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Chemotherapy is extensively used in oncology, being highly 
efficient for cancer treatment. However, many commercially 
applied chemotherapeutic drugs have less-than-ideal selec-
tivity for cancer cells and often do not spare normal healthy 
tissues/organs, thus giving rise to systemic toxicity effects 
in patients. The use of prodrugs is known to be an effective 
strategy to reduce these side effects and enhance selectivity. 
Prodrugs are typically chemotherapy drugs that have been 
chemically modified, such that they release the pharmacolo-
gically active agent upon chemical modification in vivo. Thus, 
when the prodrugs reach the tumor area, stimulus-triggered 
de-caging of the ‘modification’ takes place and releases the ac-
tive drug, thus achieving precise tumor treatment.

“The stimuli used to activate prodrugs can be divided into 
two categories, namely internal stimuli and external  stimuli,” 
said Professor Jin Geng at Shenzhen Institutes of Advanced 
Technology, Chinese Academy of Sciences (P. R. of China), 
whose group has a strong interest in this research area. “In-
ternal stimuli include enzymes over-expressed in cancer, or 
 physiological parameters or aberrations found within the 
tumor microenvironment, such as pH and hypoxia. External 
stimuli often offer precise temporal and spatial control over 
site of action. For example, light, ultrasound, heat, and local 
molecular injections can trigger prodrug activation at the site 
of disease and at the desired time,” he added.

Professor Geng said that since radiotherapy is an effec-
tive treatment strategy for inhibiting tumor growth, it is  often 
used in combination with chemotherapy to treat patients 
suffering from advanced cancers. “Concomitant chemo-radio-
therapy for malignant tumors originates from the concept of 
comprehensive treatment and has become a standard thera-
peutic method to prolong patients’ survival time,” he said, ad-
ding: “Currently used concomitant treatments use sensitizers 
to promote the effect of radiotherapy. However, the use of ra-
diotherapy radiation sources, i.e. X-rays, as a source of stimuli 
to activate prodrugs, has only rarely been investigated.”

In this collaborative work, the groups of Professor Geng and 
that of Professor Mark Bradley at the University of Edinburgh 
(UK) imagined an antitumor drug that could be con verted into 
an X-ray-activatable prodrug with sufficient stabil ity and sig-
nificantly reduced toxicity compared to the naked drug, such 
that systemic toxicity issues can be overcome. Professor Geng 
said: “For patients receiving a dose of such a prodrug, the 
 toxic drug molecules would only be generated at the tumor 
site, when receiving the X-ray treatment. Additionally, with 
the development of therapeutic X-ray techniques, precise ra-
diation with high 3D resolution could be achieved, so that the 
prodrug activation region may be precisely controlled, there-
fore allowing the use of higher doses of prodrugs in patients, 
to further improve the treatment’s efficacy.” 
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Scheme 1 A coumarin-based quenched fluorophore and pazopanib- and doxorubicin-derived model prodrug molecules were 
 activated by X-ray radiation
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Professor Bradley added: “Here, we have explored the 
possibility of using clinically utilized radiotherapy X-ray 
 sources to activate antitumor prodrugs. In the early stage of 
this project, we conducted a wide-range screening of poten-

tially  activatable organic molecules that may react following 
X-ray radiation. Fortunately, we found that sulfonyl azides and 
 fluoroaryl azides can be converted into the corresponding sul-
fonamides and aromatic amines at clinically relevant doses of 

A15

Scheme 2 (a) The reaction of the doxorubicin-based prodrug and mechanistic pathway for liberation of doxorubicin. The activation 
of the prodrug has been proved on (b) the molecular level, (c) cancer cell lines, and (d) animal models. (e) Biochemical markers CK, 
CK-MB and LDH levels in plasma showed that the prodrug strategy can effectively reduce side effects in mice.
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X-ray radiation with high efficiency. It is reported that X-ray 
radiation of aqueous solutions can generate reactive  species 
such as hydroxy radicals, hydrogen radicals, and hydro-
gen peroxide, but here we propose that the azide reduction 
 mechanism occurs through ‘solvated electrons’.” 

To translate these findings to medical applications, the 
authors introduced a functional group onto antitumor drug 
molecules (and fluorescent reporters) to synthesize a series 
of prodrugs and quenched fluorophores. “We verified their 
 activation efficiency, pharmacological activity and  biosafety 
both in vitro and in vivo,” explained Professor Geng. He con-
tinued: “We found the prodrugs reduce systemic toxicity 
while they were efficiently generated at the tumor site, sig-
nificantly prolonging the survival time of tumor-bearing 
 animals.” Professor Bradley concluded: “We believe this X-ray 
activatable prodrug system could represent an important new 
modality in therapeutic oncology and open up a new era in 
targeted and directed cancer chemoradiotherapy.”
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