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5.1 Introduction

Fullerenes have garnered significant admiration in the realm of science, and their appeal
extends beyond their aesthetic qualities. They possess a multitude of distinctive attributes,
particularly their ability to function as electron acceptors in both solid and liquid phases, setting
them apart[1]. Following Kroto et al.'s groundbreaking discovery of macroscopic-scale Ceo
synthesis, fullerenes rapidly pivoted towards the creation of functional systems, with a keen
emphasis on potential applications[2]. Graphite aspires to possess the qualities found in
fullerenes, driven by the curvature resulting from the presence of pentagons[3]. Fullerene
derivatives have exhibited a diverse range of physical attributes that render them attractive for
applications in materials[4], pharmaceuticals[5], and biological research[6]. According to the
Isolated Pentagon Rule (IPR), fullerenes of the same size but with non-IPR isomers are
comparatively less stable than their IPR counterparts[7]. The Cro fullerene, characterized by
Dsh symmetry, stands as the second smallest member within the Isolated Pentagon Rule (IPR)
fullerene family, while the Cso, featuring I symmetry, claims the title of the smallest
member[8]. Interestingly, it has been unveiled that specific sites within the second-most
prevalent IPR fullerene, C7o, exhibit higher reaction energies compared to those in Cgo and
boast a greater binding energy per atom[9-10]. In a groundbreaking study that clinched the
Nobel Prize, not only were Cgo and Cro identified as exceptional clusters with heightened mass
spectrometry signals, but Cso also made a significant appearance[11] . While Cso and C7 have
been extensively studied and are widely accessible, the experimental data on Cso is notably
scarce[11-12]. Furthermore, Cso conforms to Hirsch's electron counting rule for spherical
molecules (2(N + 1)?), which implies a high expected aromatic nature[13-14]. It's worth
emphasizing that Cso represents the smallest carbon structure that lacks three pentagons directly
or consecutively connected, potentially rendering it less flexible compared to its smaller

fullerene counterparts.

Contrasting with its smaller fullerene counterparts, Cso stands out with its anticipated
heightened aromaticity and reduced strain energy. Consequently, Cso has been traditionally
considered the prime candidate for producing fullerenes smaller than Ceo[13][15]. Another
notable member of the non-Isolated Pentagon Rule (IPR) family, the experimentally
synthesized Cse fullerene, has garnered substantial scientific attention due to the inclusion of
fused five-membered rings, which imparts significant strain and reactivity to the molecule[16-

17]. Extensive theoretical studies have delved into the structural and electrical properties of C3s
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fullerene and its derivations[18-20]. In the scope of our own research, we have broadened our
investigation to include Co4, which ranks as the second smallest member in the fullerene family,
alongside our exploration of various other selected fullerenes. Among these, the Co4 fullerene,
possessing Dgn symmetry, has emerged as the most stable within its class and has found
practical applications in fields such as drug delivery[21-22] , biosensing[6] , hydrogen
storage[23] , Li-ion batteries[24] , and more. An essential scientific frontier within the realms
of both material science and physical chemistry lies in the art of bridging the gap between
biomolecules and organic materials, a fundamental requirement for advancing the development
of biosensors with enhanced selectivity[25-26]. Recent strides in our understanding of the
underlying physical mechanisms governing interactions between biomolecules and fullerenes
have led to the creation of fullerene-based biosensors, poised to make significant contributions
to biomedicine and related disciplines[27-28]. The utilization of fullerene-C¢p has been
recognized as an effective immobilization platform for DNA-antibody hybrids and protein
hybrids in the context of electrochemical biosensors[28]. Amino acids, on the other hand,
assume a foundational role in protein synthesis within the human body, influencing a multitude
of vital biological processes. Consequently, the profound importance of comprehending protein
structure becomes apparent, as it provides valuable insights into their biological functions and
contributes significantly to the comprehension of innovative disease diagnoses and therapeutic
strategies[29-30]. Notably, among the essential amino acids, L-leucine (LEU) stands out due
to its unique status as one of the 20 amino acids that the human body cannot synthesize,
necessitating its acquisition from dietary sources, underscoring its critical role. L-leucine holds
substantial importance owing to its pivotal contributions to various physiological processes,
including protein synthesis[31], cellular energy generation[32] , blood sugar regulation[33] ,
immune system integrity[34] , and the maintenance of neurological well-being[35], among
others. However, deviations from normal L-leucine levels can serve as indicators of specific
metabolic disorders. For example, elevated concentrations of L-leucine in the bloodstream may
raise suspicion of maple syrup urine disease (MSUD), a rare genetic condition that hampers
the body's capacity to metabolize branched-chain amino acids, including L-leucine[36]. Hence,
there is a need to create sensors that can identify and measure L-leucine levels in biological
specimens, offering valuable insights for researchers, healthcare experts, and individuals
seeking to enhance their dietary choices. Numerous biophysical and chemical nano techniques

