#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Interactions, electronic and optical properties of
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We studied the interaction of planar phenylalanine (phe), tryptophan (try), tyrosine (tyr); amide asparagine
(asn) and glutamine (gln); arginine (arg) side-chains, charged histidine (his-c) and charged lysine (lys-c) side-
chains on a nanographene (g) surface by Density Functional theory (DFT) and Time Dependent Density
Functional Theory (TDDFT). The occupied number of states by the system at each energy level and
relative contribution of a particular atom/orbital has been studied by Density of States (DOS) and Partial
Density of States (PDOS) respectively. Atom-in Molecules (AIM) analysis and non-covalent interaction
(NCI) PLOT are used to study the interactions in these complexes. The absorption spectra and HOMO-
LUMO (HL) gaps are quantitatively analysed to study the correlation between the optical properties of

the studied complexes. The HL gap of peptides is larger than the HL gap of graphene-—peptide
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Accepted 9th October 2020 complexes, indicating strong interactions. All the peptides interact from the above the nanographene
surfaces. garg, glys-c, gtry and gtyr complexes have smaller bond distance as compared to gasn, ggln,

DOI: 10.1035/d0ra07961h ghis-c and gphe complexes. AIM analysis and (NCI) PLOT showed noncovalent interactions for these
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1. Introduction

Graphene, a two-dimensional (2D) sp>-hybridized single atomic
layer of carbon material, chemically bonded with hexagonal
symmetry, has been used widely with many potential applica-
tions"? for nanobio-medicine and nanobio-sensing.**® Due to its
optoelectronic, absorption, sensing and catalytic properties,
graphene plays a key role in the development of photovoltaics,
optical switches, actuators, photodetectors, photo-catalysts,
photo modulators, photo-thermal therapy and bioimaging.'
Graphene has also been widely used as active or scaffold
materials,”® electronic devices,”"" energy storage systems,'>*
energy conversion devices,"'> and bio/chemical sensors.*® It
has been seen in recent years that a variety of short peptide
probes have been identified as biomarkers for many diseases.
The noncovalent graphene-peptide based biosensors are used
with excellent diagnostic function, due to large 2D aromatic
surface of graphene, immobilization of biomolecules and its -
7 stacking interaction. Thus it is necessary to find out the
specific adsorption configurations of biological molecules
(proteins or peptides) to ensure the availability of one section of
the biomolecule to be solvent exposed, and simultaneously, the
strong binding of the other section of the biomolecule to the
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complexes. TDDFT calculations indicated the applicability of these complexes as biosensors.

graphene surface. - interactions (or stacking) of the aromatic
functionalities have been very important interactions between
different peptide side chains, between side chain and back-
bone, and between peptide side chain and graphene
surfaces.'”** Usually graphene has a planar aromatic dominant
structure and it binds with peptide side chains with aromatic or
amide groups.'”?* Previous reports indicated strong binding
affinity between a graphene surface and peptide side chains
with planar groups.”**” m- interactions plays an important
role in the adsorption behavior and peptide orientation pref-
erence on a graphene surface, so it is very important to study its
interactions. It has been observed that enzyme immobilization
on graphene or graphene oxide occurs due to weak interactions,
which included hydrophobic, electrostatic, and m-m stacking
interactions. Studies conducted for short-chain peptides
bonded to graphene indicated that small peptides assemble
prefer to the edge or planar surface of graphene via electrostatic
or - interactions.”®**' As peptides has simple structures, it is
usually easy to study graphene-peptide interactions. The
conformational changes can also predicted by both experi-
mental®* and theoretical means.* In a previous study of gra-
phene and carbon nanotubes interaction with phenylalanine
(Phe), histidine (His), tyrosine (Tyr), and tryptophan (Trp)
molecules, it was observed that the aromatic rings of these
amino acids prefer parallel orientation with the plane of gra-
phene and CNTs through -7 interactions.*® Based on the
experimental studies,® we have selected eight arginine (arg),
asparagine (asn), glutamine (gln), cationic-histidine (his-c),
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cationic-lysine (lys-c), phenylalanine (phe), tryptophan (try),
tyrosine (tyr) peptides and a nanographene (g) surface to study
the electronic, optical properties and interaction of graphene-
arginine (garg), graphene-asparagine (gasn), graphene-gluta-
mine (ggln), graphene-cationic histidine (ghis-c), graphene-
cationic lysine (glys-c), graphene-phenylalanine (gphe), gra-
phene-tryptophan  (gtry) and graphene-tyrosine (gtyr)
complexes by DFT and TDDFT methods.

