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ABSTRACT 
 

The purpose of this article is to improve the calculation methods of direct and 

indirect actions. Through analysis and research on the basic principles of 

radiation chemistry and radiation biology, as well as the induction and analysis 

of experimental process and experimental results, it is found that a certain 

amount of ionizing radiation produces a certain amount of for free radicals; for 

the same substance, the LET of the rays is different, and the yields of free 

radicals is different; for the same rays,  the yields of free radicals is different 

for different substances. When the composition of the organism is constant 

and the water content is the same, a certain amount of radiation will produce 

a certain amount of free radicals, and a certain amount of fr ee radicals will 

produce a certain amount of biological effects; when the composition of the 

organism is constant and achieving the same biological effects, the absorbed 

dose is inversely proportional to the water content of the organism. The 

greater the water content of the organism, the smaller the corresponding D 37 

value, but the total amount of free radicals remains unchanged.  

Conclusion: When the environmental conditions of radiation are constant, for 

the same organism or biological macromolecule, no matter how its water 

content and D37  value change, the total amount of free radicals when reaching 

the same biological effect is constant. The free radical conservation equation 

derived from this principle can not only calculate the magnitude of direct and  

indirect actions, but also predict the magnitude of radiation effects and the 

required radiation dose, which plays an important role in the theoretical 

research and technical application of radiation biology . 

 

Keywords: Radiation effect; Direct action; Indirect action; Free radicals 

conservation; Calculation method 
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INTRODUCTION 
 

In the radiation process of water -bearing organisms, the effects of rays on organisms include direct and indirect 

actions. The D10  and D37  values refer to the radiation dose respectively required to kill 90%, 63% of microorganisms 

and other biological cells or inactivate 90%, 63% of biological active substances by ionizing radiation in the field of 

radiation biology. They are the characteris tic index of traditional radiation biology to measure the radiation sensitivity 

of different organisms, and mathematical expression of the relationship between the amount of deposition of 

radiation energy the organism exposed and the damage or even ina ctivation or death of organisms [1 ] . 

 

Direct action means that the energy of the rays directly acts on the constituent substances of the organism, causing 

these biological macromolecules to be excited or ionized, and then undergoing decomposition and neutralization 

reactions to generate active biological macromolecular free radicals, which in turn interact with other biological 

macromolecules. These macromolecules react to generate new macromolecular free radicals. Indirect action means 

that after the energy of  the rays is absorbed by the water molecules, the water molecules are also ionized or excited, 

and in the subsequent decomposition and neutralization reaction process, e -, •OH, •H and other free radicals are 

generated [2 ]. Subsequently, the free radicals p roduced by these two pathways react with other biological 

macromolecules to generate new macromolecular free radicals, and trigger a series of complex biochemical reactions 

in the organism, resulting in a variety of biological effects [3 ] . 

 

As the gradual increase of water content of organisms or bioactive macromolecules, the indirect actions continue to 

increase. The radiation sensitivity of organisms or active macromolecules conti nues to increase and the D37  or D10  

value continues to decrease. This phenomenon has attracted widespread attention from researchers in the fields of 

radiation chemistry and radiation biology. The current research has studied at the molecular level how indirect actions 

can cause damage to organisms or biological macromolecules and  what kind of damage they are subjected. And 

macroscopically the methods of drying, freezing and adding protective agents are  used to measure the direct and 

indirect actions of radiation. However, these methods are difficult to meet the requirement s of scientific research. 

Therefore, more effective methods for calculating direct and indirect actions must be studied  [4 ] . 

 

MATERIALS AND METHODS 

 

Materials 

Basic theories and experimental results of radiation biology research.  

