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Abstract
Graphene–amino acid interaction is gaining significance mainly based on its possible biomedicine applications. The den-
sity functional theory (DFT) calculation and molecular dynamics simulation (MD) are applied to obtain a comprehensive 
understanding of the adsorption mechanism of three kinds of amino acids, namely, alanine (Ala), glycine (Gly), and valine 
(Val) over the surface of graphene and functionalized graphene nanosheets. In this study, several analyses such as solvation 
energy, adsorption energy, intermolecular distances, and charge properties are used to explore the adsorption behavior of 
amino acid on the nanosheets. The calculated adsorption energies show that the interaction of amino acids with functionalized 
graphene is greater than the pristine graphene. Regarding DFT computations, the adsorption of Val on the graphene about 
− 10 kJ/mol is stronger than Gly and Ala. Meanwhile, it is found that the geometrical parameters and electronic properties 
of graphene change drastically upon functionalization, and the formation of hydrogen bonds between –COOH functional 
group and amino acids enhances the adsorption energy about 12–30%. To obtain a deeper comprehension of the interaction 
nature, the atoms in molecules (AIM) and the natural bond orbital (NBO) studies have been performed. Furthermore, the 
MD simulations are employed to assess the dynamic properties of our designed systems. The results from the present study 
demonstrate that the movement of the amino acids into the carriers is spontaneous and forms stable complexes.

Keywords  Amino acid molecule · Graphene nanosheet · Functionalized graphene nanosheet · Density functional theory · 
Molecular dynamics simulation

Introduction

Biomolecules in conjunction with nanomaterials including 
nanoparticles, nanotubes, nanowires, and nanosheets provide 
new platforms with unique properties that have the syner-
gistic effect of host and guest molecules (Zhang et al. 2013; 
Emanet et al. 2015).

Among different types of nanomaterials, graphene 
nanosheet (GNS) has drawn increasing attention of research-
ers based on its outstanding electronic structure showing 
high mobility of electron and a remarkable capability to 
interact with different types of molecules (Bolotin et al. 
2008; Neto et al. 2009; Kemp et al. 2013). Furthermore, 
the graphene is enabled to pass across the biological mem-
brane and has a large surface area which leads to attract-
ing more attention. In several studies, its combination with 
various biological molecules such as nucleobases (Mir-
zaei et al. 2012; Vovusha and Sanyal 2015), amino acids 
(Cazorla 2010; Mallakpour et al. 2017), and different organic 
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structures (Wang et al. 2014b; Zhou and Zhang 2015) has 
been investigated.

However, based on this fact that the GNS is a single layer 
of carbon atoms with a hexagonal structure, it is highly 
hydrophobic, and as a result, it is hardly dispersed in bio-
logical systems. For this reason, surface functionalization or 
modification is required to enhance the graphene solubility 
and its capability in biological systems. Regarding this, the 
GNS surface can be modified by the variety of functional 
groups, including epoxy, carbonyl, and hydroxyl groups to 
improve the adsorption feature (Yang et al. 2012; Zhao and 
Liu 2014).

Consequently, the graphene in the functionalized form 
is utilized as interesting drug delivery systems due to their 
capability to adsorb high concentrations of drugs (Pulskamp 
et al. 2007; Ali-Boucetta et al. 2013). In the physiological 
environment, the high surface area of two-dimensional 
(2D) materials reveals new horizons for obtaining relatively 
stronger non-covalent interactions through effective hydro-
gen bonding and π−π stacking with biomolecules. However, 
an important prior step in observing physiological reaction 
of 2D materials is to find out the interaction with biomole-
cules such as amino acids. It is clearly obvious that deficien-
cies in even a single vital amino acid could change immunity 
and enhance disease susceptibility (Hashimoto et al. 2012). 
Moreover, it has been proposed that the adsorption behav-
ior of tiny molecules like amino acids could be applied to 
optimize the quantitative–structure activity relationships 
for prediction of nanomaterials interaction generally with 
macro-biomolecules including proteins (Xia et al. 2010). In 
consequence, understanding the interactions between amino 
acids and 2D materials is crucial to manipulate the develop-
ing medical applications.

