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Abstract 

 

Diabetes is a disease found in every 1 out of 4 people in the world. The glucose molecule is one of the sources of 
energy in the body and the lack of the digestion of glucose causes diabetes type 1 and type 2. Arginine and 
Cysteine is a nonessential amino acid that contains sulfur and help to maintain the metabolisms of humans.  We 
explored the Glucose-Arginine (Glc-arg) and Glucose-Cysteine (Glc-cys) molecules by finding their structural 
properties, electronic properties, chemical reactivity, mechanical strength and transport properties because these 
non-essential amino acids molecules inhibit glucose-stimulated insulin secretion. Density functional theory 
(DFT) have been implemented to study all the properties of Glc-arg and Glc-cys using SIESTA software. 
Glucose-Arginine (Glc-arg) inhibits a large percentage of glucose secretion and shows high chemical reactivity. 
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1. Introduction 

 
Carbohydrates are widely found in nature, from unicellular organisms like bacteria to multicellulars like plants, 
animals, and even fungi. Out of the different kinds of carbohydrates present, glucose is the primary form of 
carbohydrate found in the living organism, produced by photosynthetic plants [1]. Glucose constitutes six carbon 
atoms, twelve hydrogen atoms, and six oxygen atoms linked together through covalent bonds with the chemical 
formula C6H12O6. Being the ultimate source of energy on this planet, it is available for every organism, plant, 
and animal both [2]. During the process of glycolysis, glucose is breakdown into the pyruvate end product, 
which ultimately undergoes either the Krebs cycle or the Cori cycle, and ATP, the currency of energy, is formed. 
Glucose has two enantiomers including, D-glucose and L-glucose, but the former one is dominant in the universe 
whose presence can be determined by standard methods [3]. 
 
Amino acids are made up of organic compounds containing amine groups and carboxylic acids that form the 
basic unit structure of proteins. Due to the peptide bond formation, amino acids are linked together to form the 
protein [4]. These proteins are found in the cell membrane, hormones, cell organelles, enzymes, organs, skin, 
bones, brain, liver, and many more [5]. There are 20 amino acids found to prepare proteins, and these amino 
acids are classified into two types of amino acids: essential amino acids and non-essential amino acids. Essential 
amino acids are those which are not synthesized in our body specifically, histidine, isoleucine, leucine, lysine, 
methionine, phenylalanine, threonine, tryptophan, and valine, and they are obtained through the food we eat[6]. 
On the other hand, non-essential amino acids are those, which are synthesized by our body, mainly through 
glucose, and include alanine, asparagine, aspartate, cysteine, glutamate, glutamine, glycine, proline, serine, 
tyrosine, and arginine [7]. 
 
In this paper, we are going to consider the non-essential amino acids that include Arginine (Arg) and Cysteine 
(Cys) and study their interaction with the carbohydrate i.e, glucose (Glc) through the Maillard reaction. Arginine 
and cysteine are the amino acids formed in our body and play a vital role in the regulation of glucose, and hence 
affecting the sugar level concerning diabetes. Diabetes is a metabolic disorder that is caused due to inefficiency 
in insulin secretion or inadequate insulin action, or both, that results in hyperglycemia. Insulin is a hormone 
(secreted by the pancreas) that plays a very important to regulate the glucose level in our body, but the 
hyperglycemia condition affects the liver, kidneys, eyes, nerves, and even the heart [8]. There are three types of 
diabetes i. e, Type 1 diabetes, Type 2 diabetes, and Gestational diabetes. Type 1 diabetes, also called Insulin-
Dependent Diabetes Mellitus (IDDM), is caused due to autoimmune destruction where the beta cell of the 



pancreas is attacked by the T cell-mediated response, which ultimately leads to disturbance in insulin level [9]. 
Type 2 diabetes, also referred to as the Non-Insulin-Dependent Diabetes Mellitus (NIDDM) that is initiated with 
insulin resistance, cells under this condition do not respond to the insulin made by pancreatic beta cells 
effectively [10]. This resistance increases with an increase in the demand for insulin in target cells like adipose 
tissue, skeletal muscles, and liver cells. Gestational diabetes can be seen in pregnant women with high glucose 
levels, but it is treatable in some cases [11]. 
 
Maillard reaction is a complex process, where there is a condensation reaction in the presence of heat between 
amino acids and reducing sugar with no enzymes involved. During the reaction, a Schiff's base is formed that is 
very unstable and later is rearranged as an Amadori product, the first product of the Maillard reaction, which 
then proceeds to enolization [12]. Depending on pH, temperature, and substrate various products from Maillard 
reactions can be obtained [13]. Considering the substrates here, Arg and Cys were allowed to interact with the 
glucose (reducing sugar), and as a result of this condensation reaction, water molecules are released during the 
reaction, and Glc-Arg and Glc-Cys molecules are formed, respectively. The synthesis process of Glucose-arginie 
and Glucose-cysteine molecules is shown in Figure 1, in which D-glucose react with non-essential amino acids 
and formation of water molecules and Glc-arg and Glc-cys  products are formed.  
 

 

 
Figure 1: Chemical reaction of synthesis process of (a) Glucose-argine and (b) Glucose-cysteine through 

Maillard reaction. 
 
