility provided by the range of available 
radiation-cleavable groups and therapeutic agents offers opportunities 
to facilitate eventual clinical translation. Furthermore, the dose-limited 
generation of radiolytic species and the presence of intracellular scav-
engers put a limit on the achievable concentration of activated drugs 
and may necessitate the use of highly potent drugs (for example, 
monomethyl auristatin E, MMAE) or self-immolative strategies that 
enable the release of multiple therapeutic molecules following a single 
triggering event. The potential toxicity of by-products can often be 
predicted based on their known reactivity with organic molecules, 
facilitating the rational design of inherently safe prodrugs. When 
designing these prodrugs, it is essential to optimize biodistribution, 
favouring routes such as renal clearance, and to achieve pharmacoki-
netics that allow for sufficient tumour uptake and retention. Although 
some predictions regarding biodistribution can be made based on 
the molecular structure of the prodrug candidates, experimental 
validation in animal models will be necessary to identify the most  
effective designs.

Radiation-initiated drug release
In the previous section, we discussed the selectivity of eaq

−  and ·OH 
towards radiation-sensitive molecules in biological systems. We will 
now discuss examples in which different functional groups have been 
designed to react with eaq

−  and ·OH (Table 2). After exposure to ion-
izing radiation, the reactions of radiolytic species with these func-
tional groups induce molecular changes in the parent molecule, 
leading to drug release. By critically reviewing published papers from 
a radiation chemistry perspective, we aim to provide insights and 
inspiration for the design of effective radiation-initiated drug  
release systems.

Carbonyl compounds
Shibamoto et al.69 were among the first to report a radiation-activata-
ble prodrug OFU001 (Fig. 3a), which was constructed by protecting 
the antitumour drug 5-fluorouracil (5-FU) at the N(1) position using a 
2-oxoalkyl group. Under X-ray irradiation, the formed eaq

−  added to the 
carbonyl group to form a π* anion radical, which is further thermalized 
to the σ* orbital with a weak C–N bond, followed by the dissociation of 
the C–N bond and the release of 5-FU. Release of 5-FU was substantially 
enhanced under irradiation in hypoxic conditions, with a G-value of 
0.19 µM Gy−1, whereas the G-value was 0.010 µM Gy−1 in aerobic condi-
tions, underlining the scavenging propensity of molecular oxygen. 
With the decent radiolytic yield of 5-FU, the authors tested the cyto-
toxicity of the prodrug under irradiation with X-rays. OFU001 showed 
much lower toxicity compared with 5-FU, and the cell surviving fraction 
dropped significantly in the group of OFU001 with 30 Gy of irradiation 
under hypoxic conditions. However, it should be noted that these 

Fig. 3 | Prodrug activation induced by aqueous electrons. a, Activation 
of 2-oxoalkyl-caged 5-FU via cleavage of C–N bond induced by aqueous 
electrons. b, Reduction of azido methyl group by aqueous electrons followed 
by hydrolysis and releasing 5-FdUrd. c, Reduction of 2,3,5,6-tetrafluorophenyl 
azide followed by the hydrolysis of a self-immolative carbamate linker to 
release Dox. d, Reduction of N-oxide to release camptothecin. e, Reduction of 

2-nitropyrrole-induced C–N bond cleavage and the release of chlormethine. 
f, Aqueous electrons induced decaging of p-acetylbenzyl ammonium to 
release carfilzomib. g, Cleavage of the C–N bond of a picolinium group and the 
rearrangement of the resulting compound to release monomethyl auristatin E.  
h, Reduction and immolation of an aryldiazo group to form an amine 
functionality. CFZ, carfilzomib.
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experiments were performed by first irradiating prodrug in Eagle’s 
minimum essential medium which was then added to the cells, which 
is not clinically applicable. Although there has been follow-up research 
using the carbonyl group as a drug-caging group70, the activation effi-
ciency in biological systems is far below than what is needed. This 
negative result may be caused by competition reactions of various 
cellular components in tissues, reducing the utility of the carbonyl 
group as a prodrug cage. In other words, the decaging reactions of 
prodrugs should out-compete the scavenging reactions in biological 
systems to make the drug release efficient.

