CHAPTER S ELECTRON DRIVEN
PROCESSES FOR AQUA DNA
CONSTITUENTS

“This chapter presents calculated CSs for various electron driven
processes with hydrated DNA nucleobases (adenine, thymine, guanine,
cytosine, and uracil). Employing the SCOP, CSP-ic, and novel 2p-SEM
formalisms to determine cross sections relevant for assessing DNA
damage induced by electron impact. We estimated the dielectric
constant (¢) of hydrated nucleobases and analyzed correlations
between total scattering CSs, molecular properties (Z and ), and
ionization CSs with a and ¢. These results enhance understanding of
electron-induced processes in biological systems and support modeling

of radiation damage in DNA ",
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5.1Introduction

The application of ionizing radiation is a fundamental practice in medical research and
healthcare. It is extensively utilized not only as a powerful therapeutic tool, particularly in
cancer treatments like radiotherapy, but also as a critical probe in radio diagnostic techniques,
including imaging modalities such as X-rays, CT scans, and PET scans. These dual roles
highlight its versatility and importance in both diagnosing and treating various medical
conditions. While traditional beliefs attributed the majority of extremely energetic radiation
damage to biological tissue to ballistic impact, it is now recognized that secondary species
resulting from primary ionization play a significant role in radiation damage [1]. The primary
ionizing particles deposit the majority of their energy in the aqueous medium through various
interaction, such as excitations and ionizations. This substantial energy transfer releases
numerous secondary electrons, which, in turn, interact with various biological substances,
leading to radiation damage. DNA/RNA molecules are particularly sensitive to such radiation
among all living tissues, experiencing various types of damage [2] induced by exposure to

radiations, including those caused by secondary species such as electrons.

To effectively understand and predict the location and extent of biological cell damage caused
by radiation, it is crucial to model the tracks of both primary as well as secondary species as
they traverse a biological medium. Charged-particle track structures depict the path taken by
these particles through the medium, offering insights into the radiation's impact [3]. Stochastic
simulations rely on cross-section values to model the full range of interactions between primary
and secondary species at the atomic or molecular scale. Therefore, the precision of these CSs

is essential to ensure the reliability of the simulations.

To date, a considerable amount of the CSs data has been documented about the interaction of
electrons with DNA/RNA constituents in its gaseous state [4-8]. While, the CSs for interaction
processes in the condensed phase are available, their scope is limited to energies below 20
eV [9,10]. A more accurate representation of DNA's behavior can be achieved by examining
its interactions within an aqueous environment, where it forms hydrogen bonds [11,12] with
water molecules. This contrasts with theoretical models that consider DNA in isolated gaseous
or condensed states. This has prompted us to take up the investigation of interactions of

electrons with agueous DNA nucleobases.
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CsH5N; (Adenine) C4H5N3;0 (CytOSine)

CsH5N;50 (Guanine) C5HgN, 0, (Thymine)

C4H4N, 0, (Uracil)
Figure 5.1 Chemical structure of studied DNA/RNA nucleobases
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This study focuses on electron collisions with aqgua DNA nucleobases. We calculated varieties
of CSs i.e. ionization, inelastic, total and elastic, in an agueous environment. Notably, this is
the first investigation of electron-induced processes in aqueous DNA components, covering
energies from the IP to 5000 eV. A schematic representation of the present molecules has been

shown in Figure 5.1.

5.2 A group of DNA/RNA nucleobases in aqueous environment

This section provides a comprehensive analysis of the elastic and inelastic collisions involving
aqueous biomolecules, specifically Adenine, Guanine, Cytosine, Thymine, and Uracil. These
interactions are explored in detail to understand their behavior and impact in an aqueous
environment, focusing on their relevance to electron-induced processes and their role in

biological systems.

5.2.1 Prior work and molecular properties

A comprehensive review is provided in the current study, detailing the impact energy ranges,
various cross-sections (CSs), phases, and methodologies employed by researchers for the
investigated targets in Table 5.1.