The reason behind examining the molecules of Glc-Cys and Glc-Agr is that in the case of arginine, as per the 
data gathered, it improves the sensitivity of insulin for Type-2 diabetic patients by causing the oxidation of fatty 
acids and glucose in the adipose tissues. It helps to regulate the glucose level in the body by stimulating the 
production of glucose-6-phosphate and hence starts insulin secretion [14]. Now consider the case of cysteine and 
H2S donor NaHS, in which the presence of high K+ inhibits the glucose-induced insulin release from pancreatic 
cells and MIN6 cells. Cysteine decreases ATP production by glucose [15]. Cysteine also increases the H2S 
amount in mouse insulinoma (MIN6 cells) that reduces insulin production [16]. The conditions where beta cells 
suffer to produce insulin can be seen in the case of Type 2 diabetes. Therefore the interaction of these two amino 
acids with the glucose, by Maillard reactions gave us certain results that could be very helpful to understand the 
stability, configuration, and applications of the molecules formed [17].  
 

2. Methodology 

 
The wave function of each atom in Glc-arg and Glc-cys, as well as their Schrodinger equation equations, are 
quantified using density functional theory. Consider it a successful single-molecules technique since it gives a 
functionalization of equilibrium particles based on many-body interactions between particles [18]. This DFT 
theory is implemented by the SIESTA programme (Spanish Initiative for Electronic Simulations with Thousands 
of Atoms). The SIESTA uses a basis set of strictly-localized atomic orbitals and employs norm-conserving 
pseudopotentials [19]. 
 
In Jacob's Ladder, general gradient approximation (GGA) is more accurate than the local density approximation 
(LDA), but due to having a lack of computational efficiency, to reduce complexity, we use open source software 
SIESTA which works in LDA and GGA functionals [20]. We have implemented Perdew, Burke, and Emzerh's 
general gradient approximation (GGA) functionals in our proposed work (PBE). The self-consistent field (SCF) 
energy solutions for the many-body system is not exact, to get precise results of molecules these three parameters 
firstly optimize mesh-cutoff, k-point and lattice constant. We get the Meshcuttoff of 400 Ry for both Glc-arg and 



Glc-cys, which tells the number of plane wave functions being utilized as basis functions to represent the wave 
function of atoms in molecules. The k-point used for final optimization and all properties calculation is 3*3*3 in 
both cases, it provides sampling points in the first Brillouin zone of the material. We examine the lattice constant 
based on total energy because it affects the interatomic distances of Glc-arg and Glc-cys evolved from binding 
forces and introduced Stress-Strains calculations, the results are 1.2 Å. The aforesaid parameter is used in the 
final optimization of Glc-arg and Glc-cys, and a typical conjugate-gradient (CG) approach is used, with an 
interatomic force tolerance between atoms of less than 0.001 eV/Å and a basis set of Double zeta plus 
polarisation orbitals. 
 
After the final optimization was performed, the optimised geometry was used for further calculation of Ground 
state energy, Hirshfeld and Vorononi population analysis, bond length, the density of states (DOS) and projected 
density of states (PDOS). Surface reckoning(ESP and HOMO-LUMO) and population analysis (Mulliken and 
ZDO) are obtained from the freely licensed software ArgusLab[21]. Stress vs Strain plot has generated from the 
increasing (elongation) and decreasing (compression) in the length of lattice vectors, the change in length carried 
out in the interval of 1 per cent of the actual length of lattice vectors.  
 
Electron transport studies of Glc-arg and Glc-cys have been performed using the Transiesta package, which uses 
the additional Non-Equilibrium Green Function (NEGF) in the density functional theory calculation[22]. The 
molecules attached with the electrode (conducting bridge for non-metals) in the saturated sandwiched between 
the left and right electrode. The NEGF approach works under ballistic conduction and solves the non-equilibrium 
electron distribution of the central region which is Glc-arg and Glc-cys molecules result in their inelastic 
scattering region.  
 
3. Results and Discussions 

 

3.1 Structural properties analysis 
 
In any system, the calculation for stability is the primary method that tells if the system is worthless or 
indispensable. To allow the interaction of molecules and observe their applications, the mechanical and 
thermodynamic stabilities of a system play a significant role. Cohesive energy gives information about the 
amount of energy required to separate atoms from the molecules or system through which the atoms become 
neutrally stable or are arranged in a neutral state. When atoms are bonded strongly in a molecule, it represents 
that their cohesive energy value is large so is their high mechanical strength[23]. The thermodynamical stability 
of a system depends upon the enthalpy of formation that indicates the change in enthalpy during the reaction 
which results in the formation of one mole of the product and based on the heat exchange phenomena, the 
reaction can either be endothermic(absorbed) or exothermic(released)[24]. In table 1. the calculation for stability 
has been performed for glucose-arginine(Glc-Arg) and glucose-cysteine(Glc-Cys) molecules in which the 
cohesive energy and enthalpy of formation are calculated in eV/atom. The high negative value of enthalpy of 
formation shows the strong product formation capability of the compound's elements and the molecules formed 
are more stable. 
 