Azido compounds
Azides (RN3) are known to be reduced to amines (RNH2) by reductants 
such as H2S, H2 and phosphines71. Tanabe et al.72 showed that the reduc-
tion can also be triggered by reducing species from the radiolysis of 
hypoxic water such as eaq

− . They designed a prodrug in which  
5-fluoro-2’-deoxyuridine (5-FuUrd) was protected by an azido methyl 
group (Fig. 3b). Upon reacting with eaq

− , the azido group was reduced 

to the amino compound and the formed methylamino group under-
went a hydrolysis reaction to release 5-FdUrd. The G-value of the reac-
tion was 0.16 µM Gy−1. A549 cells first treated with N3-FdUrd and 
irradiated for 6 Gy showed significant difference in cell viability 
(P < 0.05) compared with the N3-FdUrd negative group. The reactivity 
of azido group increases when it is connected with electron-
withdrawing group. Geng et al.73 demonstrated that sulfonyl azides 
and 2,3,5,6-tetrafluorophenyl azides can be reduced to amines under 
hypoxic irradiation. The p-azido-2,3,5,6-tetrafluorobenzyl caging 
group can be reduced to an aniline, which subsequently undergoes 
1,6-self-immolation to release doxorubicin (Dox) (Fig. 3c). The radio-
lytic yield of the drug was ~5 µM after exposure to 60 Gy of X-irradiation 
(~0.083 µM Gy−1).

Recent years have witnessed the wide application of radiation- 
reduced azido compounds for the combination of radiotherapy with 
not only chemotherapy but also immunotherapy and proteolysis 
targeting chimera (PROTAC) prodrugs. For example, Yang et al.74 
reported a radiation-inducible PROTAC molecule (RT-PRO), in which 

Table 2 | Summary of key parameters of each strategy

Caging group Reactive 
species

Source of radiation Dose (Gy) G-value of drug Cell line Animal model Ref.

Carbonyl compounds −eaq X-ray 7.5–30 0.19 µmol J−1 
(hypoxic)
0.01 µmol J−1 
(aerobic)

SCCVII Not available (NA) 110

Azido compounds eaq
− X-ray 6 0.159 µmol J−1 

(hypoxic)
0.05 µmol J −1 
(aerobic)

A549 NA 72

2,3,5,6-Tetrafluorophenyl azide −eaq X-ray 6 Not detected (ND) HeLa BALB/c nude mice 73

2,3,5,6-Tetrafluorophenyl azide −eaq X-ray 10 ND MCF-7 BALB/c nude mice 74

Azido compounds eaq
− X-ray 3–4 ND CT26 BALB/c mice 75

N-oxide eaq
− X-ray 4 Gy for 4 fractions 0.14 µM Gy−1 CT 26; HCT 116 BALB/c nude mice 77

N-oxide eaq
− X-ray 10 0.12 µM Gy−1 BM-DC C57BL/6J mice 78

N-alkoxy eaq
− X-ray 1 >24.6 µM Gy−1 NA NA 80

Nitroaryl methylquaternary 
ammonium

eaq
− γ-rays from Co-60 Not mentioned 0.67 µmol J−1 NA NA 81

p-Acetylbenzyl-substituted 
ammonium

−eaq X-ray 4 Gy for 4 fractions 0.16 µM Gy−1 CT 26; HCT 116; HeLa BALB/c mice 82

Picolinium eaq
− X-ray 4 Gy for 3 fractions 0.137 µM Gy−1 U87MG; HT1080-FAP; 

4T1-FAP
BALB/c mice 83

Azo compound −eaq X-ray 4–40 Gy 0.14 µM Gy−1 NA NA 84

Cobalt(III) complex eaq
− γ-rays from Co-60 15 Gy 0.17 µmol J−1 AA8; UV4; SKOV-3; 

EMT6-V
NA 85

Pd(II)(OAc)2 eaq
− γ-rays from Co-60 1–20 Gy 2.75 µM Gy−1 A549 NA 87

OxaliPt(IV)-(OAc)2
−eaq X-ray 4 Gy for 4 fractions ND HCT116; LoVo; Ls513; 

HT29; BGC823; MC38
88

Dihydroxylbenzyl compounds ·OH γ-rays from Co-60 and X-ray 4 Gy 0.04 µM Gy−1 4T1; HeLa; MC38 NA 89