have the potential to aid in the assessment of protein structures and compositions[29].
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Surprisingly, as far as our knowledge extends, no prior investigations have explored the
suitability of C7o, Cso, C3s, and Co4 fullerenes as potential sensors for detecting L-leucine
(LEU). This article employs Density Functional Theory (DFT) analysis to delve into the
mechanisms underlying the heightened interactions between size-variable fullerenes like Cro,
Cso, C36, and Cz4 with L-leucine (LEU). Furthermore, through DFT examination, we conduct
a comprehensive exploration of electronic properties, encompassing analysis of Natural Bond
Orbitals (NBO), Mulliken charge, Density of States (DOS), and Real Space Density (RDG).
We have used DFT calculations to investigate the binding kinetics and sensitivity of L-leucine
to the mentioned fullerenes in both gas and solvent phases. Furthermore, we explore the solvent
effect. Lastly, we employ classical molecular dynamics simulations to validate the stability of
l-leucine and fullerene complexes, along with the dynamics of bond formation and breaking,

under ambient conditions (310K) in an aqueous environment.

5.2 Computational Details
5.2.1 Details of DFT calculation

To perform structural optimization of L-leucine and fullerenes, as well as electronic
calculations, we employed the DFT/B3LYP technique with the 6-311G(d,p) basis set and
incorporated Grimme's dispersion correction[37] (D3 version) using the Gaussian 09

package[38]. The adsorption energy, denoted as Ead, is defined as follows:

Ead = Efullerens/LEU - (Efullerens + ELEU) ---------- (1)

In this context, Efulerene represents the energy of the optimized fullerenes, while Ep gy and
Efulierens/LEU denote the energies of the isolated L-leucine and the optimized fullerenes with
adsorbed L-leucine, respectively. The energy gap between the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), known as the HOMO-
LUMO energy gap (EG), is defined as

Ec =Erumo - EHomO «evvveennet. 2)

5.2.2 Details of Molecular Dynamics Simulation

We employed the GROMACS software, version 5.0.2[39], along with the CHARRM?27
force field[40], to conduct classical molecular dynamics simulations. These simulations aimed
to validate the adsorption behavior of the L-leucine (LEU) biomolecule on the external surface

of fullerenes, including Cs¢ and Ca4. To achieve this, we constructed two simulation systems:

Page | 92



Size dependent Activity of Carbon-based Fullerenes with L-leucine CHAPTER 5

C36/LEU and C24/LEU. Table 5.7 provides detailed information about all the systems subjected
to examination. The water molecule was represented using the TIP3P model[41]. The MD
simulation utilized the optimized structures from DFT calculations as its initial input, and these
structures were converted into PDB format using GaussView 5.0. To account for periodic
boundary constraints, all simulation boxes were made large enough to eliminate interactions
between components and their neighboring cells. It's worth noting that in each enclosure, the
biomolecules are positioned approximately 1.5 to 2 A away from the surfaces of the fullerenes.
The systems underwent an initial step of comprehensive minimization before attaining
equilibrium, achieved through NVT and NPT ensembles for 100 ps each. The maintenance of
a constant temperature of 310 K and pressure at 1 bar was ensured using the V-rescale and
Berendsen algorithms, respectively[42]. For each system, production MD simulations were
conducted, employing a time step of 2 femtoseconds, spanning 50 nanoseconds under periodic
conditions. The LINCS method was utilized to constrain all bonds to their equilibrium
lengths[43]. Long-range electrostatic interactions were managed through the particle-mesh
Ewald (PME) approach, incorporating a 1.2 nanometer range cut-off for non-bonded
interactions[44]. Molecular visualization was achieved using the Visual Molecular Dynamics

(VMD) software[45].

5.3 Results and Discussion
5.3.1 DFT calculation results

5.3.1.1 Geometry Optimization of the adsorbent C24, C36, Cs0, C70 fullerene and L-
leucine (LEU)

To gain a comprehensive understanding of biosensor functionality, it is crucial to
explore the structural and electronic attributes of both fullerenes and the biomolecule L-leucine
(LEU). In this study, we began by optimizing all the considered fullerenes (C7o, Cso, C36, and
C24) in conjunction with the biomolecule L-leucine (LEU), as illustrated in Figure 5.1. It's
noteworthy that the first two selected fullerenes, C79 and Cso, belong to the Dsn point group,

while the other two fullerenes, Cs¢ and Cas, are characterized by the Deh point group.
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(b)

(©)

(d)

Figure 5.1: Optimized structure of (a) C24,(b)C3s,(c)Cso ,(d) Cro fullerene and (e) L-

Leucine (LEU)
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The computed bond lengths and HOMO-LUMO gap (Eg) values for the fullerenes are
presented in Table-5.1. It was observed that the Eg values for the chosen fullerenes, namely
Cr0, Cso, C36, and Co4, are 1.83, 1.13, 1.30, and 2.68 eV, respectively. These findings align with
prior research[5-6][45-48]. Additionally, Table-5.1 contains the calculated cohesive energies

Table 5.1: Calculated Values of HOMO-LUMO gap ( Eg), cohesive energy (Ep), and Bond
length of C24,C36,Cso and Crg fullerene.