Table 1: Stability Calculations 
 

Molecules Total Energy  
Etotal (eV) 

Cohesive Energy  
EC (eV) 

Enthalpy of formation ΔH 
(eV)  

Glucose-Arginine 
(Glc-arg) -6940.92 -7.01 -5.47 

Glucose-Cystene 
(Glc-cys) -5392.79 -6.91 -4.95 

 
 𝐸𝑐 = 𝐸𝑡𝑜𝑡𝑎𝑙−∑ 𝑛𝑖1 ×𝐸𝑎𝑡𝑜𝑚𝑖∑ 𝑛𝑖1                                                                                                                              (1) 

 
 𝛥𝐻 = 𝐸𝑡𝑜𝑡𝑎𝑙−∑ 𝑛𝑖1 ×𝐸𝑐𝑢𝑏𝑖𝑐𝑖∑ 𝑛𝑖1                                                                                                                          (2) 

 
In the case of the Glc-Arg compound, there is a total number of 48 atoms out of which 24 hydrogen atoms, 12 
carbon atoms, 4 nitrogen atoms, and 8 oxygen atoms are present whereas, in the Glc-Cys compound there is a 



total number of 35 atoms out of which 17 hydrogens atoms, 9 carbon atoms,1 nitrogen atom, 7 oxygen atoms, 
and 1 sulfur atom which shows their contribution for the calculation of stability. Cohesive energy was calculated 
by equation 1. and equation 2. can be used to calculate the enthalpy of formation, in which Σni represents the 
sum of all the atoms present in the molecules and Etotal represents the energy at the ground state of the 
molecules. In equation 1,  Σni × Eiatom represents the product of the summation of atoms of the specific element 
and the energy of that element in a neutral free state or an isolated state. However, in equation 2. Σni × Eicubic, 
the Eicubic is the energy of a cubic or solid system of individual elements that are multiplied by a total number 
of specific atoms present in the molecules.   
 
In Figure 2(a,d). the well-labeled ball and stick diagrams represent Glc-arg and Glc-Cys compounds, 
respectively. Considering the position of atoms in a molecule, the atomic charge (QC) graphs are plotted for 
respective atoms that are visible in Figure 3. and Figure 4. for Glc-arg and Glc-Cys, sequentially. In Figure 2(c), 
the color-coded balls are used for individual elements and this idea of identification is used again during the 
Electropotential surface map(ESP), HOMO-LUMO surface, and charge density analysis. The alignment of both 
the molecules in the XZ-plane is perpendicular to the Y-axis that can be explained with the help of Figure 2(b) as 
it helps to visualize the analysis of charge density and stress-strain calculation in this work. 
 
 

Figure 2: a and d represents Ball and stick model of Glc-arg and Glc-cys compounds, respectively. b represents 
the cartesian coordinate system and c represents the types of atoms present in the compounds. 

 
 
 
 
3.2 Population analysis 
 
In molecules, the population analysis provides quantitative information about the atomic charge contained by the 
individual atom in molecules. The value of this atomic charge is applied to determine the electron-donating 
atom, electron-accepting atom, charge distribution, polarity between bonded atoms, charge transfer from 
interacting molecules, and electronegativity in the molecules. The electron-accepting atom act as a frictional 
atom in the calculation of transport properties as a hindrance is created in the path whenever there is a flow of 
negative charges between the left electrode and right electrode and this gives rise to the current. The partial 



atomic charge provides important information about molecules [25]. To obtain accurate and trustable charge 
distribution data in Glc-arg and Glc-Cys compounds, we have applied four different population analysis 
methods: Mulliken charge, zero differential overlaps (ZDO) charges, Hirsfeld charges, and Vornoi charges. 
 
During the bond formation of molecules, the atomic orbitals of two atoms overlap and form either bonding 
molecular orbital or antibonding molecular orbital. 
 
The formation of these molecular orbital creates a molecular wave function using nonorthogonal basis sets of 
functions and presents the Mulliken population analysis. A net population matrix is created by the sum of all 
occupied molecular orbitals that give information about atomic-orbital populations and overlap populations [26]. 
The summation of half overlap populations with the atomic orbital populations for each molecular orbital gives a 
gross population matrix, which gives a Mulliken charge distribution in the atomic orbital. 
 𝑄𝐴𝑀𝑢𝑙𝑙𝑖𝑘𝑒𝑛 = 𝑍𝐴 − ∑ 𝑄𝜇𝜇∈𝐴                                                                                                                                  

(3) 
ZA = nuclear charge 
 
In Hirshfeld and Voronoi population analysis, electron density plays a vital role that is the function of space and 
atomic domain, respectively. In the case of Hirshfeld charge, the calculation for an atom works as a function of 
space estimation and for that, it includes complete molecular electronic density, the atomic density of that 
specific atom, and fictitious promolecule density [27]. Whereas in the case of Voronoi charge, the calculation is 
carried out from deformation density that is equal to the difference between the atomic density of that specific 
atom and fictitious promolecule density. 
 𝑄𝐴𝐻𝑖𝑟𝑠ℎ𝑓𝑒𝑙𝑑 = 𝑍𝐴 − ∫ 𝜌𝐴(𝑟)𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠(𝑟)𝜌𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠(𝑟)𝑑𝑟                                                                                       

(4) 
 𝑄𝐴𝑉𝐷𝐷 = −∫[𝜌𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠(𝑟) − 𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠(𝑟)] 𝑑𝑟                                                                                            

(5) 
 
More data are better to describe the comparison and conclusion in the experiments, and based on that, we have 
performed the zero deferential overlap (ZDO) atomic charges analysis. ZDO population analysis is based on the 
Hückel Theory that takes a linear combination of atomic orbitals-molecular orbital method. Here the 
multiplication of differential atomic orbital between two atoms is set to zero and further performs the integration 
of differential atomic orbital of all the consecutive bonds that are formed by two atoms in the molecules, these 
results considered the uniform charge sphere and the rest parameterized [28]. 
 
