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Abstract

A significant contributor to human pathologies is cellular deterioration, particularly in cancer, where malignant cells
exhibit elevated synthesis of compounds containing O —O single bonds. This deterioration is largely attributed to the
excessive generation of free radicals during metabolic processes, frequently exacerbated by exposure to ionizing
radiation. The resulting free radical overload induces a cascade of cellular damage, encompassing lipid peroxidation,
DNA lesions potentially leading to genetic alterations, protein oxidation with consequent loss of enzyme activity, and
ultimately, potential cell death. While organisms possess inherent antioxidant defense mechanisms, including
glutathione, vitamin E, and ascorbic acid (AA), diminished antioxidant reserves increase susceptibility to oxidative
damage and free radicalmediated cellular transformation. Dietary intake rich in antioxidants, found in foods such as
legumes, vegetables, and fresh fruits, along with vitamin supplementation, can offer protection against free radical-
induced damage. Ascorbic acid (vitamin C), a potent naturally occurring antioxidant, effectively neutralizes free
radicals and mitigates oxidative processes.
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1. Free radicals

Free radicals are atomic, molecular, or ionic species characterized by one or more unpaired valence
electrons or an open electronic shell, effectively representing intermediate entities with one or more
“dangling” covalent bonds existing independently [1]. These unpaired electrons confer high reactivity,
enabling them to readily interact with other substances, including themselves, and even initiate chain
reactions due to their mobility and pronounced reactivity. Typically, molecules possess paired bonding
electrons and lone electron pairs, also known as non-bonding or unshared electron pairs. Each bonding
or non-bonding electron pair comprises two electrons with opposite spin orientations (+1/2 and -1/2)
within an orbital, as dictated by the Pauli exclusion principle. The majority of molecules contain an even
number of electrons, and the covalent chemical bonds holding atoms together within the molecule
generally consist of electron pairs shared between the atoms through bonding. Most free radicals originate
from the homolytic cleavage of conventional electron-pair bonds; each cleavage event generates two
distinct species, each bearing a single, unpaired electron derived from the broken bond. The presence of
these unpaired electrons renders free radicals highly reactive. They may combine with each other or with
single atoms also possessing unpaired electrons to form conventional molecules where all electrons are
paired; alternatively, they can react with intact molecules (e.g., within living organisms), abstracting
molecular fragments to complete their own electron pairing and generating new free radicals in the
process [2, 3].Free radicals play a crucial role in a variety of chemical processes, including radical addition,
substitution, elimination, and chain reactions. In biological systems, free radicals are generated as a
normal byproduct of cellular metabolism and other physiological processes. These reactive species can
also be formed through synthesis involving highly dilute or rare reagents, reactions conducted at extremely
low temperatures, or the cleavage of chemical bonds in larger molecules. The decomposition of molecules
into free radicals can be induced when the parent molecule acquires sufficient energy, for instance,
through thermal treatment, exposure to ionizing radiation, electrolysis, and certain chemical reactions
[4]. Ionizing radiation encompasses both particulate radiation (neutrons and charged particles) and
electromagnetic radiation (photons) originating from the decay of unstable atomic nuclei or the de-
excitation of atoms and their nuclei within nuclear reactors, particle accelerators, and similar devices.
Upon interaction with matter, these radiations transfer a portion or all of their energy, leading to the
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ionization of the material and the subsequent formation of free radicals and ions. Notably, one of the
most significant free radicals generated through this process, particularly when irradiating aqueous media,
is the hydroxyl radical (OH ) [5].

In the context of biomedical applications, the Linear Energy Transfer (LET) describes the energy
transferred from ionizing radiation to the traversed material [5].