Benzothiazoline compounds ·OH γ-rays 0–110 Gy ND NA NA 90

Organochloride −eaq γ-rays from Co-60 and X-ray 0–60 Gy ND NA NA 104

Organo diselenide ·OH γ-rays from Co-60 5 Gy ND HepG2 NA 97

Organo tellurium ·OH γ-rays from Co-60 2 Gy ND NA NA 100

Disulfide −e /Haq X-ray 6–9 Gy ND A549 NA 103
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the VHL E3 ligase-targeted hydroxyl group of the parent PRO was 
caged by a 2,3,5,6-tetrafluorophenyl azide moiety. The treatment of 
RT-PRO + X-ray showed significant growth inhibition both in vitro 
(MCF-7 cells) and in vivo (MCF-7 bearing BALB/c nude mice). Sun et al.75 
reported an azido-functionalized resiquimod (R848-N3) that in its prod-
rug form has a greatly reduced inflammatory effect (cytokine storm). 
Following radiotherapy, the concentration of activated resiquimod in 
the tumour was 11-fold higher than that in the liver at 24 h. Elevated 
levels of immune cells were observed in both primary and secondary  
tumours, demonstrating a robust systemic antitumour effect.

N-oxides
N-oxide derivatives, such as tirapazamine, were initially used as effec-
tive hypoxia-targeting agents owing to their efficient reduction 
by cellular reductases76. The so-formed benzotriazinyl radical performs 
hydrogen abstraction from DNA, leading to strand breaks. Ding et al.77 
creatively applied N-oxide derivatives in radiation-activated prodrug 
therapy. They hypothesized that the eaq

−  generated from water radi-
olysis could reduce N-oxides to tertiary amines (Fig. 3d). They sug-
gested that the eaq

−  first occupies the π orbital of the N-oxide by a 
tunnelling effect. Additionally, N-oxides with extended π systems 
increased the reactivity of eaq

−  to N-oxide. Through structural screening, 
they identified aniline N-oxides and aromatic heterocyclic N-oxides as 
promising groups for the reaction, with G-values close to the G-value 
of eaq

−  in phosphate-buffered saline (PBS). Antitumour drugs such as 
camptothecin (CPT), which contain heterocyclic tertiary amines, were 
used as drug candidates in this study. The IC50 of the prodrug NO-CPT 
was 22-fold lower than that of CPT against the CT26 cell line. 
Tumour-bearing mice treated with NO-CPT and fractionated radio-
therapy (4 Gy per fraction) showed significantly greater tumour growth 
suppression. This concept was recently extended to the activation of 
TLR7/8-agonists for cancer immunotherapy78,79. Analogous to N-oxide 
reduction by eaq

− , Anderson et al.80 recently reported an X-ray-triggered 
release of quinoline-based drugs from N-alkoxyquinoline prodrugs, in 
which a radical chain reaction can lead to yields that greatly exceed  
the stoichiometric maximum G-value, albeit only under anaerobic  
conditions.

Nitroaryl compounds
Kriste et al.81 reported prodrug activation exploiting the reduction of 
nitroaryl methylquaternary ammonium salt by eaq

−  (Fig. 3e). The formed 
nitro radical anion undergoes rearrangement to break the C–N bond 
of a quaternary ammonium salt, resulting in the release of a tertiary 
amine derivative. They used the chlormethine nitrogen mustard as the 
model drug. For the protecting group, they examined a series of nitro-
phenyls and nitroheterocycles and found the kinetics of fragmentation 
reactions varied by more than four orders of magnitude independent 
of reduction potential. 4-Nitroimidazole provided efficient chlorme-
thine release with G-value of 0.67 µmol J−1 in deaerated water with 0.1 M 
sodium formate buffer and 5 mM sodium phosphate (pH = 7.0). The 
high G-value suggests that other pathways contribute to release. How-
ever, the toxicity of this series of prodrugs was only 1.3–5.6 times lower 
than the corresponding drug, limiting the application potential of this 
prodrug cage.