Furthermore, while pristine graphene 2D nanosheets 
may show toxicity, graphene decorated with proteins has 
been found to be less harmful (Ge et al. 2011; Chong et al. 
2015). More findings about the formation of protein–gra-
phene complexes can also provoke new trends in bio-based 
applications of graphene, such as manufacturing developed 
and effective biosensors, modified drug delivery systems, 
and protein separation technologies (Huang et al. 2011; Yue 
et al. 2011; Karunwi et al. 2013). Hence, to increase our 
capability to design more bio-based complexes, an ability 
in the prediction of the strength of adsorption and stability 
of protein structure over the graphene surface is critical. In 
this regard, several theoretical investigations have been per-
formed to observe the conformational alterations of proteins 
adsorbed on graphene using a wide variety of theoretical 
chemistry tools (Zuo et al. 2011, 2017; Penna et al. 2015; 
Sengupta et al. 2015; Hughes and Walsh 2018; Dasetty 
et al. 2019). On the other hand, among several types of bio-
molecules, amino acids perform a crucial role in the living 
organisms as building blocks of proteins and enzymes. The 

amino acids can be subdivided according to their proper-
ties, dictated by the functional groups they possess. Broadly, 
they are divided by charge, hydrophobicity, and polarity. 
These properties influence the way they interact with sur-
rounding amino acids in polypeptides and proteins and, 
consequently, impact protein 3D structure and properties. 
Amino acids are good candidates as the suitable promoter 
for making GNS applicable attention in several experimental 
and computational researches in (bio) sensors, biomaterials, 
biomedicine, catalysts, and other fields of science (Popov 
2004; Lacerda et al. 2006; Yang et al. 2006; Harrison and 
Atala 2007; Kang et al. 2009). These studies indicated that 
interactions in the form of non-covalent, including H-bond-
ing and X–π (X = OH, NH, CH, etc.), are the cause of the 
nucleobase–GNS and amino acid–GNS complex stabili-
zation (Chen et al. 2003; Kang 2005; Roman et al. 2006; 
Gowtham et al. 2007; Varghese et al. 2009; Cazorla 2010; 
Umadevi and Sastry 2011). Furthermore, it is found that 
proteins, nucleobases, and small molecules can interact with 
functionalized graphene effectively (Chen et al. 2003; Kang 
2005; Roman et al. 2006; Gowtham et al. 2007; Varghese 
et al. 2009; Umadevi and Sastry 2011; Cazorla et al. 2012). 
For instance, Pan and coworkers used molecular dynamic 
(MD) simulations to study the adsorption behavior of glu-
tamine acids and glycine on the surface of the hydroxyapa-
tite crystalline in the form of rod and plate structure (Pan 
et al. 2007). Also, density functional theory (DFT) calcula-
tion is used by Zhiani to explore adsorption of several amino 
acids such as asparagine, arginine, cysteine, and histidine on 
the graphene and boron nitride (BN) nanosheet. The results 
revealed that the adsorption process of the amino acids on 
the BN nanosheet and the graphene surface accompanied by 
the energy release (Zhiani 2017). Moreover, it is shown that 
no covalent bonded is formed between the amino acids and 
the substrate surfaces. Podila et al. experimentally investi-
gated the nature of interactions and charge transfer direction 
between aromatic amino acids and (2D) materials including 
graphene, graphene oxide, and boron nitride. The results 
obtained from these calculations are indicated the graphene 
and GO strongly interact with the aromatic amino acids 
through π−π stacking and H-bonding (Mallineni et al. 2016).

In another study, Qi et al. employed DFT calculation and 
MD simulation to find the adsorption geometries and ener-
gies, electronic band structures, and the adsorption dynam-
ics of l-leucine/graphene complex. Their obtained results 
showed the stability of adsorption energy and confirmed 
that the electronic structure of graphene can be dominated 
by the adsorption direction of l-leucine (Qin et al. 2010). 
They observed that interactions between l-leucine and the 
graphene were in the form of physisorption and l-leucine 
prefers to give parallel configuration to the graphene surface.