Table 5.1 Priore work on aqua DNA/RNA bases

Qty. Phase Ei range (eV) Method Ref.
Molecules in Tan and
Qinel 20-10,000
water ) ) coworkers [13]
Dielectric
Tan and
Qion 10-500 response
coworkers [14]
Condensed phase theory
Vera and
Qion 1-10,000

coworkers [15]

The molecular properties of the DNA/RNA nucleobases are tabulated in Table 5.2 and it is

used for computation of cross sections data.
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Table 5.2 Molecular properties in of the DNA/RNA nucleobases aqueous environment

DNA/RNA bases IP (eV) [16,17] Egqp (8V)
Cs;H5N5 5.00 5.25 [18]
CsHgN, O, 5.40 5.20 [21]
CsH:N;0 4.80 4.80 [20]
C,HsN;0 5.50 5.35 [17]
C,H,N,0, 5.55 5.70 [19]

5.3 Results for DNA constituents in aqua phase

This section presents an in-depth analysis of electron impact cross-sections for aqueous
DNA/RNA bases over wide energy range spectrum from IP to 5 keV. Three computational
approaches—2p-SEM, SCOP, CSP-ic, and—are employed to establish correlations that
estimate correlation to calculate dielectric constant (¢) and dipole polarizability (o). These
findings provide valuable insights into the interaction characteristics of biomolecules in

agueous environments.
(i) Inelastic processes:

Through figures 5.2, 5.4, 5.6, 5.8 and 5.10, inelastic effect for the studied aqueous DNA
constituents are presented as a function of electron energy, alongside existing experimental and
theoretical findings [13-15].

(ii) Elastic processes:

Figures 5.3, 5.5, 5.7, 5.9, and 5.11 display the elastic and inelastic cross-sections for aqueous
DNA constituents as a function of incident electron energies ranging from the molecular IP to
5000 eV. The obtained results show excellent matching with available findings, thereby
validating the 2p-SEM for the more complex molecules whose atomic number (Z) lies between
55<Z<95. This supports the effectiveness of the recently developed 2p-SEM approach.
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5.3.1 Adenine (CsHsNs)

The inelastic processes for adenine are shown in figure 5.2.
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. N Q.
/ N on
: N Present result
— — Veraet.al. (2021)
~-—Tan etal. (2018
. 15 ( )
<
w
c
Ke]
O
3
o 10
w
e
@]
5 _
K
0 4 T T T T 'l T T T T T "l T T
10

Figure 5.2 Qiner and Qion CSs for Adenine

Qiner:- solid blue: Present; dotted curve: Tan and coworkers [13]; Qjon:- Solid red:

Present; dash Dot curve: Tan and coworkers[14]; dashed curve: Vera and
coworkers [15];

The top most curve represent total inelastic cross sections, Q;,e;. Tan and coworkers [13] have
reported the data of Q;,.; for DNA bases in condensed phase using dielectric response theory.

However, their Q;,¢; underestimate present calculated data and its lower values than Q;,,, [14].
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Cross-sections (A)

e - Adenine

Q;

Present SCOP
- — Present 2p-SEM
Qe.f
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- — Present 2p-SEM

T
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Energy (eV)
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Figure 5.3 Q,; and Q for Adenine

Q1 (SCOP):- Solid green; dash red: Qt(2p-SEM); Q¢(SCOP):- solid orange; dashed

blue:- Qe1(2p-SEM)

Figure 5.3, illustrates elastic and total CSs for adenine. These results are obtained through 2p-

SEM over the energy from 50-5000 eV and shows good agreement with present SCOP

formalism. The calculated total CSs values for Adenine are shown in table 5.3.

Table 5.3 CSs data (A2) for Adenine

Ei (eV) | Qion Qe Qr
11 0.00 96.82 96.88
20 2.35 72.02 77.85
40 8.76 48.42 63.27
60 11.46 34.79 51.86

| 127



70 12.08 | 31.17 | 48.43
80 12.43 | 28.59 | 45.76
90 12.60 | 26.34 | 43.26
100 12.65 | 24.60 | 41.18
200 11.09 | 1598 | 28.83
400 8.25 11.04 | 19.91
600 6.61 8.24 15.16
800 5.54 6.74 12.47
1000 4.79 5.81 10.72
2000 2.89 3.61 6.53
3000 2.07 2.69 4.78
4000 1.62 3.48 5.11
5000 1.33 3.07 4.40
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5.3.2 Guanine (CsHsNsO)