In Figures 3 and 4. the comparison of atomic charges are plotted using Mulliken, zero deferential overlaps 
(ZDO), Hirshfeld, and Vornoi population analysis of Glc-Arg and Glc-Cys, respectively. From Figure 2. while 
considering the position of specific atoms in the molecules of Glc-Arg and Glc-Cys, the atomic charges of each 
atom in the molecules were analyzed and described in the Supplementary Information. 
  



(a) (b) 

(c) (d) 

Figure 3: Mulliken, Hirshfeld, Vornoi and ZDO population analysis of Glc-arg atom (a) Oxygen positioned 
atoms (b) Nitrogen positioned atoms (c) Carbon positioned atoms (d) Hydrogen positioned atoms   
 
The atomic charges of Oxygen(O) atoms and Nitrogen(N) atoms present in the Glc-Arg are given in Figure 
3(a,b). , which is in the range of -0.125e to -0.425e and -0.075e to -0.055e, respectively. Both the O and N atoms 
behave as electron-donating atoms in the molecules, which means when any electrophilic chemical species 
interact with such atoms, the motion of charge transfer between them can be seen. From Figure 3(c). we can 
conclude that the Carbon(C) atoms present in Glc-Arg show both positive and negative atomic charge 
distributions, within the range of -0.300e to 0.350e. The negatively charged C atoms are not good donors as 
compared to the O and N atoms present in the molecules due to their low magnitude of atomic charges. 
However, the C19, C23, and C24 show a high magnitude of atomic charges when compared with other C-atoms 
in the Glc-Arg. These C-atoms readily accept an electron from foreign molecules. The atomic-charge values for 
Hydrogen atoms (H) in the molecule are represented in Figure 3(d), which varies from 0.025e to 0.325e. All the 
H-atoms show a positive atomic-charge distribution, which means when any foreign nucleophilic chemical 
species interacts with these H-atoms, there is a possibility of bond formation or transfer of charge between them. 
 
In Figure 4(a), the population analysis of Sulphur(N), Oxygen(O), and Nitrogen(N) atoms present in the Glc-Cys 
exhibits variation from -0.025e to -0.425e, where the negative charge distribution show the tendency to donate 
electrons to the electrophilic chemical species. The Glc-Cys also consists of Carbon(C) and Hydrogens(H) 
atoms, and their population analysis are given in Figure 4(b,c). The position of C16, C18, and all H-atoms show 
positive atomic charges that behave as electron-accepting atoms and are considered to be good sites for 
nucleophilic chemical species interaction. 
 
 



(a) (b) 

 

(c) 

Figure 4: Mulliken, Hirshfeld, Vornoi and ZDO population analysis of Glc-cys atom (a) Sulphur, Oxygen, 
Nitrogen positioned atoms (b) Carbon positioned atoms (c) Hydrogen positioned atoms  

3.3 Bond Length and Bond Angle 
 
The optimized average bond length between all the possible bonds in the structures of Glc-Arg and Glc-Cys are 
outlined in Table 2. The bond length between the atoms of C-H, C=O, N-H, and O-H do not vary in Glc-Arg and 
Glc-Cys molecules. The net difference in bond length between C and O atoms are 0.18 Å and 0.20 Å in the 
molecules of Glc-Arg and Glc-Cys, respectively, and that is due to an increase in bond order. The bond length 
between C-S is 1.84 Å, the highest bond length present in Glc-Cys,  which is due to an increase in the size of the 
atom and the distance from the internuclear axis. The bond distance between each atom present in Glc-Arg and 
Glc-Cys molecules is listed in the Supplementary Information. 
 

Table 2: Optimize Bond Length Pair 
 

Molecules Element Pair Average Bond Length (Å) 

Glucose-Arginine 
(Glc-arg) 

C—H 
C—N 

C—O, C=O 
N—H 
O—H 

1.12 
1.39  

1.42,1.24 
1.03 
0.99 

Glucose-Cystene 
(Glc-cys) 

C—H 
C—N 

C—O, C=O 
C—S 
N—H 
O—H 
S—H 

1.12 
1.46 

1.44, 1.24 
1.84 
1.03 
0.99 
1.38 



 3.4 Charge Density Plot 
 
The plot of charge density exhibits the distribution of electric charge present in the atoms of the molecule, which 
helps to predict the type of bond present between atoms. These chemical bonds arrangements are based on the 
formation of concentric circles (unequal sharing) and the dumbbell shapes (equal sharing) around atoms that tell 
the nature of the bond that are ionic and covalent, respectively [29]. Molecules of Glc-Arg and Glc-Cys have a 
V-shaped non-planar structure, and the plotting of charge density is only possible through the 2D plane, due to 
this reason, we have aligned the molecules in the XZ-plane, and the charge density distribution is calculated 
along (010) plane. 
 