To the best of our knowledge, there is a lack of informa-
tion about the adsorption mechanism of some of the amino 



1467Theoretical elucidation of the amino acid interaction with graphene and functionalized graphene…

1 3

acids with graphene and functionalized graphene, and more-
over, nature and unavoidable features of their interactions 
remain obscure, which has slowed down the pace of the bio-
logical and biomedical applications of graphene.

Alanine (Ala), glycine (Gly), and valine (Val) are impor-
tant and simple three amino acids in humans. They act as 
precursors for several key metabolites of low molecular 
weight such as creatine. Shortage of these three basic amino 
acids in small quantities is not harmful to health, but severe 
shortage may lead to failure of the immune response, low 
growth, abnormal nutrient metabolism, and undesirable 
health effects (Ganji 2009). Therefore, they are considered 
conditionally essential amino acids for humans and other 
mammals to enhance good growth.

In this work, the DFT calculations are performed to 
obtain the adsorption energies, geometries, and electronic 
properties of amino acid/graphene systems. Furthermore, 
the effect of functionalization of GNS with a carboxyl group 
(–COOH) on the amino acid–GNS interactions in the water 
solvent and gas phase is explored. Moreover, the MD simu-
lation is used to gain deep insight from the dynamic and 
diffusion properties of amino acid adsorption on GNS and 
functionalized GNS in a biological environment. We believe 
that the obtained results from this work can be used in future 
pharmacological studies.

Computational procedure

Quantum mechanics calculations

Theoretical calculations were accomplished by the DFT 
method to analyze the interactions between several types of 
amino acids with graphene (GNS) and functionalized gra-
phene nanosheet (f-GNS). The optimized structure of amino 
acids obtained from the QM calculations and graphene 
structure built using the Nanotube Modeler package. It is to 
be noted that the employed model of both the nanosheets as 
well as three amino acids considered is neutrally charged. 
The GNS model contained 54 carbon atoms and the bonds 
at the carrier edges were saturated with H atoms. Three car-
boxyl groups were replaced with hydrogen atoms at the edge 
of GNS to construct the f-GNS model (C57H18O6).

The initial geometries of the pure graphene, functional-
ized graphene nanosheet, and the investigated complexes 
are performed in both vacuum and aqueous phase utilizing 
the Gaussian package (version 03) (Frisch et al. 2008) at 
ωB97XD with the standard 6–31G** basis set. The ωB97XD 
functional integrates the long-range (LC), short-range, as 
well as including explicit empirical dispersion corrections 
(DFT-D) (Chai and Head-Gordon 2008a, b).

As known that aqua media play a considerable role in 
the human body, therefore, it can be chosen as a solvent to 

specify the interaction of various types of amino acids with 
graphene and functionalized graphene nanosheet to mimic 
the biological environment. Tomasi’s polarized continuum 
(PCM) model (Miertuš et al. 1981; Lipparini and Mennucci 
2016) has been employed for the solvent effect of water 
calculation.

To assess the compatibility of the nanosheets towards 
interacting amino acids, adsorption energy (Eads) which is 
the main parameter in both gas and solvent, has been calcu-
lated using Eq. (1):

where Ecomplex, Eadsorbent, and Eamino acid are energies of the 
studied configurations, the graphene and functionalized gra-
phene, and the free amino acids, respectively. Besides, the 
basis set superposition error (BSSE) is computed by means 
of the counterpoise method (Boys and Bernardi 1970) to 
remove the basis function overlap effects.

The atoms in molecule (AIM) (Yoosefian 2017; Kamel 
et  al. 2019a) is employed to probe the electron trans-
fer between nanosheets and amino acids using AIM2000 
program (Biegler-König 2000). Also, using Espinosa 
method (Espinosa et al. 1999), the hydrogen-bond energies 
(EHB = 1/2Vb) have been calculated. To realizing the orbital 
interactions and delocalization of charge in the investigated 
structures, the Natural Bond Orbital (NBO) analysis is per-
formed (Reed et al. 1992).

