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Abstract

Keratin is a protein constituting high-sulfur content and form the bulk of epidermal appendages such as hair, nails, claws, turtle scutes,
horns, whale baleen, beaks, and feathers, it also help to regulate the size of cells, allow cells to move, grow, and divide heal wounds. It is also
a building block of the human body and help in make-up of the tissues in the skin, hair, and nails. Keratin wastes mostly produced from the
poultry farms, slaughterhouses, and leather industries. It is also dumped, buried, used for landfilling, or incinerated; all these actions increase the
threats of environmental hazards, pollution, negatively influence the public health, and increase greenhouse gases concentration. Present paper
is SIESTA based study on structural and physical properties of keratin by Density Function Theory (DFT). Here we use Molecular Electrostatic
Potential (MEP) surface, Charge density analysis and Partial Density of State (PDoS) and Density of State types (DoS) analysis were performed
to analyzed contribution of total energy states, and each atomic orbitals in molecules. Bond length, bond angle, molecular surface were analyzed
by xcrysden and Jmol programme.
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Introduction

Keratin is a compound produce inside of cells and regenerative
layer of skin and it is main component of mammal’s nails, hairs,
hooves and outer layer of skin. It is a protective protein, which
protect from scratching or tearing, it can be derived from the
feathers, horns, and wool of different animals and used as an
ingredient in hair cosmetics. Keratin treatment and supplements
strength our hair and make it to look healthier [1,2]. Smoothness
of hair depends on nature of thickness and types of keratin
treatment. It is absorbed by hair cuticle of hair cell due to which it
looks full and glossy. It can also make curly hair less frizzy, easier
to style, and straighter in appearance. Since keratin is a protein,
it is important to eat protein-rich foods i.e. Eggs, onion, salmon,
sweet potato which produce keratin. Certain nutrients like sweet
potatoes are high in vitamin A, sunflower seeds, mango, garlic,
kale etc. help the body produce keratin and may help improve the
health of the skin, hair, nails, and other tissues [3,4].

Here we use density function theory to investigate electronic
structure, charge distribution, types of bond formation, bond
length, bond strength, site of chemical reactivity, physical and
chemical properties of Keratin [5]. This theory is based on
calculation of behavior of materials and their properties on the
basis of quantum mechanical considerations [6-8]. Number of
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states occupied by electron and forbidden energy gap between
highly occupied molecular orbital (HOMO) in valence band and
lowest unoccupied molecular orbital (LUMO) of conduction band
determined by Density of States (DOS) using Spanish Initiative for
Electronic Simulations with Thousands of Atoms (SIESTA) [9,10],
a computer programing method used for electronic structure
calculations and ab initio molecular dynamics simulations
[11,12]. It uses atomic orbital as a basic set and Kohn-Sham self-
consistent method in Local Density Approximations (LDA) and
Generalized Gradient Approximations (GGA) [13]. Each atom
acquire equilibrium positions by the forces per atom smaller than
0.01eV/A. Molecular electrostatic potentials are calculated from
partial charge data present in file by crystalline and molecular
structure visualization program i.e. Xcrysden and Jmol. Jmol is
useful if the set of orbitals is relatively small and if the user needs
to display one at a time. It read data for a whole set of orbitals,
and then calculate surfaces or contours for one or more of
them. Xcrysden programme able to display crystalline structure,
densities, isosurfaces, contours and able to possesses some tools
for analysis of various properties.

Structural analysis of material predicted by Molecular
Electrostatics Potential (MEP) surface. This surface able to
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predict molecules reactivity toward positive or negative charge
reactants. It also represents total effect of electrostatic field
produce by negative charge electrons in orbit and positive charge
proton present in nucleus. Relative polarity of molecule due to
total charge distribution with dipole moments, partial charges,
electronegativity and site of chemical reactivity also analyzed
by molecular electrostatics potential surface [14-17]. In present
research we will study properties of keratin on the basis of DFT i.e.
their conductivity, distribution of charges around different atoms,
bond strength, bond length and site of reactivity. We will able to
discuss the main cause of hair fall, hair structure, fingernail, skin,
hooves and their protection. It is can be advise that the keratin
can be extracted from hooves, wool, and feathers, can be used for
supplements, treatments, and to help in their growth and strength.