LET:E
Ax

The energy transferred (AE) by an incident particle or photon per unit path length (Ax) defines the
Linear Energy Transfer (LET). Measured in ]/m or keV/pm, LET is directly related to the linear ionization
density of the radiation. This implies that even with identical initial energies, different types of radiation
will have distinct LET values owing to variations in their ionization efficiency. This is exemplified by the
higher LET of alpha particles compared to beta particles and gamma photons. The LET also varies along
the particle's track, with a higher LET observed at the track's end due to the reduced particle velocity and
increased interaction cross-section, resulting in enhanced ionization [5]. The mechanism of free radical
formation and their subsequent impact are strongly dependent on the Linear Energy Transfer (LET) of
the radiation [6]. High-LET radiation, exemplified by alpha particles and electron beams, tends to cause
direct ionization and excitation of solute molecules, resulting in localized clusters of free radicals. In
contrast, low-LET radiation, such as gamma and X-rays, predominantly interacts with water, initiating the
radiolysis of water and producing diffusible free radicals, such as hydroxyl radicals (OH ¢) and hydrogen
atoms (H ). These reactive species, both ions and free radicals, engage in a cascade of chemical reactions
that can trigger physical, chemical, and biological damage. The effects of ionizing radiation on living
systems can be categorized as direct or indirect [7]. Direct action involves the direct interaction of
radiation with critical biomolecules like DNA, enzymes, lipids, and vitamins. Indirect action, mediated
by the radiolysis of water, generates reactive oxygen species (ROS) and other free radicals that can diffuse
and damage biomolecules, leading to disruptions in biological function, mutations, and ultimately, cell
death or organismal demise. [8, 9].

2. Free radical scavenging mechanisms of polyphenols

Polyphenols are naturally occurring plant-derived compounds recognized for their potent antioxidant
capacities. These compounds contribute to the protection of the organism against a range of diseases
associated with free radical damage. Structurally, they are characterized by the presence of aromatic rings
(benzene rings) bearing one or more hydroxyl (OH) groups directly attached to the ring. [10]. Variations
in the number and relative positions of these hydroxyl groups within the molecular structure influence
their physicochemical properties and biological activities [11, 12].

2.1 The Mechanism of Hydrogen Atom Transfer (HAT)

The antioxidant ArOH exerts its protective effect by scavenging free radicals (e.g., peroxyl ROO®*)
through a hydrogen atom transfer mechanism, where a hydrogen atom from the OH group of ArOH is
donated to the ROO ¢ radical [13].

ROOe+ArOH — ROOH + ArQe Q)

The phenoxyl radical (ArOe) formed in this process may undergo further reactions, such as hydrogen
atom abstraction to form quinones or reactions with other radical species, including other phenoxyl
radicals, propagating a chain reaction. The Hydrogen Atom Transfer (HAT) mechanism involves the
cleavage of the O-H bond within the polyphenol structure. This reaction, occurring at each hydroxyl (OH)
group of the polyphenol (ArOH), is governed by the bond dissociation enthalpy (BDE) of the O-H bond
and the reaction enthalpy of reaction 2. The BDE value is a measure of the O-H bond’s thermodynamic
strength within the polyphenol [14]. A lower BDE signifies a greater propensity for O-H bond scission
and subsequent hydrogen atom donation to the free radical, thus significantly influencing the antioxidant
activity.

2.2 The Single Electron Transfer-Proton Transfer (SET-PT) Mechanism
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This mechanism involves two distinct steps. The first step comprises the transfer of a single electron from
the polyphenol to the free radical, followed by a second step involving proton transfer [15].

ROO e +ArOH — ROO™ + ArOH" e — ROOH + ArO' 3)

The SET-PT mechanism is governed by the electron transfer capacity, characterized by the lonization
Energy (IE). In the second step, heterolytic O-H bond cleavage occurs, characterized by the Proton
Dissociation Enthalpy (PDE), which is highly exothermic for phenolic compounds [16, 17]. Furthermore,
the solvent also influences the reaction enthalpy of the first step. Therefore, solvent effects should be
considered to obtain an accurate representation of the polyphenol's oxidation characteristics [18].