Molecular dynamics simulation

The MD simulation is applied to scrutinize the dynamic 
properties and adsorption behavior of the investigated com-
plexes. Six simulation boxes are designed in which one of 
the investigated amino acids (i.e., Gly, Ala, or Val) is placed 
above the carrier (GNS or f-GNS). The simulation boxes 
are considered with dimensions 4 nm × 4 nm × 4 nm. All of 
the force field parameters for the nanosheets and the amino 
acids are selected from the Charmm36 force field. The 
TIP3P (Jorgensen et al. 1983) water molecules are added 
to the simulation boxes and then, to provide a correct bio-
logical environment and neutralize the systems, Na+ and 
Cl− ions are replaced with some waters. All of MD produc-
tions are ran under periodic boundary conditions for 45 ns 
using the GROMACS package (version 5.1.4) (Abraham 
et al. 2015). The temperature and pressure are maintained at 
310 K and 1 bar by using the V-rescale thermostat and Ber-
endsen barostat, respectively (Berendsen et al. 1984; Bussi 
et al. 2007). The Particle-Mesh-Ewald (PME) procedure is 
employed to assess the long-range electrostatic interactions. 
The interactions with non-bonded are computed with a cut-
off in the range of 1.2 nm (Darden). Moreover, the VMD 
software is utilized for trajectory visualization.

(1)Eads = Ecomplex −
(

Eadsorbent + Eamino acid

)

+ �BSSE,
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Computational results

DFT calculation results

The theoretical results in this work are obtained by means of 
quantum mechanics calculations and MD simulations. First, 
we accomplished the quantum analysis to survey the adsorp-
tion of amino acid molecules onto the surfaces of graphene 
and functionalized graphene. In this section, the adsorption 
energies, the structural and electronic characteristics, as well 
as topological parameters and orbital hybridization for the 
interaction of amino acid molecules with the nanosheets are 
scrutinized in the vacuum and aqueous phases.

Geometrical analysis

Figure 1 exhibits the optimized structures of then nanosheets 
(GNS and f-GNS) and amino acids (Gly, Ala, and Val). All 
of the investigated amino acids have three active sites, i.e., 
the carboxyl (COOH), the amino (NH2), and the side chain 
(R-group), differing only in the R-group or side chain they 
have. Different orientations of amino acids to the graphene 
and the functionalized graphene nanosheet are explored 
utilizing the Spartan package (Shao et al. 2006) to gain 
the most stable structure of each complex. Then, the full 

optimization of these most stable complexes has been per-
formed at � B97XD functional level. The optimized struc-
tures of the designed systems are depicted in Fig. 2.

Table 1 illustrates the computed energies for the inves-
tigated structures in both the gas and solution phase. By 
the same token, the equilibrium distances and the structural 
parameters of the amino acid molecules, GNS, f-GNS, and 
the considered complexes are presented in Tables T2 and S1, 
supplementary material. For the hydrogen-saturated GNS, 
the average C–C distance of the benzene rings is 1.41 Å, 
which is in line with the obtained results from previous stud-
ies (Shahabi and Raissi 2017, 2018).

Exploring the adsorption behavior of the amino acid mol-
ecules onto the pristine graphene surface shows that guest 
molecules are located on top of the host at distances about 
0.3 nm. The range of the adsorption energy for the consid-
ered systems demonstrates that the amino acid molecules 
can be physically adsorbed on the graphene nanosheet sur-
face in both the gas phase and the water solution. This type 
of physisorption effect is in line with weak interactions that 
extensively exist and play a vital part in biological systems 
(Ganji 2009; Qin et al. 2010).

Moreover, (Zhiani 2017) reported that adsorption energy 
for the complex of the alanine amino acid and GNS is 
− 34.18 kJ/mol. The adsorption energy for different amino 
acid–carrier complexes is listed in Table S4 (Qin et al. 2010; 

Fig. 1   Optimized structures of 
the Gly, Ala, Val, GNS, and f-
GNS at the wB97XD /6-31G** 
level

Gly Ala Val

GNS                                                                       f-GNS
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He and Zhou 2014; Wang et al. 2014a; Zhiani 2017). In this 
work, the calculated Eads has a good accordance with the 
reported value for interactions of amino acid molecules and 

the graphene in the previous studies (Qin et al. 2010; He and 
Zhou 2014; Wang et al. 2014a; Zhiani 2017). It is found that 
the adsorption process has physical nature and amino acid 