C=Cin A

EvLumo Eg in C-Cin

(eV) eV/atom A

-4.22 -6.05 1.83 -6.93 1.46 1.36
-4.46 -5.59 1.13 -8.45 1.49 1.44
-4.57 -5.87 1.30 -8.66 1.45 1.38
-3.66 -6.34 2.68 -8.82 1.46 1.43

for these fullerenes. Their negative and high cohesive energy levels provide stability for them.
The vibrational modes have also been studied to confirm stability with infrared (IR) spectrum
frequencies. All of the vibration modes of the chosen fullerenes, according to our research,
have actual frequencies between 400 and 1600 cm™. We found that all of the vibration modes
of the selected fullerenes had actual frequencies that range between 400 and 1600 cm™ (Figure
5.2). Figure 5.3 shows the electron density distributions for the HOMO and LUMO orbitals of
the selected fullerenes. In contrast to Cso and Cyo fullerenes, we immediately observed a
considerable localization of HOMO and LUMO electron concentrations in the peripheries of
C24 and Cse fullerenes. After confirming the ground state characteristics of the relevant

fullerenes, we optimised the LEU biomolecule[49-50] .

In order to pinpoint the perfect position where the greatest likelihood of contact may
take place, we performed ESP (Electro Static Potential) mapping. Figure 5.4 displays the
charge distribution of the systems and the L-leucine. With neutral zones in between, red areas
denote attractive potential or negative potential regions with the maximum electron density,
and blue areas, electron deficiency or positive potential regions. Both the C24 and Cs36 fullerenes
have the intermediate negative sections that span both empty areas and the blue region for the
repulsive potential. In the case of Cso and Cro, the core region of the fullerenes has demonstrated

repulsive potential. In the LEU biomolecule, the oxygen and nitrogen atoms both contain potent
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negative electron regions. When LEU and the corresponding fullerenes are reoptimized in

aqueous phase, there are no discernible changes.
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Figure 5.2: IR of (a) C24,(b)Cs6,(c)Cso and (d) Cro fullerene

5.3.1.2 Adsorption properties of L-leucine (LEU) molecule over C24, C36,Cs0 and C~o

In order to confirm the LEU biomolecule's binding affinity for particular fullerenes, we

looked into its most stable shape when interacting with them (Figure 5.5). The LEU
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biomolecule interacts with the fullerenes without incurring any structural modification,
according to observations. Fullerenes' hexagonal or pentagonal rings serve as a platform for
biomolecule interaction mechanisms. In order to identify the least energy conformer, a number

of possible sites for the biomolecule to adsorb onto fullerenes have been investigated.

LUMO HOMO

()

(b)

(©)

(@)

Figure 5.3 : LUMO and HOMO electron contribution of (a) C24,(b)Css,(c)Cso and (d) Crg
fullerene
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LEU is adsorbed across the hexagonal ring of the Cs¢ fullerene with an energy of -0.35 eV.
LEU biomolecule and C36 fullerene have an optimum separation of 2.45 A, illustrating the
physisorption characteristic of LEU. Physical adsorption of the LEU at energies of -0.33 eV
and -0.36 eV, respectively, onto the hexagonal sites of Cso and Cyo fullerenes has been
observed[6]. At the smallest atomic distance, LEU is separated from the Cso and Crp fullerenes
by 2.45 A and 2.87 A atoms, respectively (Table 5.2). The kind, order, or tendency of the

biomolecules towards the fullerene

-0.05549¢ 0.05549¢

(@) (b) (c)

(d)

Figure 5.4: ESP of (a) L-Leucine (LEU (b) C24,(c)Cs6,(d)Cso ,and (e) C7o fullerene
(EPS) from -0.05549e to 0.05549¢)).

is revealed by the adsorption energies. We used NBO analysis and Mulliken charge analysis to

study how quantum mechanics could be able to explain the biomolecules' propensity for

fullerenes.