2. Calculation method

Conformational search has been carried out on all amino acids,
(rotation about each single bond) by G09 (ref. 34) software using
B3LYP**“/6-31G* method and based on lower energy confor-
mations the final structure has been reoptimized using two
different DFT methods. The energy values of the optimized
peptide with three different approaches (a)B3LYP***/6-31 G*, (b)
MO6 (ref. 35b)/6- 31G* and (c) B3LYP-D2 (ref. 35c)/6-31G* is
given in ESI Table 1.1 Finally the lowest energies obtained by
B3LYP-D2/6-31G(d,p) method is used for all calculations.
B3LYP-D2 functional is selected to include the dispersion
correction energy term which is relatively simple function of
interatomic distances and contain adjustable parameters to fit
the conformational and interaction energies.

Initial configuration of nanographene is built by Avogadro
package®® with UFF force field. The nanographene sheet has
a planar neutral singlet structure with 72 carbon atoms. To
maintain the consistency of results, the structure of

View Article Online

RSC Advances

nanographene is reoptimized again with B3LYP-D2/6-31G*
method. Vibrational frequency analysis has been carried out for
all complexes to confirm the stability of these complexes and it
was found that there is no negative frequency for the reported
complexes. Various initial spatial (guessed) arrangements of
amino acid residue above the nanographene has been made
and optimized with B3LYP-D2/6-31G* method and finally the
structures with lowest energy minima was reported in Fig. 1.
Again vibrational frequency analysis has been carried out for
the stability of these nanographene-peptide complexes and no
negative frequency has been found for all the reported
complexes.

Gaussview®” is used for visualization of structures and NCI-
PLOT figures. All the calculations have been carried out with
self-consistent reaction field (SCRF) theory with polarizable
continuum method (PCM).* The dielectric constant was chosen
as the standard value for water (¢ = 78.39). TDDFT calculations
are also carried out with the same level of B3LYP-D2/6-31G*
method, as in terms of reliability also, state-specific dispersion
correction is desired, in which the electron redistribution
induced by electronic excitation should be reflected in the
calculations.

First-principles calculations are performed on the optimized
geometries of complexes in solvent (water) using the density
functional theory (DFT) approach implemented in SIESTA*
(Spanish Initiative for the Electronic Simulations with Thou-
sands of Atoms) 4.1.b4 program package. In addition, the van
der Waals density functional (vdW-DF) as proposed by Dion

* A
% 9

b

gasn

glys-c gphe

gtry gtyr

Fig. 1 Optimized structures of the studied nanographene—peptide Complexes in aqueous medium by DFT method.
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et al® is used to calculate the adsorption energies for these
models. The exchange and correction terms are described using
generalized gradient approximation (GGA) in the scheme of the
Perdew-Burke-Ernzerhof (PBE) functional. Double-¢ basis set
plus polarization function*' is used for all the calculations.
Lattice constant 1 A, Monkhorst pack of 2 x 2 x 0.5 k-point
mesh for Brillouin zone integration, cut-off 300 Ry and
Gaussian smearing of 0.10 eV are used for the Density of States
(DOS) and partial density of states (PDOS) calculations (Fig. 2).