Quaternary ammonium compounds
Generally, quaternary ammonium salts such as tetrabutylammo-
nium ion are unreactive to aqueous electrons (Fig. 2a). However, 
Guo et al.82 reported that p-acetylbenzyl-substituted ammonium 

salts had a much higher reactivity towards aqueous electrons because 
of their high electron affinity, with reduction resulting in the cleav-
age of the p-acetylbenzylic bond. The cleavage reaction also worked 
on a carfilzomib (CFZ)-based prodrug QA-CFZ (Fig.  3f). In vitro 
experiments showed that the G-value of carfilzomib activation is 
~0.16 µM Gy−1 in PBS. Tumour-bearing mice showed larger tumour- 
growing suppression in the group treating with QA-CFZ and 4 Gy of  
X-ray irradiation.

The same group reported another prodrug activation method 
using the reaction of eaq

−  with picolinium derivatives83 (Fig. 3g). The 
positive charge of picolinium makes it more reactive than picolyl or 
quinolinyl substitution. The formed electrically neutral radical under-
went rearrangement to release the parent drug. The G-value of released 
drug was 0.137 µM Gy−1 in phosphate buffer (pH 7.4), to G-value eaq

− . 
An antibody–drug conjugate (ADC) consisting of a fibroblast activa-
tion protein-targeted antibody and MMAE was synthesized using 
such a functional group as the linker. The ADC reached maximum 
tumour accumulation on the second day; at this point, radiation was 
applied. The radiolytic yield of released MMAE was 0.035 µM Gy−1. 
Tumour-bearing mice treated with ADC and radiation showed lower 
tumour volume but similar body weight compared with single 
treatment groups. This example demonstrated that although the 
radiolytic yield of drugs in tissue was lower than that in phosphate 
buffer because of the scavenging reactions we discussed previously, 
the tumour-killing efficiency was still significantly higher than when 
only using radiotherapy.

Azo compounds
Ogawara et al.84 reported an X-ray activable fluorescent probe 
(AZO-rhodamine 2, Fig.  3i), in which diethyl rhodamine and an 
electron-rich moiety were linked by an azo bond. The two-electron 
reduction of AZO-rhodamine 2 by aqueous electrons resulted in the 
release of diethyl rhodamine, via a hydrazine intermediate. The radio-
lytic yield of released rhodamine was ~0.14 µM Gy−1 in deoxygenated 
water containing 40% methanol. In-cell activation of AZO-rhodamine 2  
showed a linear increase of fluorescence intensity as a function of 
radiation dose, indicating an efficient reaction of the azo bond with 
aqueous electrons.

Metal ions
The one-electron reduction of metal ions by aqueous electrons presents 
significant opportunities for researchers to investigate hyporeduced 
metal ions. Ahn et al.85 reported the first example of cobalt(III) metal 
complexes whose stability markedly decreased under one-electron 
reduction by eaq

− , resulting in the release of coordinated ligands. In a 
Co(cyclen)(8-HQ) complex (Fig. 4a), cyclen (1,4,7,10-tetraazacyclotet-
radecane) helps to tune the reductive potential of Co(III) and the drug 
model 8-HQ is released upon reduction of the metal centre. Under 
γ-rays activation in deoxygenated human plasma, G(8-HQ) was 
0.17 µmol J−1. Akisawa et al.86 reported that, under hypoxic irradiation 
of an aqueous solution containing Cu(II), azide and acetylene, an 
azide–alkyne coupling reaction occurred (Fig. 4b). This reaction was 
catalysed by Cu(I), which was formed through the reduction of Cu(II) 
by eaq

− . They also demonstrated that, owing to the deep penetration of 
X-rays, the reaction could still be initiated, even though the reacting 
vessels were inserted in pork meat. Wang et al.87 reported a palladium 
pre-catalyst composed of Pd(II)(OAc)2 and a porous organic polymer 
(Fig.  4c). Under irradiation in water, the reduction of Pd(II) to  
Pd(0) occurred, which then catalysed the Tsuji–Trost hydrolysis of 
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allyloxycarbonyl-caged Dox. Notably, they measured the G-value of 
the released drug to be 2.75 µM Gy−1, approximately 10 times higher 
than that of eaq

− . This finding suggests that the strategy of activating 
metal catalysts under irradiation can overcome the low-yield limitation 
of primary species, thereby enhancing radiation-induced reactions. 
Fu et al.88 demonstrated that a Pt(IV) complex could be reduced by eaq