Page | 98



Size dependent Activity of Carbon-based Fullerenes with L-leucine CHAPTER 5

Figure 5.5: Minimum energetic geometry of LEU adsorbed over (a) C24,(b)Cs3s,(c)Cso and (d)
C7o fullerene respectively.
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Table 5.2: Calculated value of Adsorption energy (Eag), LUMO energy (Erumo), Fermi level
(Er), HOMO energy (Enomo), HOMO-LUMO gap (Ec), relative change in Er (AErg),
relative change in EG (AEGr) and adsorption distance(d) of LEU adsorbed over
C24,C36,Csp and Cro fullerene, respectively.

System | DPY EvLumo Er Enomo Ec AE¥rr

(eV) (eV) (eV) (eV) (eV) (%)
C/LEU | -1.14 -2.93 -3.88 -4.82 1.89 24.51 3.28 1.53

Cs¢/LEU | -0.35 -4.03 -4.58 -5.13 1.1 8.94 -2.65 245

Cso/LEU | -0.33 -4.55 -5.21 -5.87 1.32 0.19 1.53 2.45

C7/LEU | -0.36 -3.55 -4.89 -6.22 2.67 2.2 -0.37 2.87

5.3.1.3 The natural bond orbital (NBO) charge analysis:

The electronic charge transfer, which is an important feature, allows us to better
understand how an adsorbate interacts with an adsorbent. The charge transfer that takes place
between certain fullerenes and biomolecules in their optimal geometrical configurations during
the adsorption process may be explained by the NBO analysis, which is shown in Table
5.3[51].For the interactions between fullerenes and biomolecules, we also looked at the
Mulliken population to determine the direction of spontaneous charge flow [52]. The LEU
biomolecule's net Mulliken charge is determined to be +0.545e, +0.146e, +0.012e, and
+0.027e, respectively, based on adsorption onto Ca4, C36, Cso, and C7o adsorbates. Since the
isolated biomolecule has no net Mulliken charge, the positive values of the biomolecule's
Mulliken charge in each case indicate that the charge has been transferred from the LEU to the
fullerene[52-53] . In Figure 5.6, the charge distribution of LEU adsorbed onto certain
fullerenes is displayed. The second-order Fock matrix predicted a donor-acceptor (bond-
antibond) interaction between the chosen fullerenes and LEU. The NBO calculation has been
utilised to explain the second-order perturbation stabilisation energy, E . The second order
perturbation stabilisation energy, E ), is expressed as [52] for the delocalization of the donor

(1) to the acceptor (j)
E@ =AE, =g ... 3)

It is well known that the second order perturbation stabilization energy is related to the NBO

interacting intensity and that higher donor-acceptor interactions lead to higher stabilization
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energies, which give better stability for fullerene/biomolecule complexes[54] . Table 5.3 in this
instance only displays the highest values of E®. The intermolecular interaction of the LEU/Ca4

complex suggests that (N27-H44) of the LEU serves as the acceptor and (C21-C24) of the Co4

Table 5.3: The NBO second-order perturbation energy (E°, kcal/mol) corresponds to the
charge transfer between the LEU and C24,Cs6,Cso and C7y fullerene, respectively.

Acceptor E? (Kcal/mol)
C24/LEU BD(C21-C24) BD*(N27-H44) 50.47
C36/LEU LP(N39) LP*(C33 15.09
Cso/LEU BD*(C11-C12) BD*(051-H72) 12.80
C7/LEU BD(C32-C36) BD*(072-C79) 18.12

fullerene acts as the donor, which is consistent with the ESP results, according to the data that
have been collected. The maximum value of E @), 50.47 kcal/mol, indicates the greatest contact
between the Ca4 fullerene and the LEU biomolecule. Indicating chemisorption as the adsorption
process, LEU adsorption over Cy4 fullerene displays a charge transfer and high adsorption
energy. The maximum E @ values for the complexes of C3¢/LEU, Cso/LEU, and C7o/LEU are
respectively 15.09, 12.80, and 18.12 Kcal/mol. The reduced culminates in comparison to
LEU/C24 complex support the physisorption nature of the adsorption between them. In basic
words, it may be argued that the bulk of interaction occurs in the orbitals of pristine fullerenes,

which serve as donors, and the 7" orbitals of LEU, which operate as acceptors.

5.3.1.4 Density of States (DOS)

An obvious indication that the LEU and systems have interacted is the change in
HOMO and LUMO levels that occurs after the engagement, which triggers the charge transfer
process. The density of states (DOS) analysis and data plotting were done using the Gaussum
sofware, and the resulting images are shown in Figure 5.7. The HOMO and LUMO energies,
as well as variations in the fermi level and band gap fluctuation in percent, are computed, as

seen in Table 5.2. After the LEU is adsorbed onto C»4 fullerene, the HOMO and LUMO
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energies of fullerene change from -6.05 eV and -4.22 eV to -4.82 eV and -2.93 eV, respectively,
indicating a 3.28% increase in the HOMO-LUMO gap.