2.3 The Sequential Proton Loss Electron Transfer (SPLET) Mechanism

The Sequential Proton Loss Electron Transfer (SPLET) mechanism involves an initial deprotonation step,
followed by electron transfer [19-21]. This process is characterized by two thermodynamic quantities:

Proton Affinity (PA) and Electron Transfer Enthalpy (ETE). The SPLET mechanism is pH-dependent.
ArOH — ArO~ + H*

ArO~ + ROOe — RO, + ArO e

RO; + H" — ROOH )

3. The antioxidant activity of ascorbic acid

Ascorbic acid (AA) exists in nature in three prevalent forms: ascorbic acid, its oxidized form
dehydroascorbic acid, and the bound derivative ascorbigen [22]. Its aqueous nature allows it to function
in both intracellular and extracellular environments, where it scavenges free radicals, reactive oxygen
species, and singlet oxygen through electron donation, effectively suppressing lipid peroxidation [23].
Furthermore, AA protects DNA integrity against free radical-mediated damage and mutagen-induced
lesions, thus preventing adverse genetic changes and protecting lymphocytes from chromosomal
aberrations. AA also exhibits a regenerative effect on vitamin E, thereby indirectly bolstering antioxidant
defenses. Synergistic interactions between AA and other antioxidants, such as vitamin E, vitamin A, and
selenium, further amplify their combined antioxidant efficacy. The antioxidant capacity of ascorbic acid
(AA) can be elucidated by its chemical structure. AA possesses four hydrogen bond donor sites and six
hydrogen bond acceptor sites [24]. Functioning as a free radical scavenger, AA can inhibit free radical
chain initiation reactions and disrupt free radical chain propagation reactions [24]. AA also protects
biomolecules from free radicals, such as hydroxyl radicals (OH ¢ ), by donating an electron to these radicals
for stabilization before they can reach and attack biomolecules. The OH * radical abstracts an electron or
a hydrogen atom (H) from AA to form a more stable water molecule, and in this process, AA is converted
into ascorbate radicals (® Asc-) (Figure 2). These newly formed ascorbate radicals exhibit weak reactivity,
are innocuous to the surrounding environment, and are readily neutralized by other reactions [24].

OH

HO O

HC JH
AscH™ - Asc”
Figl. The Reaction of AA with Hydroxyl Radicals

4. CONCLUSIONS
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This study highlights the significant role of free radicals in mediating cellular damage and contributing
to the pathogenesis of diseases, particularly cancer. Ascorbic acid (vitamin C), a potent naturally occurring
antioxidant, demonstrates a clear capacity to neutralize free radicals and mitigate oxidative processes.
These findings support the importance of adequate vitamin C intake through diet and/or
supplementation as a crucial component of a comprehensive approach to combating oxidative stress and
promoting overall health. Future investigations should focus on exploring the optimal dosage and delivery
methods of ascorbic acid to maximize its therapeutic potential in preventing and treating free radical-
related pathologies.

Acknowledgement

This research is the result of the Scientific Research Project of the Electric Power University, Vietnam in

2024, code PTKHCN.17/2024.

REFERENCES

[1]  Fang, Yun-Zhong, Sheng Yang, and Guoyao Wu. “Free radicals, antioxidants, and nutrition.” Nutrition, vol. 18, no. 10
(2002), pp. 872-879. https://doi.org/10.1016,/50899-9007(02)00916-4

(2]  Domej, Wolfgang, Karl Oettl, and Wilfried Renner. “Oxidative stress and free radicals in COPD - implications and
relevance for treatment.” International Journal of COPD 9 (2014): 1207-1224. https://doi.org/10.2147/COPD.S51226

[3]  Rega, Nadia, Maurizio Cossi, and Vincenzo Barone. “Development and validation of reliable quantum mechanical
approaches for the study of free radicals in solution.” The Journal of Chemical Physics 105 (1996): 11060-11067.
https://doi.org/10.1063,/1.472906

[4] Sharma, Ganesh N., Gaurav Gupta, and Piyush Sharma. “A Comprehensive Review of Free Radicals, Antioxidants, and
Their Relationship with Human Ailments.” Critical Reviews in Eukaryotic Gene Expression 28, no. 2 (2018): 139-154.
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2018022258

(5] International Atomic Energy Agency. Radiation Biology: A Handbook for Teachers and Students. Vienna, Austria: IAEA,
2010.