− , 
leading to the dissociation of axial ligands and a Pt(II) complex (Fig. 4d). 
Using physiological stable prodrug OxaliPt(IV)-(OAc)2 and the treat-
ment with prodrug and 4 Gy X-rays showed enhanced cell-killing effi-
ciency to a series of cell lines including HCT116, LoVo, Ls513 and HT29. 
Furthermore, as the ligands are cleaved when Pt(IV) is reduced to Pt(II), 
they designed an ADC, OxaliPt(IV)-ADC, using Pt(IV) as the linker of 
monoclonal anti-HER2 antibody trastuzumab and a cleavable MMAE 
as the axial ligand. Upon irradiation, the reduction of Pt(IV) led to the 
release of two types of antitumour drug, OxaliPt(IV) and MMAE. Mice 
bearing BGC823 or MC38 cells treated with ADC and X-rays showed 
better treatment efficiency while having no side effects (neither body 
weight loss nor abnormalities in major organs) when compared with 
control groups.

Dihydroxylbenzyl compounds
Fu et al.89 reported a dihydroxylbenzyl-caged prodrug (Fig. 5a) in which 
the hydroxylation by hydroxyl radical could result in the cleavage of 
the protecting group. The di-substituted hydroxyl group makes the 
benzene ring more electron-rich, thus facilitating the electrophilic sub-
stitution by hydroxyl radical. A prodrug (Fig. 5) comprising this group 
and the antitumour drug MMAE showed drug release with a G-value of 
0.04 µM Gy−1. Cancer cells (4T1 cell line) treated with 10 nM prodrug 

and 4 Gy X-ray demonstrated significantly lower viability compared 
with prodrug or radiation treatment only.

Benzothiazoline compounds
Tuo et al.90 demonstrated that N-substituted benzothiazolines (Fig. 5b) 
were sensitive to reactive oxygen species such as hydroxyl radical and 
super oxide. Hydroxyl radical or super oxide generated from water 
radiolysis can abstract a hydrogen radical from benzothiazoline to 
form an unstable benzylic radical, which loses an electron to form a 
benzothiazolium ion. The intermediate then is hydrolysed to release 
benzothiazole and carboxylic acid. The benzothiazolines react rapidly 
with oxygen-centred radicals (hydroxyl radical, alkylperoxyl radical 
and superoxide ion) while they are relatively inert to other oxidants 
(hypochlorite, 1O2 and H2O2). Although the radiolytic yield of oxida-
tion and the activation efficiency in biological environments were not 
determined, this study presents an alternative approach for designing 
radiation-induced oxidation-sensitive prodrugs.

Chalcogen compounds
Organic chalcogen compounds are reported to show response 
to reductants or oxidants in living systems and have been used in 
redox-responsive drug carriers91–96. Ma et al.97 first applied the disele-
nide group in the design of an ionizing radiation-sensitive drug carrier 
(Fig. 6a). They hypothesized that the cleavage of the diselenide bond 
was initiated by hydroxyl radicals, which was confirmed using elec-
tron spin resonance. They incorporated the diselenide group in a poly-
ethylene glycol poly urethane block co-polymer (PEG-PUSeSe-PEG),  
which formed nano-aggregates in aqueous solution. Upon 5 Gy of X-ray 
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irradiation, the nanocarrier could release up to 40% of the encapsulated 
doxorubicin. Using diselenide as the reactive group, the same group 
later reported radiation-sensitive hydrogels and liposomes98. However, 
the dose required to break the hydrogels were too high for clinical appli-
cation. As a homologue of selenium, tellurium is also sensitive to redox 
stimuli99. Cao et al.100 reported an amphiphilic polymer containing 
organic tellurium bond in the hydrophobic block (Fig. 6b). In response 
to only 2 Gy γ-irradiation, the micelles formed from the polymer 
swelled from 30 nm to around 200 nm as the oxidation of tellurium 
made the hydrophobic core more hydrophilic. This unique property 
made the polymer promising for applications in radiation-triggered  
drug release.