(a)

Figure 5.6: Mulliken charge population analysis of LEU adsorbed over (a)
C24,(b)C36,(c)Cso and (d) Cro fullerene respectively.
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Additionally, the Css fullerene's HOMO-LUMO energy levels are -5.59 eV and -4.46 eV,
respectively, and when the fullerene interacts with LEU, these levels fall to -5.13 eV and -4.03
eV, shifting the HOMO-LUMO gap by 2.65%. Similar changes have been made to the HOMO
LUMO energy levels of the LEU/Cso, which have been changed from -5.87 eV and -4.57 eV
to -5.87 eV and -4.55 eV, respectively. After LEU has been adsorbed on C7¢ fullerene, the
HOMO-LUMO gap has not changed abruptly in any way. The C24/LEU combination differs
most from all other complexes in terms of Eg and Er, suggesting that there is chemisorption
between them. The localization of the LUMO electron density in Figure 5.8 indicates the
relationship between the nitrogen atom of the LEU biomolecule and the nearest carbon atom
of the Cy fullerene. Due to the strong interaction between LEU and Cy4 fullerene, this
occurrence demonstrates the existence of a chemical bond. The ideal adsorption energy
between the Css, Cso, and Cro fullerenes may be found by localizing the HOMO and LUMO

electron densities for the LEU adsorbed over each of those materials.
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Figure 5.7: Density of states of (a) Cz4,(b)Css,(c)Cso , and (d) Cr fullerene, (e)
C2/LEU, () Cs36 /LEU, (g)Cso/LEU and (h)C7o/LEU respectively.
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LUMO HOMO
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Figure 5.8: The LUMO and HOMO electron density of LEU adsorbed over the pristine (a)
C24,(b)C36,(c)Cso, and (d) Cr fullerene, respectively.
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5.3.1.5 RDG analysis

To gain insight into the attractive and repulsive forces at play and to characterize the
nature of interactions within the LEU/fullerene complexes, Figure 8 illustrates scatter plots
featuring the reduced density gradient (RDG) against the sign (A2)p, alongside non-covalent
interaction (NCI) isosurfaces[55]. Stronger attractive connections, such as H-bonds and dipole-
dipole interactions, are suggested by larger negative values of sign(A2) with charge density (p)
= -0.04, whereas strong steric interactions are indicated by positive values of sign(A2) with(p)
= (0.04. Furthermore, the Van der Waals (vdW) forces are almost p equal to 0[56]. Plots of NCI
isosurfaces indicate that blue regions represent strong interactions, red regions a strong steric
influence, and green regions vdW interactions. Figure 5.9(a) illustrates that when an LEU
biomolecule is adsorbed onto Ca4, the number of RDG points (about 0.8 on the y-axis) increases
in highly attractive interaction locations. Figure 5.9b-5.9d show that there are Van der Waals
(vdW) forces around p = 0 for C3¢/LEU, Cs¢/LEU, and C7o/LEU complexes, which supports
the physisorption nature of adsorption between them. Figure 9(a) shows that when the LEU
biomolecule is adsorbed onto Cas, the number of RDG points (about 0.8 on the y-axis) rises,

suggesting an increase in regions with extremely favourable contacts.

5.3.1.6 Sensing response

The opulence of a chemical sensor, which is dependent on the energy gap (EG), might
theoretically be investigated with great insight utilising experimental sensing properties[57] .
The EG can use the following equation to examine how changes in fullerene electronic

properties effect changes in electrical conductivity or resistivity[58-60].
6 =AT*? exp(-EG/KT) ............ 4)

Where ¢ symbolises electrical conductivity, A a constant, K the Boltzmann constant, and T the
operational temperature. In this section, we compute the sensing response with Eq. (4), which

employs the formula to illustrate the efficacy of the sensing materials[61].
S =] (c1/02)-1| =exp (JAEG| / KT) -1 ............ (5)

The complex and Fullerens energy gaps are described by Eg2 and Eci, respectively, where Eg

=Eag2 - Ea1.
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Figure 5.9: The Reduced Density Gradient (RDG) scatter plots (Left) and Non-Covalent
Interaction (NCI) isosurfaces (Right) of (a) C24/LEU, (b)Css /LEU, (c)Cs¢/LEU and(d)
C7/LEU respectively C,H,O, and N atoms are shown in light blue, white, red, and
dark blue, respectively.

The LEU biomolecule significantly altered the HOMO-LUMO band gap of the Cx4
fullerene (Table 5.4). As a result, LEU adsorption induces a significant change in the Eg of the
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fullerene, demonstrating that the Ca4 is sensitive to the biomolecule LEU. According to our
analysis, the best sensing response of all the systems considered for Ca4 fullerene to the LEU
is around 8.45 at 310 K (Table 5.4). Because there is no noticeable change in EG after
adsorption over the fullerenes, the sensing capabilities of the other complexes, C3¢/LEU,

Cso/LEU, and C7/LEU, is substandard.