For e-guanine, the inelastic CSs and available data are displayed in Figure 5.4.
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Figure 5.4 Qinel and Qion for Guanine

Qiner:- solid blue: present ; dotted: Tan and coworkers [13]; Qjon:- Solid red: present;
dashed curve: Vera and coworkers [15]; dash dot: Tan and coworkers [14]

The upper curves in the graph represent the complete inelastic cross-sections (Qjpel)-
Authors [13] utilized dielectric theory along with Penn's theorem to report Q;,,.; data for DNA
in an aqueous environment. Figure 5.5 compares elastic and total CSs for DNA in aqueous
state, calculated via 2p-SEM and SCOP methods. The figure provides a comparison of these
cross-sections, showcasing the results derived from both methods and highlighting their

consistency or discrepancies for the examine range of incident energy.
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Figure 5.5 Q. and Qt for Guanine

Qq:- solid green: SCOP; red dashed: 2p-SEM; Qg:- solid orange: Present; dashed blue:

2p-SEM

The calculated total CSs data are shown in table 5.4 for Guanine.

Table 5.4 CSs data (A?) for Guanine

Ei (eV) | Qion Qe Qr
10 0.00 | 19295 | 192.95
20 3.27 | 128.23 | 136.08
30 7.90 90.45 | 105.29
40 11.04 | 70.00 | 88.51
50 12.99 | 5851 | 78.76
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60 14.17 50.40 71.35
70 14.87 | 44.76 65.84
80 15.25 | 40.28 61.20
90 15.43 36.98 57.56
100 15.47 34.26 54.41
200 13.56 21.22 36.86
400 10.04 14.30 25.07
600 8.02 10.59 18.98
800 6.71 8.56 15.48
1000 5.78 7.34 13.27
2000 3.46 4.38 7.87
3000 2.48 3.17 5.66
4000 1.93 3.83 5.77
5000 1.53 2.00 3.54
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5.3.3 Cytosine (CsHsN3zO)

The present Q;ne; and Q;o, With the available comparisons are shown in below figure 5.6.
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Figure 5.6 Qinel and Qion for Cytosine

Qinel:- solid blue: present; dotted: Tan and coworkers [13]; Qjon:- SOlid red: Present;
dashed: Vera and coworkers [15]; dash dot: Tan and coworkers [14]

An equivalent unit of DNA molecule was dissolved in water, containing a 50:50 ratio of

Adenine-Thymine and Guanine-Cytosine base pairs. This DNA molecule was then separated

into its five constituent bases.

In figure 5.7, the elastic and total CSs calculated using 2p-SEM and SCOP are displayed.

The results show excellent agreement across the entire energy range, demonstrating the

consistency of the two approaches.
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Figure 5.7 Q,; and Qy for Cytosine

Qq:- solid green: SCOP; red dashed: 2p-SEM; Q,:- solid orange: Present; dashed blue:

2p-SEM

The calculated total CSs values are displayed in table 5.5 for e-Cytosine.

Table 5.5 Total CSs (A2?) for Cytosine

Ei (eV) | Qion Qe Qr
10 0.01 114.81 | 114.92
20 3.42 82.11 89.88
30 7.42 65.54 79.04
40 9.94 50.70 66.94
50 11.42 42.01 59.40
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60 12.26 36.26 54.00
70 12.71 31.81 49.49
80 12.93 28.52 45.93
90 12.99 26.11 43.14
100 12.95 24.15 40.75
200 11.07 15.32 27.96
400 8.13 10.45 19.12
600 6.47 8.42 15.16
800 5.40 7.23 12.78
1000 4.64 6.46 11.21
2000 2.77 4.33 7.13
3000 1.98 3.35 5.34
4000 1.55 2.80 4.35
5000 1.37 1.23 2.60
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5.3.4 Thymine (CsHsN20z2)

The present results of Q;,, and Q;ner are shown in figure 5.8.
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Figure 5.8 Qinel and Qion for Thymine

Qiner:- Solid blue: Present; dotted: Tan and coworkers [13]; Qion:- Solid red: Present;

dashed: Vera and coworkers [15]; dash dot: Tan and coworkers [14]