Fig. 2   Optimized structures of 
the amino acid/GNS and amino 
acid/f-GNS complexes at the 
wB97XD /6-31G** level

Gly/GNS Gly/f-GNS 

Ala/GNS Ala/f-GNS

Val/GNS Val/f-GNS 

Table 1   Calculated adsorption (Eads), free Gibbs (ΔG), enthalpy (ΔH), and solvation (∆Esol) energies (kJ/mol) at wB97XD/6-31G** level of 
theory in the gas phase and water solution

Model GAS

Eads ∆G ∆H ∆Esol

Gly/GNS – 33.60 7.66 – 40.88 –
Ala/GNS – 36.16 – 1.98 – 45.95 –
Val/GNS – 49.20 – 9.74 – 57.25 –
Gly/f-GNS – 37.63 – 0.39 – 44.49 –
Ala/f-GNS – 44.07 – 1.59 – 50.08 –
Val/f-GNS – 64.07 – 16.68 – 72.79 –

 PCM

Gly/GNS – 34.54 7.51 – 39.03 – 53.21
Ala/GNS – 30.05 7.56 – 36.57 – 48.99
Val/GNS – 45.04 – 11.12 – 52.90 – 51.21
Gly/f-GNS – 87.72 18.13 – 36.33 – 79.04
Ala/f-GNS – 96.25 10.55 – 45.57 – 79.74
Val/f-GNS – 115.54 – 8.60 – 66.71 – 76.10
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molecules preferred to parallelly arrange on the graphene 
surface. Furthermore, it is observed GNS and f-GNS have 
a good potential for interaction with Val and other amino 
acid molecules.

Alternatively, to elucidate the influence of the functional 
group on the strength of intermolecular interactions, we have 
employed three functional groups of COOH on the GNS 
nanosheet. Comparing the values of adsorption energy from 
Table 1, it is clearly evident that, upon the functionalization 
of the GNS nanosheet surface, the adsorption energies have 
significantly improved. Our theoretical findings indicate that 
the adsorption energy values for Gly/f-GNS, Ala/f-GNS, and 
Val/f-GNS in the gas phase (water solution) are − 37.63 
(− 87.72) kJ/mol, − 44.07 (− 96.25) kJ/mol, and − 64.07 
(− 115.54) kJ/mol, respectively. As can be observed in 
Table 1, the adsorption energy of amino acids is augmented 
by functionalization. It seems that the formation of hydrogen 
bond (HB) between the amino acid molecules and the car-
boxylic functional groups results in more stability of amino 
acid/f-GNS complexes. It can be concluded that the carbox-
ylic functional groups not only can decline the toxicity of 
graphene but also rises amino acid molecules adsorption on 
the carrier surface. With respect to the acquired results from 
Table 1, it is observed that, by applying a solvent effect, the 
adsorption energy of the complexes is drastically changed 
(Castro et al. 2015; Kaur et al. 2015).

The solvation energy parameter is calculated to assay 
the solubility of the selected structures in water media and 
the gained results are listed in Table 1. Negative solvation 
energy values illustrate that the solvating process is sponta-
neous, which is evidence of the stability of the studied sys-
tems in the aqueous environment. The large solvation energy 
of the amino acid adsorbed f-GNS surface is confirmed its 
high performance as a nanocarrier in the biological systems 
(Singla et al. 2016).

Clearly, based on the obtained results, the Val amino 
acid, an amino acid having aliphatic side-chains with a 
branch, in all the cases has a more tendency in approach-
ing the adsorbent surfaces in comparison to the other 
amino acid molecules. On the other hand, the adsorption 
energy is maximum for a valine (the largest amino acid); 
it can be interpreted that, based on fundamentals of van 
der Waal’s (vdW) forces, the obtained results are directly 
corresponding to the mass and size of the interacted mol-
ecules. Consistent with previous studies, the weight fac-
tors used to minimize the energies obtained by molecular 
and quantum mechanics simulations (Robertson et  al. 
2015; Dasetty et al. 2019). For adsorption of valine on 
the functionalized graphene, two H bondings are formed 
at the top of the nanosheet edge; one is O75···H100–O82 
which O75 atom of the carboxyl group of f-GNS functions 
as the HB acceptor and the other one is O76–H77…O83 
which hydroxyl (O76–H77) group of the –COOH functional 

group behaves as the HB donor. The formation of hydro-
gen bonds strengthens the interaction of the amino acids 
with the f-GNS.