Methodology

In this study we apply density-functional theory as in
SIESTA which is abbreviation of a computational programming

Spanish Initiative for Electronic Simulations with Thousands of
Atoms [18]. Generalized Gradient Approximation (GGA) is used
for determination of exchange and correlation potential [19].
The molecule is designed by an advanced molecule editor and
visualizer designed platform use in computational chemistry
called Avogadro. To obtain the exchange-correlation energy
accurately norm-conserving pseudo potential and a Double-
Zeta Polarized basis set (DZP) is used because they are capable
of describing the scattering properties of an ion in a variety of
atomic environments [20-23]. The electrons explicitly included in
the calculations for each atom are the 1s! electron of hydrogen,
2s?2p? electrons (4 electrons) of carbon, 2s?22p® electrons (5
electrons) of nitrogen. 2s?2p* electrons (6 electrons) of oxygen
and 3s?3p*electrons (6 electrons) of sulfur. The core electrons are
replaced by the Projector Augmented Wave (PAW) and pseudo-
potential approach. Whole system is relaxed until the forces in all
components of each atom are smaller than 0.01 eV/A. The relaxed
structures of polymer systems are given in Figure 1a & 1b.
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Figure 1: Optimized structural of Keratin (a) With atomic symbol (b) With numbering of atom.

Procedure of Optimization

For structural optimization we follow three step optimization
processes i.e. mesh cut-off, k-points and lattice constant. Then by
putting values obtain by above optimization process use of final
optimizaiton of structure. In present experiment convergence test
is performed in the range of 50 to 450Ry. The value of mesh cut-
off which corresponds to the fineness of the real-space grid was
found to be 200 Ry [24,25]. More the value of mesh cut-off shows

finer real-space grid and better accuracy. In next step for the
calculation of electronic structure of an infinite system directly
and to take into account the effect of neighboring unit cells in
periodic calculations we sample k-space in range of 2-12 and its
value corresponds to lowest energy found to be 5. By the optimized
values of mesh-cutoff and k-points; the cell size is optimized in
the range of 6.0-12.0 A. According to minimum energy, optimized
values of cell size are 1.5 A. Using above values we finally optimize
the cell for structural characterization.
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Result and Discussion
Structural optimization

The optimized structure of keratin is shown in Figure la
& 1b. Bond length of system affected by size of atom, orbital
hybridization and electronic and steric behavior of atoms. In
Keratin it is seen that all atoms are bounded by single bond it
means all carbon atoms are sp® hybdrized. Bond length, bond
angle and dihedral angle between different atoms analyze by
Jmol and Xcrysden represented in Table 1. Longer bond length
between sulphur atoms represents that there is weaker attraction
force between sulphur hence when keratin is stretched beyond
a limit this bond will break and two mirror image structure
of keratin is obtain. Each mirror image called Cysteine which
contain sulfur-containing thiol (-SH) groups, where each sulfur
atom bounded to other by cystine bond also known as disulfide
bond which we draw as (-S-S-). Disilfide bond is quite stronger in
nature but longer value of bond length as compare to other bond
in keratin compound represent that it is comparatively weaker
than other bond among other atom present here. This bond is also
responsible for change the shape of hair from curly to straight.

Analysis of molecular electrostatic potential

Molecular Electrostatics Potential (MEP) method is more
effective for analysis of various molecular properties, such as

atomic charge distribution, electrostatic potential, hydrophobicity,
polarizability, total charge distribution with dipole moment,
electronegativity, partial charge distribution, site of chemical
reactivity of a molecules and interaction of one molecules with
another [26,27]. It also provides a visual method to understand
the relative polarity of a molecule from which we can easily
explain nature of hydrogen bonding, reactivity and structural
relationship of molecules.