 

Methods 

By analyzing and summarizing the basic theories and experimental results of radiation biology and radiation 

chemistry, when reaching the same radiation effect, the principle of free radical conservation and the equation of free 

radical conservation are derived. And this equation is used to calculate and verify the direct and indirect actions of 

RNase irradiated by γ -rays with different water content  [5 ] . 
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Experimental basis for the principle of free radical conservation  

A certain amount of ionizing radiation produces a cer tain amount of free radicals. For example, 60Co γ-rays are used to 

irradiate water under normal temperature and pressure. For every 100ev of radiation energy absorbed by water 

molecules, 5.8 molecules of free radicals will be generated. For the same substance, the LET of the radiation is 

different, and the yields of free radicals is not the same. For the same LET radiation, the yields of free radicals is also 

different when the irradiated substances are different  [6 ] . 

 

A certain amount of free radicals triggers a certain amount of biological effects. The diluting effect of free radicals in 

radiation biology illustrates that in solution, the number of inactivated solute molecules is related to a fixed number 

of free radicals. The processes of radiation polymerization, radiation grafting, radiation degradation and radiation 

crosslinking in polymer radiation chemistry have fully proved this principle. And medical radiation therapy is also a 

specific application of this principle [7 ] . 

 

The dose survival curve of a large number of organisms and biologically active macromolecules fully shows that a 

certain absorbed dose produces a certain amount of free radicals, and a certain amount of free radicals produces a 

certain amount of biological effects. The dose re quired to absorb is the same, which inactivates the same amount of 

biological macromolecules or kills the equivalent amount of organisms. And the total amount of free radic als produced 

is the same. The survival rate of organisms on the survival curve drops from 1.0 to 0.37, and then from 0.1 to 0.037. 

The absorbed dose ( i .e., D3 7  value) of the two processes is the same. This is the most powerful proof  [8 ] . 

 

According to the definition of radiation biology, no matter what the initial content of organisms or biological 

macromolecules is, and no matter how big the difference is i n the absolute number of actual inactivation, as long as 

the percentage of damage is the same, it is regarded as the same biological effect. For organisms or biological 

macromolecules with the same composition and water content, under the same radiation environmental conditions, 

the required absorbed dose to achieve the same biological effect is the same, and the total amount of free radicals 

produced is also the same [9 ] . 

 

When the water content of biological cells or biological macromolecules changes, the absorbed dose of radiation 

decreases with the increase of water content when the same biological effect is achieved. However, the total amount 

of free radicals remains unchanged. This is because a certain amount of biological effect must be caused by a certain 

amount of free radicals, and a certain amount of free radicals does not require a fixed amount of absorbed dose. 

Because the yields of free radicals derived from water is higher t han that of biological macromolecules, resulting in 

the absorbed dose triggering a certain amount of free radicals decreases with the increase of water content  [10] . 

 

Radiation inactivation of RNase 

RNase with 0 water content is irradiated with γ -rays to inactivate 63%, that is, the absorbed dose is D 37 . Perform a 

second irradiation to inactivate 63% of the remaining 37% active RNase, and the cumulative absorbed dose of the two 

radiations is D'37 . RNase with 50% water content is irradiated with γ -rays to inactivate 63%, that is, the absorbed dose 

is D37(50% RNase ) . 
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RESULTS AND DISCUSSION 

 

Results and analysis 

When RNase was irradiated for the first time, 63% of RNase was inactivated. When irradiated for the second time, 

63% of the remaining 37% active RNase was inactivated. Only 37% × 37% of RNase was active. 63% × 63% of the 

RNase inactivated by the second radiation is repeatedly irradiated, as shown in Figure 1. The absorbed dose required 

for the second radiation is still the same as the absorbed dose  D37  for the first radiation. These radiation effects are 

called equivalent biological effects and are all caused by direct actions, and are also the result caus ed by the same 

total amount of free radicals  (Figures 1 and 2) [11] . 

 

Figure 1. Schematic diagram of RNase consecutive radiation inactivation effects for twic e. 

 
Note:  RNase active molecule,    RNase inactivation molecule.  

 

 

Figure 2. Schematic diagram of 50% RNase radiation effect . 