In Figure 5(a&b), the charge density plot, and their scale with the color code are represented at the top-right and 
top-left of Glc-Arg and Glc-Cys molecules, respectively. In Glc-Arg and Glc-Cys molecules, the D-glucose 
molecule chemically makes the bond with N-atoms present in Arginine and Cysteine, forming a C-N bond. From 
Figure 5(a&b), it can be analyzed that the bond between C-N is partially covalent and ionic, which is due to the 
concentric circles formed around the N-atoms and deformed dumb-bell shapes around the bond formed, and 
from the charge scale, we can observe a higher electron density at the inner-most region (magenta) and the 
lowest electron density at the outermost region (cyan and yellow), this is because the charge density near the 
atoms is denser and with the increase in distance, it gets reduced. 
 
 

(a) (b) 

Figure 5: Charge density plot of (a) Glc-arg and (b) Glc-cys   
 
3.5 Electronic properties analysis 
 
The study of Density of States (DOS) plots gives information about the presence of electrons, in their available 
energy states that are formed due to the overlapping of their atomic orbitals energy bands. DOS plots help to 
determine the energy of the Highest Occupied Molecular Orbital (HOMO)and Lowest Unoccupied Molecular 



Orbitals (LUMO) present in the molecule [30]. In Figure 6(a). the DOS plots of Glc-Arg and Glc-Cys are plotted 
in which the Y-axis denoted the concentration of electrons, and the X-axis represented the available energy levels 
of molecular orbitals. The left and right regions of the Fermi level are represented as valence band and 
conduction band, respectively. The molecular orbital energy gap is the difference in the energy level of HOMO 
and LUMO that results in the gain or loss of energy when electron donor-acceptor transfer takes place in the 
system. However, the molecular orbital energy gap (Eorbital) between HOMO-LUMO orbitals tells us the 
chemical reactivity and the kinetic stability of the molecule. 
 
The energy of HOMO and LUMO are calculated from the DOS plot, and the energy at which the first highest 
peak formed in the valence band is known as EHOMO, whereas ELUMO is in the conduction band. 
 
 

Table 3: Energy level of orbitals 
 

Molecules Fermi level EHOMO ELUMO Eorbital 

Glc-Arg -3.9832 -5.6290 -2.0272 ±3.6018 

Glc-Cys -4.3956 -5.9814 -2.8999 ±3.0815 

 
In Table 3. the energy levels of HOMO(EHOMO), LUMO(ELUMO), and their energy gap(E) are given, in which the 
Fermi level is -3.9832 for Glc-Arg and -4.3956 for Glc-Cys. Observations show that when the molecule's orbital 
energy gap is narrow, chemical reactivity increases and kinetic stability decreases when compared to molecules 
with a large orbital energy gap. After analyzing the bandgap of Glc- Arg, and Glc-Cys, it concluded that both 
molecules behave like an insulator due to the large gap in their energy levels. 
 

 

(a) 

(b) (c) 

Figure 6: (a) Density of states plot of Glc-arg and Glc-cys  Projected Density of States of (b) Glc-arg (c) Glc-cys   



 
The formation of molecules involves the energy participation, orientation, and alignment of constituent elements 
that play an essential role in their structural and physical properties. In Glc-Arg and Glc-Cys molecules, to 
understand the contribution of orbitals of each specific element at an obtainable energy level of valence and 
conduction band, we have used their Projected Density of States (PDOS) plots. In Figure 6(b,c). PDOS plots of 
Glc-Arg and Glc-Cys molecules are represented in which the C, N, O, and S atoms showing the overall 
contribution orbitals where particularly p-orbital almost overlap both, in valence and conduction bands, which 
means that the p-orbital is dominant over s-orbital. But in the H atom, the s-orbital is dominant and overlaps in 
Glc-Cys and Glc-Arg molecules due to the unavailability of p-orbital in n=1 energy level. 
 
3.6 Chemical Reactivity 
 
Molecular orbitals play a vital role in the electronic, chemical, and structural properties of molecules, and to 
understand the competence of molecular orbital energy of Glc-Agr and Glc-Cys molecules, we should know the 
ionization potential ( energy required to remove an electron from the outermost orbital of an atom or a molecule 
) and electron affinity ( energy change due to the addition of an electron in the orbital of an atom ). By using 
Koopmans’ theorem, we can find the ionization potential (ɪ) and electron affinity (A) energy, according to which 
in closed-shell Hartree-Fock theory, the first ionization energy is equal to the negative of the energy of HOMO, 
and A is equal to the eigenvalue of LUMO with no switch in sign, present in Glc-Arg and Glc-Cys molecules, 
respectively [31]. These ɪ and A helps to determine the Global reactivity criteria in initial electron distribution 
such as Chemical Potential (μ), Global Hardness (η), Global Softness(ζ), also Electronegativity (χ) and 
Electrophilicity Index (ω) of molecules by equations recommended by Iczkowski and Margrave and Maynard, 
Parr based on their Lagrange multiplier normalization of density and the finite differences approximations [32]. 

 
 These ɪ and A helps to determine the Global reactivity indices such as Electronegativity (χ), Global Hardness(η), 
Global Softness(ζ), Electrophilicity Index (ω) of molecules by equations recommended by Maynard and Parr, 
based on their Lagrange multiplier normalization of density and the finite differences approximations . However, 
the Electrodonating Power (ω-), Electroaccepting Power (ω+) and Net Electrophilicity (∆ω) can be calculated by 
the equation derived by Gazquez, assuming global hardness is equal in donor and acceptor region both, which is 
equal to the difference in Chemical Potential for electron donation (μ-) and Chemical Potential for electron 
acceptance (μ+), that uses the quadratic interpolation and Taylor series for the energy functional [33]. 
 