Table 5.4: Calculated difference in Eg (AEG), Recovery Time (1) and Sensing Response(S) for
LEU over C24,Cs6,Cso and Cro fullerene, respectively(T=310K).

System AEg T S
(eV) (sec)
C2/LEU -0.06 3.42x 10° 8.45
Cs6/LEU 0.03 4.9x 1010 2.07
Cso/LEU -0.02 2.31x 101 1.11
C7/LEU 0.01 7.12x101° 0.45

5.3.1.8 Recovery time

Recovery time has been shown to be a critical parameter for chemical sensors that
reflect the desorption process by heating the adsorbent to a higher temperature or exposing it
to UV light, and it is significantly connected with the intensity of the contact. Higher interaction
energies between molecules and an adsorbent extend the time it takes for them to recover and
diminish their own interactions, making them less appropriate for use in sensing applications.
As aresult, a suitable sensor must have an acceptable optimal interaction energy and interaction

distance[62]. The Recovery Time (1) is given by the equation[63-64].
T =00 exp(-Eat/KT) ..ovevnenn, (6)

Where T, K, and vo represent temperature, Boltzmann's constant, and attempt frequency,
respectively. Experiments have revealed that different photonic frequencies (vo) or thermal
energy may be used to trigger the desorption of medications and proteins[63]. We calculated
the recovery lengths for the LEU from the chosen fullerene's perimeter using a vy of 103 s
and a temperature of 310 K (See Table 5.4). We found that the highest recovery time for the
LEU biomolecule is 3.42x 10° s , which is consistent with projections given the significant
chemisorption nature of Cy4 fullerene. Because of the prolonged recovery time, the LEU

biomolecule may be separated from the biological system using Cz4 fullerene. Even for
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C36/LEU, Cso/LEU, and C70/LEU, the interatomic distance from the fullerene is 2.45 A, 2.45
A and 2.87 A, respectively, and the recovery time is 4.9x 10°s, 2.31x 10""° and 7.12x 10" s
indicating that the LEU may be used for the best detection when using the C3s, Cso, and C7o

fullerenes.

5.3.1.8 Global indices

In order to further investigate the activity of fullerenes or biomolecular systems, we
computed global index features such as Chemical potential (i), Chemical hardness (1) and
Electrophilicity () (Table-5.5). The formula below gives the global indices
parameters[62][65].

Chemical Potential(p) =—({ + A)/2 ........... (7)
Hardness ()= —A)/2 cccooviiiiiiiiiina. (8)
Electrophilicity (0) = g ............................ 9

Where I = -Enomo and A = -Erumo. Table 6 details the global indices tabulated using
equations (8) through (10). Higher global hardness leads in more stable compounds, which is
directly related to the chemical stability of the molecules. C7o is the most stable fullerene in our
comparison, and the C70/LEU complex is likewise the most durable. Following LEU adsorption
over Cso and Cy fullerene, there has been no change, however following LEU adsorption over
C24 and Csg fullerene, there has been an increase of +14.13% and +21.05%, respectively.
Following the adsorption of an LEU biomolecule onto fullerenes, the HOMO and LUMO
locations of the systems result in a considerable shift in chemical potential (). The values of
change by -19.07%, -17.49%, -3.45%, and -3.58%, respectively, for LEU adsorbed on Ca4, C3s,
Cso, and Cyo fullerene. It has been established that LEU/C24 displays the greatest change in
chemical potential, suggesting their strong connection. Electrophilicity () is the tendency of
atoms or molecules to receive electrons. The pristine Cz4, C36, Cso, and C7o fullerenes had
electrophilicity(w) values of 14.35, 22.19, 20.96, and 9.33 eV, respectively, and the order of
has altered by +42.58%, +43.75%, +6.77%, and +8.25% for LEU adsorption over selected
fullerenes. When LEU is adsorbed on C24 and C3¢ fullerenes, a maximum change shows their

significant interaction.
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Table 5.5: Global indices parameter of systems

EvLumo Enomo

(eV) (eV)
Cau -4.22 -6.05 1.83 -5.14 | -5.14 | 0.92 14.35
Cse -4.46 -5.59 1.13 -5.03 |-5.03 |0.57 22.19
Cso -4.57 -5.87 1.30 -5.22 | -5.22 | 0.65 20.96
Cno -3.66 -6.34 2.68 -5.00 |-5.00 |1.34 9.33