 
 

Note:    H20 molecules,     RNase active molecule,    RNase inactivation molecule.  

 

When the water content of RNase increases to 50%, in order to inactivate 50% of RNase by 63%, the amount of free 

radicals per unit of enzyme molecule must be equal to the amount of free radicals per u nit of enzyme molecule during 

drying. The total amount of free radicals must also be equal. But at this time, the measured D 37  (50% RNase) value is 
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lower than half of the D37  value when it is dried. The free radicals generated by direct action cannot meet the 

requirement of inactivation of 63%, and 50% of the water molecules need to provide the required free radicals. As 

shown in Figure 2. At this time, part of the inactivation effect is caused by direct action, and the other part is caused 

by indirect action. The magnitude of direct and indirect action depends on the amount of free radicals provided  [12] . 

Through the above experimental results, it can be concluded that when the external conditions of the rad iation 

process (the same LET of the radiation, the same dose rate, the same temperature and pressure during irradiation, 

the same operation mode of the radiation process, and so on.) are constant, for the same organism or biologically 

active macromolecules, no matter how their water content and the corres ponding D37  value change, the total amount 

of free radicals when reaching the same biological effect is constant. The radiation inactivation of tobacco mosaic 

virus and the radiation inactivation experiments of aryl lipase, RNase, sucrose invertase, and al cohol dehydrogenase 

fully proved this conclusion [13] . 

 

Derivation of free radical conservation equation 

Related concepts and basic parameters : Absorption coefficient, refers to the share of energy absorbed by certain 

substance when γ-ray or χ-ray passes through the substance with unit thickness. Unit: m 2/kg. 

The mass-energy absorption coefficient of biomaterials for γ -rays with an average energy of 1.25 MeV is calculated as 

follows. 

 
μen/ρ=2.6691+2.6419y            (1) 

 
In formula 1, 

 
μen/ρ, mass energy absorption coefficient of a biomaterial, unit: 10 -3m2/kg. 

y, hydrogen content of a biological material.  

 

Calculation of mass energy absorption coefficient of H2O: Calculated from the molecular formula of H 2O, 

yH20=0.111898. yH20 Substituted into formula 1, (μen/ρ)H2O=2.965 × 10 -3m2/kg. 

 
The yields of free radicals refers to the amount of free radicals produced by a specific substance absorbing 100eV of 

radiant energy, since it is impossible to specifically measure the radiant energy absorbed by various substances in a 

radiation experiment, the absorbed dose of the irradiated substance could be  measured, and then by the mass energy 

absorption coefficient to be converted into the radiant energy absorbed by a specific substance  [14] . 

 

Mass energy absorption coefficient of potassium dichromate silver  (KAgCr2O7) dose agent. 

According to literature, (μen/ρ)KAgCr2O7=2.960 × 10 -3m2/kg. Conversion of absorbed dose 

Dm=(μen/ρ)m/(μen/ρ)d × Dd                (2)  

In formula 2, 

Dm - absorbed dose of a substance to be being measured, unit: Gy.  

(μen/ρ)m - mass energy absorption coefficient of a substance tested,  unit: m2/kg. 

Dd- absorbed dose of a substance to be been tested, unit: Gy.  

(μen/ρ)d- mass energy absorption coefficient of a substance to be been tested, unit: m2/kg. 
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Dose absorption rate of H20 

The following two algebraic modules substituted into formula 2, (μen/ρ)KAgCr2O7=2.960 × 10 -3m2/kg, 

(μen/ρ)H2O=2.965 × 10 -3m2/kg, then calculated, DH2O=1.0017DKAgCr2O7 .  

 

Free radical yield of H20 

The amount of free radicals produced from water irradiated by a certain dose of ray, unit: mol/J.  

According to the literature, GH20=5.8 molecules/100ev, which is converted to, GH 20= 6.0088 × 10 -7mol/J. 