Disulfide bonds are reported to undergo one-electron reduction 
reactions leading to disulfide bond cleavage and exchange reactions. 
Tanabe et al.101,102 demonstrated that disulfide bonds incorporated 
within an oligoDNA ampliphile could react with eaq

−  (Fig. 6c). The gener-
ated disulfide radical anion (RSSR’·−) decomposes into a sulfide anion 
(RS−) and thiyl radical (RS·). The sulfide anion underwent disulfide 
exchange reaction with another molecule of disulfide. With this reac-
tion, they designed a DNA amphiphile with a disulfide bond as the linker 
of the hydrophobic and hydrophilic block103. The polymer formed 
micelles in water with drugs encapsulated in the hydrophobic region. 
Under hypoxic X-irradiation, the disulfide exchange resulted in the 
disassembly of the micelle and release of the payload. A549 cell line 
treated with camptothecin-loaded micelles and 9 Gy X-irradiation 
under hypoxic conditions showed higher toxicity than without 
radiation.

Organochlorides
Organochlorides such as carbon tetrachloride and chloroform are 
reported to undergo one-electron reduction with eaq

−  to form a chlo-
rocarbon radical and a chloride anion. Similar methods are used to 
treat organochloride-contaminated wastewater. Our group found that 
in aerobic solutions, the formed chlorocarbon radical will react with 
molecular oxygen to form a peroxyl radical, which can oxidize the 

double bond of a stilbene molecule104 (Fig. 6d). Mechanistic studies 
unveiled that the yield of peroxyl radical depends on the molar ratio 
of dissolved oxygen and organochloride, where 2% oxygen resulted in 
an optimal yield of peroxyl radical105. We demonstrated that the organ-
ochloride peroxyradical can cleave an amphiphilic block co-polymer 
that has a stilbene group as the linker between the hydrophobic and 
hydrophilic blocks. Dox-loaded stilbene-block co-polymer micelles 
released 74% of encapsulated Dox after 15 Gy of X-irradiation in PBS 
containing 1 vol% chloroform. Furthermore, we found that hydrophilic 
organochloride-functionalized polymers functioned similar to small 
molecular organochlorides and that thioether compounds can also be 
oxidized to sulfoxides by the organochloride-mediated reaction106. 
Irradiation of a solution of hydrophilic co-polymer rP2 (Fig. 6e) led to 
oxidation of the thioether moieties to sulfoxide, initiating hydrolysis of 
the attached ester bond. This study indicates that the source of organo-
chloride is not limited to highly toxic small-molecule organochlorides, 
paving the way to clinical application of this approach.

Radionuclide-activated prodrugs
So far, we have discussed the prodrug activation triggered by external 
radiation such as X-rays and γ-rays. It should be noted that radionuclides 
used in radiopharmaceuticals can also induce water radiolysis, creat-
ing radical products that can activate prodrugs. However, radionu-
clide application was not reported until Liu’s group107 demonstrated a  
2-[18F]-fluoro-2-deoxy-D-glucose ([18F]FDG)-activated OxaliPt(IV) 
complex, in which a coumarin derivative was used as one of the 
axial ligands (Fig. 7a). After incubating [18F]FDG with the Pt(IV) com-
plex, they observed regeneration of coumarin fluorescence, sug-
gesting the reduction of Pt(IV) complex and the release of the axial 
ligand. They designed a fibroblast activation protein-targeted ADC, 
sibrotuzumab-OxaliPt(IV)-MMAE (Pt-ADC, Fig. 7b), in which Pt(IV) 
was used as the linker of the antibody and MMAE. Co-treatment of 
0.05 mCi [18F]FDG and Pt-ADC demonstrated similar viability against 
4T1-FAP cells compared with MMAE-treated group. For in vivo experi-
ments on 4T1-FAP-bearing BALB/c mice, Pt-ADC was injected 2 days 
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before administering 1 mCi [18F]FDG to increase the antibody concentra-
tion at the tumour site. The Pt-ADC + [18F]FDG group showed four times 
higher MMAE concentration at the tumour site compared with that of 
the Pt-ADC single-treatment group. As a result, the co-treatment group 
showed a significant inhibition of tumour regrowth. In the following 
work of Liu’s group108, different radionuclides (such as 18F, 68Ga, 86Y, 89Zr 
and 177Lu) were used to trigger drug release from the same complex 
(Fig. 7c). The drug activation appeared to have a linear response with 
absorbed dose (simulated dose calculated using Geant4 software), 
which was determined by the type of radiation, energy of radiation 
and the half-life of the radionuclide. Notably, 177Lu induced the most 
prodrug activation in 48 h among all tested radionuclides. PKU525, 
an antibody designed for FAP-targeted radionuclide therapy, was 
labelled with 177Lu and used in combination with Pt(IV)-Gem (Fig. 7d) 