C2/LEU | -3.15 -5.16 1.89 -3.88 | -4.16 | 1.05 8.24

Cs36/LEU | -3 46 -4.83 1.1 -4.58 |-4.15 | 0.69 12.48

Cso/LEU | -4 .39 -5.69 1.32 -5.21 |-5.04 | 0.65 19.54

C7/LEU | -3 45 -6.12 2.67 -4.89 |-479 | 134 8.56

5.3.1.9 Solvent effect

The usefulness of biologically active molecules is governed by their structure and the
intermolecular interactions they have with the solvent, which affect biological processes[66] .
To completely comprehend biosensing systems, it is crucial to add solvent effects (the
polarizable continuum model, or PCM approach) in DFT research. The intricate interactions
between biomolecules, solvent molecules, and sensor surfaces have a major impact on binding
affinities, sensing processes, and conformational changes[67]. We used the DFT/B3LYP/6-
311(d,p) with D3 version of Grimme's dispersion to reoptimize each of the four fullerenes, the
LEU biomolecule, and all of the minimal configurations of LEU and fullerenes complexes in
the water solvent. Table 5.6 displays the observed adsorption energies and sensor parameter
values. The results show that the overall energy values of the LEU, Cz4, and C3¢ systems
decrease, resulting in a rise in the adsorption energies of the LEU/C»4 and LEU/C36 complexes,
which are -1.58 eV and -1.23 eV, respectively, compared to gaseous phase. As a result of the
solvent's influence, the adsorption energy of the LEU/Cso and LEU/C79 complexes diminishes,
resulting in a shorter recovery time in the aquatic environment and a reduced sensing response.
Higher interaction energy in the aqueous environment predicts a greater sensing response and
longer recovery time for the LEU/C24 and LEU/C3¢ complexes (see Table 5.6). In order to
anticipate the solubility of the drug molecules in water, the solvation energies (Esol) were

computed using the following equation[68].
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AEsol = ESOI — Egas ................ (10)

where Eso1 and Egqs indicate the energy of the system in the water solvent and gas, respectively.
The observed Eso for the LEU is -0.251 eV, while the measured Eso for the Cz4 and Cse
fullerenes is -0.025 eV and -0.089 eV, respectively. Eso is discovered at -0.72 eV and -1.21 eV
for the LEU/C24 and LEU/C36 complexes, respectively. It implies that the solvation energies of
LEU complexes with C24 and Cse are less than the total of the solvation energies of LEU, Cse,
and Coy4 fullerenes. These studies indicate the LEU, Cy4, and Cze fullerenes' great water
solubility and strong polarity. According to the electronic structures, the change in Eg for Ca4
and Cse fullerene by LEU in water is 0.12 and 0.27 eV higher than in the gas phase. As a
consequence, the sensing response of the C»4 and C3¢ fullerenes to the LEU increases from 8.45
and 2.07 in the gas phase to 843.2 and 11.6103 in water, showing that the biomolecule including
the C24 and Cse is extremely sensitive in solvent medium. However, because of their similarly

low sensing responses of 0.45, LEU/Cso and LEU/C7o interact less in the solvent effect.

Table 5.6: Calculated value of Adsorption energy (Eqq), LUMO energy (Erumo), HOMO energy
(Ernomo), HOMO-LUMO gap (Ec), Recovery Time (1) and Sensing Response (S) for
LEU adsorbed C24,Cs6Cso and Cry fullerene with solvent effect, respectively.

System Ead ELumo Enomo Ec

(eV) (eV) (eV)
C24/LEU | -1.58 -3.15 -5.16 2.01 4.8x 10" 843.2
C3/LEU | -1.23 -3.46 -4.83 1.37 9.94x 10* 11.6x 10°
Cso/LEU | -0.28 -4.39 -5.69 1.3 3.57x 10! 0.45
C»/LEU | -0.29 -3.45 -6.12 2.67 5.19x 101 0.45

5.3.2 Molecular dynamics simulation results

A notable approach is molecular dynamics simulation, which allows for the explicit
maintenance of equilibrium and stability for biomolecule and fullerene complexes in an
aqueous environment, precisely at 310 K. In the previously described DFT-PCM study, we
revealed that biomolecules' sensitivity to fullerenes increases in a water environment, which
also enhances the sensing response of C24 and C36 fullerenes compared to the gaseous phase.

Additional investigation is needed to better understand the dynamical stability of complexes in
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a water environment. In this section, we calculated the temperature, total energy, and root mean

square deviation (RMSD) of the LEU/C24 and LEU/C36 complexes up to 50 ns.