The current Q;,, agrees well with previous comparisons across the entire energy range.
Authors, [14,15] have previously reported the Q;,, data for aqua DNA bases through the

dielectric theory. The present Q;,, are found reasonably good with the data of Vera and
coworkers [15].

| 135



4 \ QT
Present SCOP
120 AN - = Present 2p-SEM
n A\
"'f“\\ Q,
Present SCOP
o \ \, - — Present 2p-SEM
fm_’ \\\\
\-\
S 80+
B
& \ M
[} LY LY
e NN
O] NSNS
hY
40 - N . \\Q\
\\\ \‘H
NS -
S e ~
~ e ——
- ‘-.,. -~ ':;_h__%_
e - Thymine R
0- ——
— —r
10 100 1000
Energy (eV)

Figure 5.9 Q. and Qt for Thymine

Qq:- solid green: SCOP; red dashed: 2p-SEM; Q:- solid orange: Present; dashed blue:
2p-SEM

Figure 5.9 illustrates the elastic (Qg;) and total (Qt) CSs obtained through “SCOP” and “2p-
SEM?” techniques. The results exhibit a strong agreement across the entire energy spectrum,

highlighting the reliability of both methods. The calculated total CSs values are displayed in
Table 5.6 for e-Thymine.

Table 5.6 Total CSs (A?) for Thymine

Ei (eV) | Qion Qe Qr
11 0.00 142.10 | 142.12
20 2.55 106.87 | 113.23
40 10.01 70.34 87.17




60 13.13 50.41 69.81
70 13.79 43.97 63.52
80 14.09 39.72 59.05
90 14.17 36.54 55.44
100 14.12 34.05 52.44
200 11.91 21.23 34.96
400 8.58 13.73 22.93
600 6.76 10.71 17.77
800 5.60 8.88 14.67
1000 481 7.74 12.66
2000 2.84 4.95 7.82
3000 2.03 3.78 5.82
4000 1.57 3.10 4.68
5000 1.29 2.69 3.98
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5.3.5 Uracil (C4HaN20>)

The present results of Q;,, and Q;,¢ for uracil are shown in figure 5.10.
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Figure 5.10 Qinel and Qion for Uracil

Qinel:- Solid blue: Present; Q;on:- Solid red: Present; dashed: Vera and coworkers [15];

dash dot: Tan and coworkers [14]
As can be seen, the ionization cross-sections reported by Tan and coworker [14] are
consistently higher than both the present data and those of Vera and coworker [15]. The
observed discrepancy may be attributed to use of various material phases in the current study.
Figure 5.11 presents the Q. and Qr CSs computed using the SCOP and 2p-SEM methods.
Both approaches demonstrate strong complementarity and consistent agreement across the
entire energy spectrum, reinforcing the reliability of the results.
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Figure 5.11 Q. and Q¢ for Uracil

Q1 (SCOP):-solid green; red dashed: Qt (2p-SEM); Q. (SCOP):- solid orange; dashed

blue: Q¢ (2p-SEM)

The computed aggregate CSs values are presented in Table 5.7 for e-Uracil.

Table 5.7 Total CSs data (A2?) for Uracil

Ei (eV) | Qion Qe Qr
11 0.01 100.96 | 100.99
20 2.24 89.44 94.39
40 7.69 50.97 64.10
60 10.14 34.53 49.79
70 10.73 30.30 45.75
80 11.08 27.23 42.62
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90 11.26 24.62 39.81

100 11.32 22.71 37.62

200 9.97 14.15 25.73

400 7.33 9.78 17.69

600 5.81 8.00 14.11

800 4.83 6.90 11.91

1000 4.15 6.14 10.42

2000 2.46 4.13 6.62

3000 1.76 3.20 4.98

4000 1.37 2.66 4.03

5000 1.12 2.31 3.43

5.4 Correlation study

Using the calculated ionization CSs (Qion), key molecular properties, including dielectric
constant (¢) and polarizability (o), were derived for aqueous DNA bases. The correlation study
plays a crucial role in linking these cross-sections with molecular properties, offering a deeper
understanding of the interaction mechanisms and behavior of DNA bases in aqueous
environments. Such insights are vital for applications in biophysics, radiation biology, and

molecular modeling.