(6] Sevilla, Michael D., David Becker, Anil Kumar, and Amitava Adhikary. "Gamma and Ion-Beam Irradiation of DNA: Free
Radical Mechanisms, Electron Effects, and Radiation Chemical Track Structure." Radiation Physics and Chemistry 128
(November 2016): 60-74. https://doi.org/10.1016/j.radphyschem.2016.04.022.

[7]  Reisz, Julie A., Nidhi Bansal, Jiang Qian, Weiling Zhao, and Cristina M. Furdui. “Effects of Ionizing Radiation on
Biological Molecules—Mechanisms of Damage and Emerging Methods of Detection.” Antioxidants & Redox Signaling 21, no.
2 (2014): 260-292. https://doi.org/10.1089/ars.2013.5489

[8] Desouky, Omar, Nan Ding, and Guangming Zhou. “Targeted and non-targeted effects of ionizing radiation.” Journal of
Radiation Research and Applied Sciences 8, no. 2 (2015): 247-254. https://doi.org/10.1016/j.jrras.2015.03.003

[9]  Alizadeh, Elahe, Thomas M. Orlando, and Léon Sanche. “Biomolecular Damage Induced by Ionizing Radiation: The
Direct and Indirect Effects of Low-Energy Electrons on DNA.” Annual Review of Physical Chemistry 66 (2015): 379-398.
https://doi.org/10.1146/annurev-physchem-040513-103605

[10] Pandey, Kanti Bhooshan, and Syed Ibrahim Rizvi. “Plant polyphenols as dietary antioxidants in human health and
disease.” Oxidative Medicine and Cellular Longevity 2, no. 5 (2009): 275-301. https://doi.org/10.4161/0xim.2.5.9498

[11] Pannala, A. S., T. S. Chan, P.J. O’Brien, and C. A. Rice-Evans. “Flavonoid B-ring chemistry and antioxidant activity: fast
reaction kinetics.” Biochemical and Biophysical Research Communications 282, no. 5 (2001): 1161-1168.
https://doi.org/10.1006/bbrc.2001.4705

[12] Ou, Boxin, Dejian Huang, Maureen Hampsch-Woodill, Judith A. Flanagan, and Elizabeth K. Deemer. “Analysis of
antioxydant activities of common vegetables employing oxygen radical absorbance capacity (ORAC) and ferric reducing
antioxydant power (FRAP) assays: A comparative study.” Journal of Agricultural and Food Chemistry 50, no. 11 (2002): 3122-
3128. https://doi.org/10.1021/jf0116606

[13] Losada-Barreiro, Sonia, Zerrin Sezgin-Bayindir, Fitima Paiva-Martins, and Carlos Bravo-Diaz. “Biochemistry of
Antioxidants: Mechanisms and Pharmaceutical Applications.” Biomedicines 10, no. 12 (November 25, 2022): 3051.
https://doi.org/10.3390/biomedicines 10123051

[14] Lucarini, Marco, Veronica Mugnaini, and Gian Franco Pedulli. “Bond Dissociation Enthalpies of Polyphenols: The
Importance of Cooperative Effects.” The Jowrnal of Organic Chemistry 67, no. 3 (2002): 928931.
https://doi.org/10.1021/j00161532

[15] Pietta, Pier-Giorgio. "Flavonoids as Antioxidants." Journal of Natural Products 63, no. 7 (2000): 1035-42.
https://doi.org/10.1021/np9904509