The projections of Molecular Electrostatics Potential (MESP)
of keratin using Xcrysden and Jmol are given in Figure 2a-2d.
Molecular surface around keratin using Xcrysded and Jmol
represented in Figure 2a & 2b. Different color on the surface of
molecule corresponds to different values of electrostatic potential.
Most negative potential surface around oxygen are shown by red
color and most electropositive electrostatics potential around
hydrogen are represented by blue color represents, the molecular
surface which having moderate value around sulfur are shown by
yellow color and the zero potential surface around carbon shown
by green colour [28-30]. Thus proton having affinity toward red
colour surface and negative charge species having affinity toward
blue color surface. Figure 2c is Van der Waal’s surface represented
by ball and stick model, here sulfur (yellow), hydrogen (white)
and oxygen is red it shows that total electron density around
keratin is uniform distributed which also confirm by molecular
electrostatics surface represent by Figure 2d [31-34].

(€

Figure 2: (a) Molecular surface (b) Electrostatic potential surface (c) electron density and (d) molecular electrostatic.

(d)
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Analysis of charge density

The XSF file obtains by SIESTA output use to analyze nature of
chemical bonds and molecular surface by charge density analysis
using Xcrysden. Figure 3a-3d shows charge density distribution
of keratin at different resolutions [35,36]. It is observed from
the figure that there is overlapping of charge density around
C-C and C-H bond which indicate are covalent bond formation,
while separation of charge density in C-O bond indicate that it is
partially convent and partially ionic but charge around S-S bond
are circularly distributed and isolated shows ionic nature which
leads to localized wave functions shown by concentric spheres

centered at atoms with a smaller degree of overlap. The charge
density distributions in the systems are higher in the inner-most
region (magenta), and lower in the outer most regions (red).
Higher charge density around oxygen and sulphur is due to higher
value of ionization energy or electronegativity than other atoms
present in compound. The concentric circle around oxygen and
sulphur atoms represents ionic bond while distortion in circles
between carbon and oxygen is an indication of a partial covalent
and partial ionics. The overlaping lobe between carbon nitrogen
represent the bond is covalent.

Ve

Figure 3: Charge density analysis.
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Analysis of DoS and PDoS

Density of States (DoS) represents number of different states
at a particular energy level that are occupied by electrons in
molecule. Relative contribution of a particular orbital of an atom
in DOS analyzed by projected or partial density of states (PDoS)
[37,38]. It also provides qualitative analysis of the electronic
structure of material. Figure 4 & 5 represent experimental
outcome of Density States (DOS) of and Projected Density of
States (PDOS) of different atoms of keratin obtain by Siesta output
are analyzed by Xmgrace programme.

2022; 20(3): 556037. DOI: 10.19080/CTBEB.2022.20.556037

From density of states analysis as shown in Figure 4 we can
calculate contribution of frontier molecular orbitals i.e Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) in chemical composition. The HOMO
is the outermost (highest energy) orbital containing electrons
that could act as an electron donor while LUMO is the innermost
(lowest energy) orbital that has room to accept electrons and can
act as the electron acceptor. It shows that the Highest Occupied
Orbitals (HOMO) of one molecule and the Lowest Unoccupied
Orbitals (LUMO) of the other interact with each other causing
attraction [39-41]. The energy value corresponding to HOMO

How to cite this article: Nirbhay K'S. Ab Initio Analysis of Keratin (C,H,,N,O,S.): A Density Functional Approach. Curr Trends Biomedical Eng & Biosci.

6 127 727472


http://dx.doi.org/10.19080/CTBEB.2022.20.556037

Current Trends in Biomedical Engineering & Biosciences

and LUMO are found to be -1.24 eV and 1.56 eV respectively, thus
forbidden energy gap between valence and conduction band
is about 3.8 eV which shows keratin is electrically insulator in
nature. Below HOMO at energy level -3.2 eV and -4.20 eV some

Table 1: Selected optimized parameters of Keratin.

more peak are obtain which represent valence band completely
filled by electron of different atoms similarly above HOMO the
peaks represent electrons of atoms present in conduction band.