The chemical reactivity indices of Glc-Arg and Glc-Cys molecules are tabulated in Table 4. prepared with the 
help of their energy of HOMO and LUMO given in Table 3. Glc-Arg behaves as a superior electron donor 
because its ionization potential is 6 % lower than the Glc-Cys, and shows high polarizability and chemical 
reactivity. But, the electron affinity of Glc-Cys is 30% larger than Glc-Arg, which results in Glc-Cys having 
dominant behavior in accepting an electron in LUMO. The chemical potential tells us the threshold intrinsic 
energy of the electron to escape from HOMO to LUMO energy level for charge transfer, and the Glc-Arg 
molecule shows the higher chemical potential. The hardness and softness of molecules can be determined when 
there is a large difference in the energy level of HOMO-LUMO that results in hard molecules which inhibit the 
charge transfer whereas, the small HOMO-LUMO gap results in soft molecules. Glc-Arg behaves as the hard 
molecules, and Glc-Cys act as the soft molecules. 
 
The charge transfer from the surrounding electrophilic or nucleophilic chemical species creates a change in the 
total energy of the molecular orbitals, and these stabilization energy measurements result in the Electrophilicity 
Index of a molecule. Glc-Cys having 36 % and 14 % higher Electrophilicity Index and 
electronegativity(tendency to attract electrons) respectively results in high toxicity that is due to the lower 
nucleophilic atoms present in Glc-Cys comparable to Glc-Arg. 
 
Chemical Potential for Electron Donation (μ-) and Electron Acceptance (μ+) can be calculated using the 
differential equation, on the Chemical potential of the system in the range from the charge donation region to 
charge acceptance region, which is the left and right derivatives when the charge transfer occurs. The 
determination of these two properties helps us to calculate the Electrodonating Power and Electroaccepting 
Power. Glc-Cys shows the higher Electroaccepting power that explains its high capability of accepting charge, 
although the Electrodonating power of Glc-Arg is higher, and it behaves like a good electron donor. The net 



electrophilicity of Glc-Cys is 35 % higher than Glc-Arg, which shows it has higher average electrophilic power, 
and this helps to measure the electron accepting-donating strength of molecules. 
 

Table 4: Glocal Chemical Reactivity indices 
 

Chemical Properties Formula Glc-Arg Glc-Cys 

Ionization Potential (eV) 𝛪 = −𝐸𝐻𝑂𝑀𝑂 5.6290 5.9814 

Electron Affinity (eV) 𝛢 = −𝐸𝐿𝑈𝑀𝑂 2.0272 2.8999 

Chemical Potential (eV) 𝜇 = −12 (𝛪 + 𝛢) -3.8281 -4.4406 

Donation Chemical 
Potential (eV) 

− 14 (3𝛪 + 𝛢)μ-= 
-4.7286 -5.2110 

Acceptance Chemical 
Potential (eV) 

−14 (𝛪 + 3𝛢) 
μ+= 

-2.9277 -3.6703 

Electronegativity (eV) 𝜒 = −𝜇 = 12 (𝛪 + 𝛢) 3.8281 4.4406 

Global Hardness (eV) 𝜂 = 𝐼 − 𝐴2  1.8009 1.5408 

Global Softness (eV)-1 𝜁 = 12𝜂 0.2776 0.3245 

Electrophilicity Index 
(eV) 𝜔 = (𝜇)22𝜂  4.0687 6.3992 

Electrodonating Power 
(eV) ω—=

(3𝐼+𝐴)216(𝐼−𝐴) 6.2078 8.8121 

 Electroaccepting Power 
(eV) ω+=

(𝐼+3𝐴)216(𝐼−𝐴) 2.3797 4.3714 

Net Electrophilicity (eV) 𝛥𝜔=ω+ —(ω—) 8.5875 13.1835 

 
 
The surface calculations help to determine the reactive sites of a molecule for nucleophilic and electrophilic 
interactions. We have performed the molecular electrostatic potential (MEP) and HOMO-LUMO surface 
calculations. Molecular electrostatic potential tells us the required potential for Vander Waal interaction or 
chemical bond formation in the different areas of molecules by foreign electrophilic chemical species. The  
HOMO-LUMO surface calculation signifies that when a bond is formed due to the interaction of atomic orbitals 
of constituent elements, a region is found, showing the highest occupied and lowest unoccupied molecular 
orbitals of the molecules are present [34]. Therefore it is the first most effective reaction site, supporting the 
nucleophilic and electrophilic attack. 
 

3.7 Electrostatic potentials Map and HOMO – LUMO surface 
 
In Figure 7a. the MEP surface of Glc-Arg and Glc-Cys have presented in which the color code and quantitative 
scale are represented in the left side of the picture that is in the Atomic unit (a.u.).  
 
With an increase in the electrostatic potential, different colors have been used at the surface of molecules, like 
the magenta color represents the highest electrophilic repel region and red color shows the high negative 
electrostatic potential that shows the finest site for the electrophilic attack. In Figure 7a., we can analyze that in 
both, Glc-Arg and Glc-Cys molecules, the position of all O-atoms represents negative electrostatic potential, and 
all H-atoms show positive electrostatic potential. The green, blue, and cyan colors are have been observed 
around C and N atoms that represent the midst electrostatic potential region. 