5.4.1 Polarizability (a)
In accordance with Harland [22] was proposed qualitative relationship between the maximum

ionization CSs and polarizability (a),

a [23

Q:’mz(max:l - I

(5.1)
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Harland proposed that in the gaseous phase of a molecular system, the A is equivalent to the
ionization potential (IP). However, for the present work involving aqua compounds, A is the
sum of IP and Egqp. lonization channel opens when the incident energy exceeds the threshold

value, where A = IP + Egap.

We have predicted the values of a as given in the table 5.8 for the present studied molecules

through equation 5.1.

Table 5.8 Predicted polarizability a (A)3

A Max.Qjon a (A)?
Molecule
(eV) (A)? Predicted Ref. [23]

CsHsNs 10.26 12.64 11.55 14.34
CsHsN:O 9.59 15.46 16.18 15.27
CsH N, O, 10.59 14.16 14.98 13.36
C,H:N;0 10.86 12.98 12.87 11.48
C,H,N,0, 11.26 11.33 10.14 10.40

As shown in Table 5.8, the calculated polarizabilities () align well with those reported by

Nakagawa [23] for condensed DNA molecules.

5.4.2 Dielectric constant (g)

In this work, two mathematical equations for the dielectric constant (€) were obtained through
the Max.Q;,n, ON @ and ¢, as presented in equation 2.79 and 2.80 (chapter 2). The first equation
of ¢ as a function of Max.Q;,,, Was derived by integrating the relationship between Max.Q;on

with a.
The expression of Clausius Mosotti,

£

E;—f =C- (Max.Q,,,)*NA
? (5.2)

[

2
The value of constant C is equal to 647” (%) and the number density is denoted as N.
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The Onsager [24] dielectric representation, which is highly effective for describing liquids, is

expressed as:

e—1  4m aN + (E—Epo (2848000

£+2 3 E(Epn+2)?

(5.3)

This expression is believed to be more suitable for the current study of aqueous DNA
constituents. Additionally, we propose an equation for the dielectric constant as a function of

Qion(m), given by

E—

1 _ F
— =€ (Quongm)) NA+

(E—5pa ) (25450,)

E(Eq+2)2

(5.4)

Here, €., represents the dielectric constant at high frequencies.

Table 5.9 Calculated ¢

Max.Qjon Dielectric constant (&)
Target
(A Eq.5.2 Eq. 5.4 Ref. [25]

CsH;5N; 12.64 2.23 1.01 1.59
CsHsN;O 15.46 3.24 0.86 1.77
CsH(N, 0, 14.16 3.40 1.00 1.59
C,HsN;0 12.98 2.85 1.04 1.71
C4H4N,0, 11.33 2.30 0.99 -

As shown in table 5.9, the values of ¢ is calculated using equation 5.4 and matches well with
those reported by Szarek [25].
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5.5 Chapter summary

This chapter reported the aqueous phase of DNA, investigating various molecular processes
triggered by electron collisions. Considering the prevalence of hydrogen bonds in DNA, this
approach provides a more accurate representation of its behaviour in biological systems. To
comprehensively assess “Radiation-induced damage” to DNA, including “single and double-

strand breaks”, it is essential to study inelastic electron interactions with agueous DNA.

The current work quantifies various interaction processes occurring during electron impact on
DNA constituents in aqueous phase. The current study also examines the dependence of Q1 on
impact energy and molecular properties, leading to the proposal of a novel approach called 2p-
SEM, for calculating Qr, which represents the initial endeavor to present a cohesive equation
for Qr, suitable for extensive and intricate molecular systems comprising 55 to 95 electrons,
across an energy spectrum of 50-5000 eV. By examining the relationship between molecular
ionization and, we have computed target dielectric constant and polarizability. The dielectric
constant is determined from the Qion using both the C. M. and Onsager approaches (equations
5.2 and 5.4). Our calculated results are compared with existing one. In the lack of previous
studies on aqua DNA molecules, this investigation of several cross-sections and the calculation

of dielectric constant, polarizability etc. are extremely useful.
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