S. No. Bond Length (Ang.) Bond Angle (deg.) Dihedral Angles (deg)
1 R(1,2) 1.52 A(3,1,4) 119.37 A(3,1,5,4) 70.098
2 R(1.3) 1.29 A(1,2,10) 107.46 A(1,26,9) 120.34
3 R(1,4) 1.24 A(7,6,8) 105.41 A(2,6,7,8) 120.88
4 R(4,5) 1.25 A(6,2,10) 111.14 A(2,10,14,13) 122.82
5 R(2,6) 1.44 A(13,10,14) 110.5 A(12,11,10,14) 12.97
6 R(2,10) 1.52 A(10,11,12) 102.75 A(12,15,18,17) 118.9
7 R(10,13) 1.11 A(11,12,15) 104.46 A(15,18,17,16) 38.48
8 R(10,11) 1.83 A(15,16,19) 112.91 A(16,20.21.19) 39.17
9 R(11,12) 2.07 A(19,25,26) 111.34 A(21,23,22,16) 36.64
10 R(12,15) 1.84 A(16,19,24) 120.2 A(24,19,25,16) 177.42
11 R(15,16) 1.52
12 R(16,21) 1.44
13 R(16,19) 1.53
14 R(19,25) 1.34
15 R(19,24) 1.23
e N
s ﬂ — DOS (Keratin)
4
=
Z3
a
2
2
1
o
E- I-Lr (eV)
Figure 4: Density of State (DoS) of Keratin.
\ J

Contribution of different atoms in conduction band, valence
band analyzed by Partial Density of States (PDOS), which is shown
in Figure 5. This figure represent that wave function of 2p orbitals
of C, 0, N and S and 2s orbital of N and O corresponding to energy
valued 1.24 eV overlap and form Lowest Unoccupied Molecular
Orbital (LUMO). Highest Occupied Molecular Orbital (HOMO)

form by overlapping of 2p orbital of N and O and 2s orbital of
oxygen at energy level 1.56 eV. It is also seen that in conduction
band electrons of H (1s orbital) and O (2p orbital) play main role
but in valence band electrons of C (2p orbital) and N (2p orbital)
electrons are primary contributors.
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Figure 5: Partial Density of State (PDoS) of Keratin.

(N

H {1s)
C(2s)
Ci(2p)
N (2s)
N (2p)
0O (2s)
O(2p)
S (2s)
S (2p)

0 1 2 3 4 5 6
E-E (eV)

Conclusion

From overall analysis it is concluded that Keratin is capable
to recover and/or improve the mechanical properties of hair. It
is present in our skin, hair, and nails where they help to make
these tissues strong and flexible. From DFT analysis of keratin it is
concluded thatlarger value of band gap between HOMO and LUMO
(3.8 eV) corresponds to insulating nature i.e. it is bad conductor of
heat and electricity. Molecular surface analysis shows that there
is no active site thus due to insulating nature and lacking of active
site keratin protects our hair, skin and nails to react from outer
atmospheric contamination or pollutant. lonic nature of bond and
longest bond length between S-S atoms shows that there is weak
attraction between them. Thus this bond is mainly contributed
in smoothness and curling nature of hair. Finally it can be seen
that S-S bond play main role in keratin for their strength. Thus for
stronger and healthy hair S-S bond must be protected therefore
for the strength of keratinocyte protein it should be advice to use
sulfur rich oil or food which can be obtain from animal and plant
based protein as well as other types of compounds such as sulfates,
allicin, and sulfides, thiamin (vitamin B-1) and biotin (vitamin H).
This paper is helpful for further study for the researcher working
in the field of bioengineering and diseases or problems related to
the hair and scalp, as well as their treatments.
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