 

Free radicals conservation equation 

Calculation formula of free radicals yield (M m) of biological macromolecule in organisms  

According to the definition of free radicals, M m=W × Dm × Gm              (3) 

In formula 3, 

W- Mass fraction of biological macromolecules in the organism, unit: kg, 0<W ≦ 1.0. 

Dm - Absorbed dose of biological macromolecules in organism, unit: Gy. 

Gm - Free radical yields of biological macromolecules in organisms, unit: mol/J.  

 

Calculation of free radical yield (MH2O) of water in organisms 

MH2O=(1-W) × DH2O × GH2O                       (4) 

In formula 4, 

1-W-Mass fraction of water in organism, unit: kg, 0<1 -W ≦ 1.0.  

DH2O-Absorbed dose of water in organism, unit: Gy. 

GH2O-Free radical yields of water in organism, unit: mol/J.  

 

Calculation of total free radicals (M t) 

M t=DKAgCr2O7  × (W × Dm  × Gm+1-W）× DH2O  × GH2O)              (5) 

In formula 5, 

DKAgCr2O7 - Absorbed dose corresponding to a certain  biological effect, unit: Gy.  

 

Free radicals conservation equation 

According to the definition of the total amount of free radicals and the principle of free radicals conservation  [15] . 

D i × (W i × Dm  × Gm+(1-W i) × DH2O × GH2O) 

=Dn  ×  (Wn  × Dm  × Gm+(1-Wn) × DH2O × GH2O)                          (6) 

In formula 6, 

D i, Dn -Absorbed dose of organisms or bioactive macromolecules with different water content when the same biological 

effect caused, unit: Gy.  

 

Application conditions and functions of free radical conservation equation  

Prerequisites for applying free radical conservation equation : To apply the free radical conservation equation to study 
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the influence of radiation external conditions, radiation dose, and total amount of free radicals on radiation effects, 

the following preconditions must be met  [16] . 

 The organism to be studied must be the same species or the same substance, and the internal components 

should be the same except for with the different water content.  

 The external conditions (LET, dose rate, temperature, pressure, etc.) of the radiation must remain unchanged.  

 If the influence of other parameters except the compos ition and water content on the radiation effect need to 

be measured (such as: dose rate effect, temperature effect, oxygen effect, protective agent, etc.), only one 

item can be set once, and other items should be constant  [17] . 

 

Function of free radical conservation equation 

 Through indirect measurement of the water content of the organism and the corresponding D 37  value, the 

measurement and calculation method of the free radical yields of biological cells with more than hundreds of 

components, which is difficult to measure, becomes simple and feasible  [18] . 

 It can directly calculate the direct and indirect actions of the water containing biological system through the 

difference in the yields of free radicals between biological macromolecules and water molecules, avoiding 

that the drying method is not suitable for h igher biological cells, and the freezing method underestimates the 

direct action. The method of adding protective agents also overestimates the impact of direct action  [19] . 

 According to the water content of the organism, the radiation dose can be set to predict the radiation 

biological effect that will occur, and the radiation technical parameters that should be used can also be 

calculated according to the required biological effect  [20] . 

 

Application of free radical conservation equation  

Calculation of absorbed dose of RNase : The H content of RNase calculated from the molecular formula of RNase 

(C9H14N4O3) is 0.06237. The D37  value of RNase was obtained from literature,  which are D37 (RNase)=420 kGy, D37 

(0 .5%RNase)=4.0 kGy. 

The H value and D37  value are substituted into formula 1 and formula 2 and c alculated, then obtained DRNase=0.9574 

DKAgCr2O7 .  

 

Calculation of free radical yields of RNase 

DH20=1.0017 DKAgCr2O7 , DRNase=0.9574 DKAgCr2O7 , GH20=600.088 × 10 -9  mol/J, D37(RNase)=420 kGy, D37(0 .5%RNase)=4 

kGy. 