The properties of bond critical points (BCPs) are performed
by AIM analysis with AIM 2000 package.**** Two of its charge
density-based topological descriptors, i.e. bond path (bp) and
the presence of (3, —1) bond critical point (bcp) between
interacting atomic basins have proved very useful in inferring
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the presence of a chemical bonding in these chemical systems,
which has been used here for the calculations.

2.1. Atoms-in-molecules analysis

The Laplacian of electron density V*p(r) at the bond critical
point is given by the local expression of virial theorem as,**

%Vzp(r) =2G(r)+ V(r)

(1)

In which G(r) and W(r) are kinetic and potential energy
densities respectively. A negative value of V>p(r) show excess
potential energy at BCP, which is the condition of all shared
electron covalent interactions. A positive V>p(r) value shows
excess kinetic energy and indicates closed shell electrostatic
interaction. It also predicts the depletion of electronic charge

garg (DOS) garg (PDOS) gasn(DOS)
ggIn(DOS) ggIn(DOS) ghis-c(DOS)
glys-c(DOS) glys-c(PDOS) gphe(DOS)

L% o
Il

E} g 7 T

gtry(DOS) gtry(PDOS)

gtyr(DOS) gtyr(PDOS)

Fig. 2 Density of States (DOS) and Partial Density of States (PDOS) for the studied complexes.
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Table 1 Bond distance (A) of the interacted peptide atom (N/O) to the graphene, adsorption energy —E,q (B3LYP-D2, GGA(vdW)) eV, Mulliken
charges of the interacted graphene (C) and peptide nitrogen(N)/oxygen (O) atom (au), difference in Mulliken charges of the two interacting atoms

(Ag) (au) in aqueous medium by DFT method

_Ead (eV)

Complexes Bond distance (A) B3LYP-D2 GGA (vdW) Charge (C) Charge (N/O) Agq

garg 2.919 11.87 11.09 0.0644 0.0001 N 0.0643
gasn 5.038 9.78 8.47 0.0563 —-0.4577 O 0.4014
ggln 6.185 13.84 12.43 0.0633 0.0000 N 0.0633
ghis-c 6.152 16.61 16.07 0.0142 0.0000 N 0.0142
glys-c 3.824 21.16 20.88 0.1132 —0.4402 O 0.3270
gphe 5.543 13.70 12.97 0.0072 —0.3309 O 0.3237
gtry 4.727 13.83 13.68 —0.1427 —0.3287 O 0.1860
gtyr 4.845 13.81 12.88 0.0598 0.0001 O 0.0597

over the bond length. The electron density Hamiltonian H(r) is
given by the following equation

H(r) = G(r) + V() ©)

Koch and Popelier*® proposed both Vp(r) > 0 and H(r) > 0 for
weak and medium bonds; V?p(r) > 0 and H(r) < 0 for strong
hydrogen bonds and both V() < 0 and H(r) < 0 for very strong
hydrogen bonds.

It has been observed in recent years that because of the
precise criteria, AIM analysis sometimes failed to identify
weakly bound and van der Waals interactions in chemical
systems.** So the Reduced Density Gradient-Non Covalent
Interaction (RDG-NCI) approach is used to investigate the
interactions for graphene-peptide complexes. The detail
discussion regarding NCIPLOT*® is given in results section.

3. Results and discussion?

3.1. Optimized geometries of nanographene and peptides

The optimized geometry of nanographene and peptides (arg,
asn, phe, gln, his-c, lys-c, try and tyr) are given in ESI Fig. 1.} The
HL gap, dipole moment and polarizability of these complexes
are given in ESI Table 1.} The polarizability of nanographene is
larger (474.22) compared to the peptide molecules. The calcu-
lated polarizabilities by our method are slightly higher than the
polarizability calculated in a previous study® by MP2/6-31G*
method, yet the polarizability trend remain same for try > tyr >
phe > his peptides. The HL gap for nanographene (3.86 eV) is
lower than the HL gap of peptide complexes. It has been
observed in a previous study that the HL gap of graphene sheet
varies as a function of its size and spatial variation of the elec-
tron density across the nano-graphene sheet.”* Peptide
complexes asn, gln, phe and tyr have higher HL gaps. The trend
of HL gap is gln > phe > asn > tyr > lys-c > his-c > try > arg. No
correlation has been observed between polarizability and HL
gap for the peptide complexes. The dipole moment of nano-
graphene sheet and peptide complexes is between (0.001-5.421)
debye. DOS and PDOS analysis has also been carried out for the
studied structures. The DOS structures show larger band gap for
asn, gln, phe and tyr and smaller band gap for nanographene