 
Orbital energy difference and surface calculations between HOMO-LUMO of Glc-Arg and Glc-Cys molecules 
have been presented in Figure 7b. in which red color represents the increase in electron density and blue color 
represents the decrease in electron density. The HOMO and LUMO region shows the instability region of the 
molecules due to the tendency to donate and accept electrons by the molecular orbital. In both, the molecules of 
Glc-Agr and Glc-Cys, the region of d-glucose does not show any HOMO-LUMO surface that means this region 
is the stable region of the molecules. The orbital energy difference in Glc-Arg is 3.6018 eV and 3.0815 eV for 
Glc-Cys. In Glc-Arg, the lower moieties of arginine represent the HOMO region, and on the other hand, the 
chemical bond formed between Glc and Arg shows the LUMO region. 
 
 

(a) 
(b) 

Figure 7: (a) Electrostatic Potential map of Glc-arg and Glc-cys molecules (b) HOMO-LUMO surface of Glc-arg 
and Glc-cys.  

 
 
Glc-Arg and Glc-Cys molecules, if any force has been exerted from external molecules or materials and to know 
their strength, mechanical stability, and elasticity of the molecules, we perform the tensile stress-strain 
calculations. The mechanical stability of molecules can be determined by their Energy vs Strain plotting, where 
the strain is applied in molecules with a 1% regular variation along the x-axis, y-axis, and z-axis of the lattice 
box. 
 
3.8 Mechanical Strength 
 
In Figure 8(a,b).  calculations of mechanical stability are represented for compression (decrease in length) and 
elongation (increase in length) when a strain is applied in Glc-Arg and Glc-Cys molecules along the different 
planes. The alignment and arrangement of all atoms of Glc-Arg and Glc-Cys molecules are in the XZ-plane, 
being perpendicular to Y-axis outwardly, which is shown in Figure 2. When we apply strain on Glc-Arg and Glc-
Cys molecules towards the y-axis(XZ-plane) and z-axis (XY-plane), we can see an insignificant change in the 
total energy (ETotal), which indicates that along these axes, the molecules are mechanically stable, and 
elongation-compression does not occur. While along the x-axis (YZ-plane) total energy of molecules increases 
during compression due to the V-shaped area occupied by the lattice, whereas elongation increases gradually. To 
balance the total energy calculation, we have set the range at least -0.05 % for compression (on negative x 
region), and on the other hand, +0.15 % for elongation (on positive x-region). In Glc-Arg and Glc-Cys 
molecules, the total energy changes during compression, which is due to the decrease in the internuclear 
distance, and this affects the exchange-correlation energy. 
 
The tensile stress of Glc-Arg and Glc-Cys molecules are plotted in Figure 8(c). by applying a strain along the x-
axis just because we analyzed the acceptable change in total energy. 
 𝜎 = 1𝛺(𝜖) 𝜕𝐸𝜕𝜖                                                                                                                                                (6) 

 
Equation 6. is used to calculate the tensile stress along the x-axis where σ is tensile stress, E is the total energy, 
and Ω (ε) is the volume at given strain (ε) [35]. 
 
From Figure 8(c). we can analyze that when we increase the strain in the compression region, the tensile stress 
increases suddenly, and the Glc-Arg molecule shows comparatively high tensile stress than the Glc-Cys 



molecule, which is due to its higher net change in energy (dE) and volume. In the elongation region, we can 
analyze tensile stress-strain based on three parameters, including the linear relation between stress-strain(which 
follows Hooks law), maximum threshold elasticity limit, and occurrence of plasticity behavior. Glc-Arg and Glc-
Cys molecules follow the Hooks law and give a linear proportional correlation till 0.01 % strain is applied, 
which is shown in the subplot of Figure 8(c). According to our analysis, 0.04 % and 0.06 % is the maximum 
elastic limit point, at which the molecules have 0.000376 eV/ Å3 and 0.000731eV/Å3 tensile stress, and before 
this strain it having potential to regain their shape and shows elasticity behavior in Glc-Arg and Glc-Cys, 
respectively. After applying threshold strain value, there are no hopes for elasticity to occur, and plasticity 
behavior arises. The tensile stress remains almost consistent in the duration of the remaining deformation stage 
till fracture occurred. 
 
 

(a) (b) 

 

(c) 

 Figure 8: Energy vs strain along x, y and z axes of (a) Glc-arg and (b) Glc-cys Stress vs Strain    
 

3.9 Transport properties analysis 
 
Studying the details about the Electron transport of the Glc-Arg and Glc-Cys molecules gives us information 
about the scattering state, transmission coefficient, and IV characteristics. For transport calculation, we have to 
design a cell that is divided into three parts left: electrode | scattering region | right electrode, connected in a 
sequence. The Graphene sheet of 88 atoms in the left-right part of the cell is used as electrodes for the transport 
analysis, which is periodic in arrangement, whereas the contact active material is non-periodic. When we attach 
the left and right electrodes to nanostructured molecules of Glc-Arg and Glc-Cys, their energy levels get shifted 
(Figure 9.), comparatively before the connection with the electrode as shown in Figure 6, representing their 
HOMO-LUMO gap. The molecular orbitals are present in the molecules, and each orbital has a different level of 
energy and is categorized based on its occupancy in two regions, which are valence band, and conduction band. 
When the source electrons from the electrode interact and transfer the charge between these energy level orbitals 
(nanostructure material), then the concentration of electrons varies and affects the energy levels of density of 
states (DOS). In forward biased, the left electrode behaves as a source(electron incident), and on the other hand, 
the right electrode acts like a drain(electron transmission) [36]. The transmission coefficient is the relation 



between the transmitted power of the electron from available energy levels in Glc-Arg and Glc-Cys molecules to 
the incident power that comes from contact electrodes in the form of coupling functions, ranging from 0 to 1. 
 