The algebraic value above are substituted into formula 6 to calculate, and obtained G RNase=5.958 × 10 -9
 mol/J. 

 

Calculation of free radical of RNase and value of D 37 at low water content 

Let the water content of RNase be: 0.00, 10%, 20%, 30%, 40%, 50% and 60%. The values of including water content 

and related parameters of DH20, DRNase , GH20  and GRNase  were substituted into formula 3, formula 4, and formula 6. 

The percentage of direct and indirect action (That is: free radicals percentage) and the corresponding D 37  value at 

different water content was calculated. The results are shown in Table 1.  
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Table 1. Ratios of indirect and direct action and corresponding D37  values at different water contents . 

Water content (%) 0 0.1 0.2 0.3 0.4 0.5 0.6 

GH20（× 10 -9 mol/J） 0 60.09 121.76 180.26 240.35 300.44 360.53 

GH20/(GH20＋GRNase)  0 92.13 96.39 97.83 98.6 99.06 99.37 

D37 (kGy)  420 36.73 18.96 13 9.83 7.9 6.6 

 

 

In Table 1, the quantitative calculation results by the free radical conservation equation show that when RNase is in a 

dry state, the biological effects of radiation are completely produced by the  direct action of rays. The D37 value is as 

high as 420 kGy without indirect action at this time. When the water content rises to 10%, more than 90% of the 

radiation effect is produced by the indirect action derived from water radiolysis, and the direct ac tion ratio is less 

than 10%, and the D37  value drops from 420 kGy to 36.73 kGy. When the water content of RNase reaches 50%, the 

ratio of direct action is less than 1%. These calculation results are consistent with radiation biology theory and 

research results [21] . 

 

Calculation of free radical of RNase and D37 value at high water content 

Let the water content of RNase be: 0.99500, 0.99750, 0.99900, 0.99950, 0.99975, 0.99990. The values of water 

content and related parameters are substituted into formula  3, formula 4, and formula 6 and calculated. The results 

are shown in Table 2.  

 

Table 2. Ratios of free radical and values of D 37 in dilute solution of RNase.  

Water content (%)  0.995 0.9975 0.999 0.9995 0.99975 0.9999 

GRNase  (× 10 -9  mol/J) 0.02852 0.01426 0.0057 0.00285 0.00143 0.00057 

GRNase/(GH20＋GRNase) × 10 -7  477 238 95 47.5 23.7 9.49 

D37  ( Gy) 4007 3997 3991 3989 3988 3987 

 

In Table 2, the quantitative calculation results of the free radical conservation equation show that when the water 

content of RNase reaches 99.50%, the biological effects of radiation are mainly caused by indirect action, and the 

ratio of direct action is less than 5/100,000. When it reaches 99.90%, the direct action ratio is less than one hundred 

thousandths. Its D37  value also drops below 4.00 kGy, and gradually changes linearly. These quantitative calculation 

results are consistent with actual results. See Figure 3 for details  [22] . 

 

Figure 3. Curve of D37  in dilute solution of RNase. 

 
 

This result is completely consistent with the research result of Yijing  Chen. It also shows that the free radical 
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conservation equation is in line with objective reality  [23 -26] . 

 

CONCLUSION 

 
The application of free radical conservation equation can not only calculate direct and indirect actions of different 

water content, but also reveal the change trajectory of radiation energy track control process and free radical 

diffusion control process in the radiation process. The physical and chemical processes of radiation are closely 

integrated, which is conducive to the research of radiation biology.  

The free radical conservation equation can predict the degree of biological effect according to the different water 

content of the organism and radiation dose. It can also calculate the ra diation technical parameters that should be 

used according to the expected biological effect, which plays an important role in the application of radiation 

biotechnology. 

 

Theoretically, the influence of various environmental factors on radiation effect ca n be calculated by the free radical 

conservation equation, as well as the influence of sensitizers, protective agents and other impurities in the internal 

environment on the radiation effect.  
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