This journal is © The Royal Society of Chemistry 2020

and other peptides, which has been verified by the HL gap
values with DFT calculations also. See ESI Fig. 2.1 PDOS figures
show that the HOMO, LUMO of these nanographene-peptide
complexes are solely from 7 electrons. See ESI Fig. 3.1

3.2. Adsorption energies and geometries

The adsorption energy of the studied complexes is calculated by
the formula:

Eaqg = Eg pep — Eg — Epep (3)

where E, .., is the total energy of the graphene-peptide
complexes, E, is the energy of the isolated nanographene sheet
and Ep, is the energy of an isolated peptide. The optimized
structures of all the studied complexes are given in Fig. 1. The
HL gap (eV), Dipole moment (debye) and polarizability of
studied complexes are summarized in Table 1. It is observed
that graphene has retained its planar structure while interacting
with peptides. The HL gap of studied complexes is smaller than
the HL gap of isolated peptide respectively, which shows strong
interaction between graphene-peptide bonds. Bond distance
between graphene-peptide complexes, adsorption energies
—E,q (B3LYP-D2/6-31G*) and —E,4(GGA-vdW), Mulliken charge
of the interacted atoms and the difference between the Mul-
liken charge (Aq) is reported in Table 2. In all the studied
complexes, graphene is interacted to the (N or O) atom of the
peptides. It has been observed that garg, glys-c, gtry and gtyr

Table 2 The HL gap (eV), dipole moment (debye) and polarizability of
the studied complexes in aqueous medium

Complexes HL gap (eV) Dipole moment (D) Polarizability
garg 3.06 7.66 536.56
gasn 3.83 2.42 514.22
ggin 3.83 2.87 548.09
ghis-c 3.06 7.84 415.42
glys-c 4.22 2.59 444.89
gphe 3.82 2.48 526.18
gtry 3.64 2.99 552.67
gtyr 3.84 3.04 537.31

RSC Adv, 2020, 10, 38654-38662 | 38657
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Table 3 Electron density (pgcp, au), its Laplacian (V2pgcp, au), kinetic electron energy density (Ggcp, au), potential electron energy density (Vgcp,
au), total electron energy density (Hgcp. au) and absolute ratio (abs) of the kinetic and potential electron energy densities (—Ggcp/Vpcp) for the

studied complexes

Complexes PBCP V2PBCP Ggcp Vecp Hgcp —Ggcp/Vacp
garg 0.18337 0.018567 0.267603 —0.265170 0.511774 1.01
gasn 0.02707 —0.03092 0.027812 —0.003100 0.024705 8.95
ggln 0.25398 0.14260 0.352636 —0.345242 0.547878 1.02
ghis-c 0.40865 —1.80950 0.423888 —0.414388 2.638276 1.02
glys-c 0.01937 —0.01611 0.014526 —0.001584 0.012941 9.17
gphe 0.00375 —0.003490 0.002761 —0.000733 0.002028 3.77
gtry 0.01165 —0.010670 0.008512 —0.002159 0.006352 3.94
gtyr 0.18173 0.027842 0.253700 —0.251543 0.475244 1.01

complexes have smaller bond distance as compared to gasn,
ggln, ghis-c and gphe complexes. The adsorption energies are
higher for ghis-c and glys-c complexes. The adsorption energies
result for try > tyr > phe peptide showed similar trend as pre-
dicted in a previous study.*® The adsorption energies with vdW
corrections are lower than the adsorption energies by (B3LYP-
D2/6-31G*) method. Though the trend of adsorption energies by
the two methods remain same. (glys-c > ghis-c > ggln > gtry >

gtyr > garg > gasn).