 
The transmission coefficient between left and right electrodes is given by: 
 𝑇(𝐸, 𝑉) = 𝑇𝑟[𝛤𝐿(𝑉)𝐺(𝐸, 𝑉)𝛤𝑅(𝑉)𝐺 ∗ (𝐸, 𝑉)]                                                                                 (7) 
 
In equation 7, the term G and G* are the retarded, and advanced Green functions of the transmission region, and 
here Γ L and Γ R are the coupling functions of the left and right electrodes. 
 
In Figure 9(a,b), the transmission coefficient VS energy level graph represents the Glc-Arg and Glc-Cys 
molecules, respectively. From Figure 9(a,b). the transmission curves at the voltage supply of 0.4 V, 1.0 V, and 1.4 
V are exhibited, and in all these cases, there is a large gap between the valence and conducting region for the 
charge transfer. But, with an increase in the supply of the voltage, the transmission spectra move closer, and 
slightly reduce the gap. It has been observed that the Glc-Arg molecule shows high dense transmission spectra, 
as compared to the Glc-Cys molecule, with the energy level range of -4.0 to -9.0 eV. 
 

(a) (b) 

 

(c) 

Figure 9: Transmission probability of (a) Glc-arg (b) Glc-cys in 0.4 V, 1.0 V and 1.4 V (c) IV-characteristics of 
Glc-arg and Glc-cys molecules 

 
In the Landauer–Butiker formula, equation 8, {f(E-μL)-f(E-μR)} represent a distribution function where f is the 
Fermi–Dirac function, μL and μR represent electrochemical potentials of left and right electrodes, respectively. 
2e/h is known as quantum conductance, where h is the Planck’s constant and e is the charge of an electron. T(E, 
V) is a function of bias voltage (V) with energy (E) transmitting through the device, and it shows the 
transmission coefficient of the charge carrier [37]. 



 𝐼(𝑉) = 2𝑒ℎ ∫[𝑓(𝐸 − 𝜇𝐿) − 𝑓(𝐸 − 𝜇𝑅)] 𝑇(𝐸, 𝑉)𝑑𝐸                                                                                    

(8) 
 
The IV characteristics of Glc-Arg and Glc-Cys molecules are analyzed only in the positive bias, as shown in 
Figure 9(c). , since on applying negative bias, we got the value of the current in the range of pico Ampere, 
whereas it was in the range of nano Ampere in the case of positive bias. This large difference in the output 
current is due to the occupied or HOMO region, which was under consideration in negative bias, although in the 
positive bias, it probed unoccupied or LUMO region of molecules, and the strength of coupling function of the 
left electrode and right electrode also affect the output current.  
 
From Figure 9(c). it was observed that at 1.0 V and 2.0 V supplied voltage in Glc-Arg and Glc-Cys molecules, 
there is an almost equal output current. In Glc-Arg, two higher peaks are formed at 0.4 V and 1.6 V with current 
values 15 nA and 6 nA, respectively. However, on applying a voltage of 1.4 V and 1.8 V in Glc-Cys, we get the 
higher peaks with the values of current 10 nA and 4 nA, respectively. It was observed that when we increased the 
applied voltage, the output current variation was uncertain but their measurement scale was always in nA, and it 
is due to variation in transmission coefficient calculation, caused through scattering region and negative 
differential resistance (NDR), that is the cause of misalignment in the energy levels of electrodes and 
nanostructured molecular orbitals with the increase in bias voltage. 
 
4. Conclusion 

 
In this work, the Maillard reaction helps to the formation of Glc-arg and Glc-cys molecules are investigated 
using density functional theory. SIESTA software is used for the implementation of density functional theory and 
explored the structural, electronic, chemical reactivity, mechanical stress and transport properties. The orbital 
energy gap of Glc-arg and Glc-cys molecules is 3.6018 and 3.0815, it concluded that both molecules behave as 
insulators. The Charge density plot shows that the bond formation between the D-glucose with arginine and 
cysteine is in between s-p orbital, it is partially covalent and ionic. The Electrostatic potential map and HOMO-
LUMO surface of Glc-arg and Glc-cys are investigated in which the dominant reaction regions shows the prime 
arginine and cysteine of molecules. The chemical reactivity of Glc-arg molecules is high with corresponding to 
the secretion of insulin in diabetic treatment, in contrast to Glc-cys molecules. The tensile strength of both Glc-
arg and Glc-cys are slightly different in the value and the Energy vs Stress plot shows the variation along X-axis 
only. The IV-characteristics of Glc-arg and Glc-cys molecules is the trivial and efficient value of current in nano-
Ampere scale with a voltage applied 0-2 V.   
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