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Ionizing radiation, ultrasound, and low-temperature
plasma are three physical factors which generate free
radicals in the liquid phase or ultimately produce reactive
oxygen species (ROS) in the cells for their biological
action, as summarized. Radiation can induce ROS pro-
duction in the liquid phase and intracellularly. Ultrasound
also induces ROS in the liquid phase, but this is attributed
to the occurrence of cavitation, which means more than
a specified amount of ultrasound intensity (acoustic
pressure). However, intracellular ROS generation due
to ultrasound is unlikely due to intracellular viscosity.
The low-temperature plasma induces efficiently ROS
in aqueous solutions and subsequently introduces ROS
intracellularly.  Here, the similarities and differences
between radiation chemistry, sonochemistry, and plasma
chemistry are explained. Further, the evidence for free
radical formation in the liquid phase and their role in
the biological effects induced by ionizing radiation,

ultrasound, and low-temperature plasma are discussed.

Keywords: ionizing radiation, low-temperature plasma,
ultrasound, ROS, RNS
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Figure 1. Free radical generation induced by
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ionizing radiation of photon in water.
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production. Generated electrons and reactive
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Table 1. Characteristics of ionizing radiation, low-temperature plasma, and ultrasound.
Mode Ionizing radiation Low-temperature plasma Ultrasound
Energy high low very low

(more than 0.1 keV) (~1eV) (less than 107 eV)

Thermal effect very small small large
Mechanical effect no no large
Reactive species ROS, € ROS, RNS, Caq excited gas ROS!RNS!
Effect of gases large effect of oxygen? large? large*
Reaction in gas phase no large no
Distance dependency small large large
Bio-effects of exposed Solution® none or small very large none or small
Effect of shape of container none or small very large very large
DNA damage
Solution DSB<SSB DSB<SSB SSB<DSB®
Cell DSB<SSB’ 0~DSB«SSB SSB<DSB

! Depend on occurrence of inertial cavitation.

2 Oxygen effect and the maximum of oxygen enhancement ratio is 3.

3 RNS formation depends on nitrogen. Formation of ROS is inversely dependent of ionizing energy of gases.

4 Cavitation activity depends on the specific heat ratio of gas, v, which is equal to cp divided by cv.

5 Plasma-treated solution contains plasma-activated medium (PAM), plasma-activated lactate solution (PAL),

plasma-activated water (PAW), etc.

® DSB (double strand break of DNA) is due to mechanical effects of ultrasound, and its yield is superior than SSB

(single strand break).

7 Tonizing radiation induces ca. 1,000 SSB/cell/Gy and ca. 40 DSB/cell/Gy.
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Figure 2. Free radical generation induced by
low-temperature plasma. First, low-temperature
plasma produces ultraviolet(UV), electromag-
netic waves (EM), electrons, meta-stables, and
various reactive oxygen and nitrogen species in
the gas phase. Second, reactive oxygen and ni-
trogen species, and these reaction products are
formed in the liquid phase.
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Figure 3. Free radical formation induced by
ultrasound is due to inertial cavitation. Chem-
ical reaction occurs in three regions, gas phase
inside the bubble, interfacial region, and liquid
phase.
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Figure 4. Summary of free radical formation induced by ionizing radiation, low-temperature plasma,
and ultrasound. Free radical formation by radiation and plasma is due to ionization and excitation, and
pyrolysis plays an important role in ultrasound. Reactive nitrogen species (RNS) are formed in plasma
and ultrasound, but not in radiation. Free radical formation by plasma depends on distance quantitatively
and qualitatively. Free radical formation by ultrasound is due to the occurrence of inertial cavitation.
Therefore, no free radical was observed under the threshold.
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