As his-c and lys-c interact to the nanographene in cationic
states, the charges on the interacted atom (N/O) is zero. The
aromatic rings of the peptides prefer to orient perpendicularly
to the plane of the nanographene, indicating weak m-m inter-
actions. We have not found any correlation between the polar-
izability and the strength of the interaction in our studied
complexes. It has been observed that all peptides interact from
above the nanographene surfaces.

DOS graph also reflected larger band gap for glys-c, gtyr, gasn
and ggln, complexes, while the band gap is small for the other
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Reduced density gradient (RDG) versus sign (A,)p (au) plots for the studied complexes.
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Fig. 4
0.0001.

complexes. The peaks are observed at both HOMO and LUMO
level. PDOS analysis reflects the significant contribution from
the p orbital contribution from carbon atom. The s orbital
contribution from nitrogen and oxygen are less significant in
these complexes.

3.3. AIM analysis and NCIPLOT analysis

The calculated electron density pgcp, its Laplacian V2ppcp, total
electron energy density Hpcp, and its components (the local
kinetic energy density) Ggcp, and the local potential energy
density Vgcp for grapheme-peptide complexes are reported in
Table 3. The larger p value for these complexes indicated its
strong interaction. The positive Laplacian Hpcp indicates
a dominant closed shell (electrostatic) interaction. Hydrogen
bond has increased the strength of these complexes. The nature
of interactions is determined by the balance between the Ggcp
and Vpcp values. If the absolute ratio of these quantities is less
than 0.5, it is a shared interaction. For 0.5 < —Gpcp/Vpcp < 1
values, the interaction is partly covalent in nature and for
—Gupep/Veep > 1, the interaction is noncovalent in nature. In our
studied complexes, these interactions are noncovalent as the
absolute values for —Gpep/Vacp > 1.%°

NCI plots avoid complex algorithms and numerical pitfalls
and offer valuable crystal bonding information, so the interac-
tions have been studied by NCIPLOT graphs and isosurfaces.
From NCIPLOT graphs, we plotted the reduced density gradient
as a function of the density (mapped as isosurfaces) over the
molecule of interest. The sign of the second Hessian eigen value

This journal is © The Royal Society of Chemistry 2020

Isosurface Plots of the studied graphene—peptide complexes. Gaussview has been used to generate these surfaces with isovalue =

times the electron density (sign (A,)p) au help us to visualize the
attractive/stabilizing (favourable) or repulsive (unfavourable)
interactions. The second ingredient of the NCI index classifies
the interactions as attractive or repulsive according to the sign
of the second density Hessian eigen value (1,). NCI plot also
allows an assessment of host-guest assembly complementar-
ities and the extent to which weak interactions stabilize
a complex along with the qualitative information regarding the
involved molecular regions in the interaction. Red-blue-green
colour scheme defines the nature of interactions. RDG (s) and
electron density (p) combination allowed a rough partition of
real space into bonding regions: high-s low-p corresponds to
non-interacting density tails, low-s high-p to covalent bonds,
and low-s low-p to noncovalent interactions. The value of
sign(4,)p is color-mapped onto the s-isosurfaces. The favoured
color scheme is a red-green-blue scale with red for pgy (re-
pulsive) and blue for pg, (attractive). We obtained the purple
color for the studied complexes which is more inclined towards
blue region. The electron density alone clearly distinguishes
between the hydrogen bonds (the peak at sign(4,)p = —0.05 and
the rest of the intermolecular interactions, represented by the
wide band around zero density. The three-dimensional plot
identifies the bonding regions corresponding to each of these
peaks. The hydrogen bonds appear as round, much localized,
blue NCI domains. The localized, high-density NCI regions for
hydrogen-bonds indicate a relatively strong, highly-directional,
intermolecular interaction while the weak interactions extend
over large regions of intermolecular contacts. A cut-off value of s