[16] Capaldo, Luca, and Davide Ravelli. “Hydrogen Atom Transfer (HAT): A Versatile Strategy for Substrate Activation in
Photocatalyzed Organic Synthesis.” European Journal of Organic Chemistry 2017, no. 15 (April 18, 2017): 2056-71.
https://doi.org/10.1002/ejoc.201601485

[17] Jovanovic, S. V., S. Steenken, Y. Hara, and M. G. Simic. “Reduction Potentials of Flavonoid and Model Phenoxyl Radicals.
Which Ring in Flavonoids Is Responsible for Antioxydant Activity?” Journal of the Chemical Society, Perkin Transactions 2 11
(1996): 2497. https://doi.org/10.1039,/P29960002497

300


https://doi.org/10.1016/s0899-9007(02)00916-4
https://doi.org/10.2147/COPD.S51226
https://doi.org/10.1063/1.472906
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2018022258
https://doi.org/10.1016/j.radphyschem.2016.04.022
https://doi.org/10.1089/ars.2013.5489
https://doi.org/10.1016/j.jrras.2015.03.003
https://doi.org/10.1146/annurev-physchem-040513-103605
https://doi.org/10.4161/oxim.2.5.9498
https://doi.org/10.1006/bbrc.2001.4705
https://doi.org/10.1021/jf0116606
https://doi.org/10.3390/biomedicines10123051
https://doi.org/10.1021/jo0161532
https://doi.org/10.1021/np9904509
https://doi.org/10.1002/ejoc.201601485
https://doi.org/10.1039/P29960002497

International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 13s, 2025
https://www.theaspd.com/ijes.php

(18]

(19]

(20]
(21]
(22]
(23]

(24]

Soendjaja, Vanessa, and Audrey L. Girard. “Effects of Plant Polyphenols on Lipid Oxidation in Pea and Soy Protein
Solutions.” Food Chemistry 433 (February 1, 2024): 137340. https://doi.org/10.1016/j.foodchem.2023.137340.

Foti, M. C., C. Daquino, and C. Geraci. “Electron-Transfer Reaction of Cinnamic Acids and Their Methyl Esters with the
DPPH(*) Radical in Alcoholic Solutions.” The Journal of Organic Chemistry 69, no. 7 (2004): 2309-14.
http://dx.doi.org/10.1016/j.tet.2005.06.040

Butkovi¢, Vjera, Leo Klasinc, and Wolf Bors. "Kinetic Study of Flavonoid Reactions with Stable Radicals." Journal of
Agricultural and Food Chemistry 52, no. 10 (2004): 2816-20. https://doi.org/10.1021/jf049880h

Zhang, H. Y., and H. F. Ji. “How Vitamin E Scavenges DPPH Radicals in Polar Protic Media.” New Journal of Chemistry 30,
no. 4 (2006): 503-4. https://doi.org/10.1039/B600025H

Podsedek, Anna. “Natural Antioxidants and Antioxidant Capacity of Brassica Vegetables: A Review.” LWT - Food Science
and Technology 40, no. 1 (January 2007): 1-11. https://doi.org/10.1016/j.lwt.2005.07.023.

Smirnoff, Nicholas. “Ascorbic Acid Metabolism and Functions: A Comparison of Plants and Mammals.” Free Radical
Biology and Medicine 122 (July 2018): 116-29. https://doi.org/10.1016/j.freeradbiomed.2018.03.033

Devaki, Sudha J., and Reshma Lali Raveendran. Vitamin C: Sources, Functions, Sensing And Analysis. Croatia, 2017.
https://doi.org/10.5772/intechopen.70162

301


https://doi.org/10.1016/j.foodchem.2023.137340
http://dx.doi.org/10.1016/j.tet.2005.06.040
https://doi.org/10.1021/jf049880h
https://doi.org/10.1039/B600025H
https://doi.org/10.1016/j.lwt.2005.07.023
https://doi.org/10.1016/j.freeradbiomed.2018.03.033
https://doi.org/10.5772/intechopen.70162