Table 5.7: Detail of the simulation boxes which used in this work

Svstem No. of LEU No. of No. of water = Dimension of the
Y Bio-molecules fullerenes molecule cubic box(nm)
C24/LEU 2 4 5676 5.6% 5.6 X5.6
Cs6/LEU 2 4 7760 6.2x 6.2 x6.2

A careful examination of the RMSD curves reveals that there was very little divergence
(approximately 4-5 nm) during the 50 ns trajectory for the all-equilibrated systems. In
comparison to LEU/Css, the LEU/Co4 system had the lowest variance in RMSD during the
duration of the simulation. The radial distribution (RDF) or g(r) between the biomolecule and
Ca4, C36 fullerenes has been studied to understand how biomolecules are dispersed throughout
the surfaces of Co4 and Cs36 fullerenes in aqueous solutions for the two systems. Figure 11(b)
shows this distribution. It should be noted that the centers of gravity for fullerenes and
biomolecules are shown in the two figures. Because of the strong repulsive interactions that
occur between biomolecules and fullerenes, we may deduce from the RDF graphs that g(r) is
zero across short distances. Because of the higher steric influence of the LEU molecules, g(r)
for the LEU/C24 system began to be nonzero at greater distances than that for the LEU/C3e
system. Because LEU biomolecules have higher interaction energies with Cys and Cse
fullerenes, which is consistent with DFT/PCM investigations, LEU biomolecules are more
likely to be detected around these fullerenes. The biomolecules are scattered in the range of
0.2-2.5 nm around the Cz4 and Cs¢ fullerene surfaces, as shown in Figure 11(b). The RDF
findings show that the adsorbed biomolecules and C4, C36 fullerene interact strongly at a
distance of 0.5 nm in all conditions. Finally, Figures 12 (a) and (b) show the variation of total
energy and temperature as a function of simulated time steps for the LEU/fullerene complexes.
We observe that the overall energies of the two complexes reach equilibrium during the

simulation time. The temperature fluctuation graph shows that the simulation temperature, or
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310K, was maintained throughout the experiment for all complexes. These findings show that

the complexes reach equilibrium and adsorption occurs at room temperature for 50 ns.

(a) = (b)

Figure 5.10: Snapshots for (a) C2/LEU and (c)Css/LEU simulation systems.

(a) (b)

l— 024_LEU|
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Figure 5.11: (@)RMSD curves for the interacted LEU biomolecule and Cz4 ,Css fullerene as a
function of time and (b)comparison of radial distribution (g(r)) of biomolecules
around the C»4 and Css fullerene surfaces versus distance.

The derived total energy plots for the LEU/C»4 and LEU/C36 complexes, shown in Figure 12(a),
show that these complexes are more stable in water, with maximum average total energies of

roughly -170000 and -230000 KJ/mol, respectively, which agree with the DFT/PCM results.
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Figure 5.12: MD simulation plots for the (a) Total Energy and (b) Temperature for the
biomolecules/fullerenes against the time simulation.

5.4 Conclusions

In this study, the DFT-D3 approach in conjunction with solvent was utilized to investigate
and evaluate the adsorption mechanism process of the LEU biomolecule on Ca4, C36, Cso, and
Cro fullerenes. Our findings indicate that the LEU and Ca4 fullerene interact significantly in the
gas phase, resulting in a stronger sensing response and a longer recovery time. As a result,
utilizing Cy4 fullerene as a biosensor, the biomolecule LEU may be separated from other amino
acid sequences. Because of the physisorption property of LEU adsorption on C3e, Cso, and C7o
fullerene, reduced recovery durations in the 107'? s range are observed, as well as an appreciable
sensing response. The optimal interaction energies and shorter interatomic distances between
LEU biomolecules and Css, Cso, and C7o fullerene imply a potential fullerene-based LEU
detector. Furthermore, because of the solvent effect, the adsorption energy of LEU/Cz4 and
LEU/C36 complexes is greater in the solvent phase than in the gaseous phase, making them
more reactive and persistent in a water environment. The Cz4 and Cse fullerenes significantly
accelerate sensory responses and recovery times. As a result, C24 and C36 fullerene may remove
the LEU biomolecule from the biological systems in the aqueous phase. The interaction energy
of LEU with Cso and Cr7o reduces as a result of the solvent effect, indicating that the LEU/Csy
and LEU/C79 complexes are less reactive and their usage in LEU detection may be limited.
According to a detailed classical molecular dynamics simulation, the LEU/C24 and LEU/C36
complexes are well equilibrated and astonishingly stable in the aqueous environment condition

at ambient temperature (310K). Furthermore, the RDF plots show that the biomolecules are
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equally distributed at observable distances across the Co4 and C3z6 fullerene, lending credence

to the adsorption mechanisms hypothesized from the DFT results.

Finally, using a combination of DFT and MD simulation results, we concluded that Co4
and Cse fullerenes may be an excellent alternative for developing new-generation high
performance biomolecule functionalization and sensors in a water environment at room

temperature.
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