RSC Adv, 2020, 10, 38654-38662 | 38659


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07961h

Open Access Article. Published on 21 October 2020. Downloaded on 12/6/2025 1:49:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 4 The absorption wavelength (nm) and oscillatory strength (f) of
nanographene, peptides and graphene-peptide complexes in
aqueous medium by TDDFT method

Complexes  Agps (nM)  f Complexes Ay (nm)
Graphene 660.53 0.2516  garg 989.92 0.0215
arg 230.39 0.0122  gasn 1076.07 0.0312
asn 137.07 0.1247  ggin 1192.24 0.0036
gln 149.44 0.0280  ghis-c 1012.02 0.0049
his-c 261.12 0.0727 glys-c 872.45 0.0021
lys-c 712.00 0.0963  gphe 1181.56 0.0049
phe 178.66 0.4773  gtry 1022.04  0.0046
try 194.82 0.6480  gtyr 1169.14 0.0042
tyr 181.16 0.5686

close to zero, typically s < 0.5, is chosen in order to recover all
the noncovalent interactions in the system, i.e. all the spikes of
the 2D plots. The corresponding reduced density gradient iso-
surfaces give rise to closed domains in the molecular space
which highlighted the spatial localization of the interactions
within the system. See Fig. 3. The blue color of isosurface shows
the existence of a strong electrostatic stabilizing contribution to
the interaction. See Fig. 4. The hydrogen bonding interactions
play a very important role in graphene—peptide complexes as the
geometrical shape, stability and functionality of these func-
tional materials depend on these noncovalent interactions.

3.4. Optical properties

In previous studies,** the absorption spectra and HOMO-
LUMO (HL) gaps were analysed to study the correlation between
the optical properties of graphene complexes, so TDDFT
calculation has been carried out to study the optical properties
of nanographene-peptide complexes in aqueous medium. Due
to better optical properties of graphene, research interests have
been shifted towards achieving improved photoresponse by
using graphene as a supporting material. The electron mobility
of graphene enables the photo-induced electron transfer in the
interacting complex, which results in enhanced behaviour.
The absorption wavelength of peptide complexes lies within
(137-712 nm), but the absorption wavelength of studied gra-
phene-peptide complexes lies >800 nm range. See Table 4.We
find that HL gap of nanographene-peptide complexes are
positively correlated to the wavelengths of the studied
complexes.

Since the absorption wavelength of studied complexes does
not lie in the visible region, we concluded that these complexes
can find better application in biosensors rather than the fluo-
rescent materials.

4. Conclusion

First principle calculations have been carried out to study the
interactions, electronic and optical properties of eight gra-
phene-peptide complexes. Results indicated strong bond
interaction of garg, ggln, glys-c and gphe complexes. We have
not observed any correlation between polarizability and bond

38660 | RSC Adv, 2020, 10, 38654-38662
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distance of the studied complexes as shown in a previous study
in which polarizability of nucleobase molecules had deter-
mined their interaction strength with graphene/CNT.** Peptides
have larger HL gap while nanographene-peptides have smaller
HL gap, which showed strong interactions. PDOS figures show
that the HOMO, LUMO of these complexes are solely from w
electrons. AIM analysis and NCIPLOT results showed strong
noncovalent interactions in the studied complexes. TDDFT
calculations indicated the applicability of these complexes as
biosensors. The absorption wavelength is positively correlated
to the HL gap of the complexes. We believe that these studies
will be useful for better understanding of peptide binding with
planar carbon nanostructures, which has great implications
toward developing biosensors. This interfacial graphene-
biomolecules interaction permits peptides to exhibit excellent
activity for nanobio-technological applications.
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