to treat 4T1-FAP-bearing mouse. Co-treatment of [177Lu]Lu-PKU525 and  
Pt(IV)-Gem showed remarkable tumour growth inhibition of solid 
tumours and extended survival rate for mice with metastatic tumour 
model. Quintana et al.109 further studied more radionuclides on the effi-
ciency of prodrug activation, using the para-azido-2,3,5,6-tetrafluor-
obenzyl moiety as the caging group. The activation efficiency varied 
70-fold among different radionuclides (99mTc > 111In > 177Lu > 64Cu >  
32P > 68Ga > 223Ra > 18F), in which 99mTc showed 0.32 µM prodrug activa-
tion per Gy of exposure. The authors hypothesized that the low-energy 
electrons from radionuclide decay enabled more efficient drug activa-
tion than external beam radiation, as low-energy electrons could induce 
a higher concentration of ionizing events and increase the probability 
of local activation of macromolecules. In vivo experiments were per-
formed on TBP3743 (FAP-expressing tumour)-bearing mice, in which 

Fig. 6 | Radiation-induced micelle disassembly. a, γ-radiation-induced 
oxidative cleavage of diselenide bond. b, Radiation-induced oxidation of 
tellurium-containing polymer. c, Hypoxic X-ray irradiation-induced disulfide 
exchange reaction. d, Organochloride-mediated oxidation induced by radiation. 
e, Polymer organochloride-mediated oxidation of thioethers. PB, phosphate 

buffer. Part a reprinted (adapted) with permission from ref. 97, ACS; part b 
adapted with permission from ref. 100, RSC; part c reprinted (adapted) with 
permission from ref. 103, ACS; part d adapted with permission from ref. 104, 
CCS; part e adapted from ref. 106, CC BY 4.0.
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co-treatment of [99mTc]Tc-FAP and Cy5-fluorescent albumin-conjugated 
caged MMAE showed high fluorescence signal and accumulation of 
MMAE in the tumour.

Although so far there are just a few papers on the use of radionu-
clides, this approach opens many exciting new opportunities. One 
option is to activate drugs using imaging radionuclides such as 18F 
and 99mTc, which are commonly applied in diagnostics and which per 
definition impose low radiation burden to patients. In cases in which 
larger doses are needed, the use of typical therapeutic radionuclides 
such as 177Lu or 131I can enable combined radionuclide therapy with 
chemotherapy or immunotherapy.

Conclusions
Ionizing radiation-induced drug release offers a unique way to reduce 
the side effects of chemotherapeutic drugs. In this concept, radia-
tion is used for both treatment and as an external stimulus to trig-
ger drug release. The deep penetrating characteristic of radiation 
makes this strategy applicable to tumours deeply situated in the 
body. Radiation-induced drug release is mediated by reactive spe-
cies generated from water radiolysis. The challenges associated with 
this concept are the low radiolytic yield of the reactive species (a few 
micromolar per radiation dose) and the side reactions of these species 
with a wide range of biological substances. Significant progress has 
been made in recent years to develop efficient releasing systems that 
can respond to clinical doses of radiation. Most of the reactive spe-
cies generated in water radiolysis have been studied to trigger drug 
release. Hydroxyl radicals, as the most abundant species from water 
radiolysis, suffer from high reactivity with many cellular components, 
making it only applicable to highly sensitive functional groups such 
as diselenide, organotellurium and dihydroxylbenzyl compounds. 
Aqueous electrons have drawn more attention than other species 
because of the relatively higher yield and selective reactivity towards a 
few functional groups such as N-oxide, organoazides, carbon–halogen 
bond and picolinium groups. Moreover, the reduction of metal ions 
by aqueous electrons brings new approaches of activating drugs in 
cancerous tissues, and associated metal-catalysed reactions may 
potentially enable drug release exceeding the maximum yield of 
radiolysis products.

Published online: 15 December 2025
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