Also, it is well known that the strength of interactions 
can be reflected in the geometrical parameters of the con-
sidered complex. Principally, stronger interactions well 
correlate with shorter intermolecular distances (Kamel 
et al. 2017). Regarding shorter intermolecular distances 
between amino acids and functionalized nanosheet in 
comparison to pristine nanosheet, as a result, it is found 
that the f-GNS remarkably behave as a preferable surface 
for the adsorption of the amino acids (Table 2). Also, as 
shown in this table, it can be concluded that in going from 
the gaseous phase to the water solution, the intermolecular 
equilibrium distance values reduce. Otherwise speaking, 
the intermolecular interactions between amino acid mol-
ecules and f-GNS are stronger in the water solution.

As can be noticed from Table 2, the intermolecular 
Of-GNS…Hamino acid (H bond between amino acids and 
functionalized graphene) distances in the most stable 
amino acid/f-GNS complexes are evidently shorter than 
the Hf-GNS…Oamino acid; subsequently, in these complexes, 
the former H bonds are much stronger than the latter case. 
The shortest Of-GNS…Hamino acid distance is observed in 
the Val amino acid; hence, the result is a stronger interac-
tion. This consequence in line with the highest negative 
adsorption energy value for Val/f-GNS complex. The phy-
sisorption with short adsorption distance well supports the 
preservation of the biological activity of Val amino acid on 
graphene in addition to transfer performance.

Moreover, the structure parameters of the adsorbed 
amino acids on GNS and f-GNS are also summarized in 
Table S1, supplementary material. We observe that the 
bond length, as the geometrical parameter of the system, 
almost remains unchanged in comparison to the isolated 
structures.

Furthermore, for guaranteeing structural stability, the 
vibration frequency for the interaction between adsorbent 
surfaces and amino acid molecules is evaluated. Table S2, 
supplementary material, exhibits detailed information of 
the vibrational frequencies computed for the studied com-
plexes. It can be inferred that, owing to the formation of 
intermolecular HB between f-GNS and amino acid mol-
ecules, the stretching mode of the O–H band of amino acid 
moieties shifts from 3800 cm−1 in isolated molecules to 
the lower frequencies at 3200 cm−1 in studied complexes 
(see Table S2, supplementary material). Furthermore, the 
obtained results display that the vibration frequencies of 
the N–H, C=O, and C–H bands are slightly changed from 
the amino acid molecules to the considered complexes, 
implying the existence of weak interaction between amino 
acid molecules and nanosheets.
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Atoms in molecule analysis

To perceive further comprehension into the nature of the 
intermolecular interactions of adsorbed amino acids on GNS 
and f-GNS surfaces, the topological properties of electron 
density are computed by the AIM theory (Yoosefian et al. 
2016; Kamel et al. 2019b). Tables 3 and S3, supplementary 
material, encompass the electron density (ρBCP), its Lapla-
cian (∇2ρBCP) at bond critical point, the kinetic electron 
energy density (GBCP), the local potential electron energy 
density (VBCP), and the total electron energy density (HBCP) 
values for the considered systems in the gas phase and the 
water solution.

Rozas et al. (2000) stated that the intermolecular inter-
actions can be distinguished using the values and signs of 
∇2ρBCP and HBCP. The positive value of the ∇2ρBCP dem-
onstrates a reduction of charge density in the intermolecu-
lar region between amino acid molecules and GNS which 
confirms the presence of a non-covalent interaction (see 
Tables 3 and S3, supplementary material). Molecular graphs 
of interactions between the adsorbent surfaces and the amino 
acids are also displayed in Fig. 3. Molecular graphs obtained 
for the optimized complexes illustrate critical points and 

their related bond paths. It can be found from the obtained 
results that the highest number of intermolecular BCPs 
belongs to Val amino acid in both phases. Furthermore, our 
theoretical results show that amino acid/f-GNS complexes 
have low ρBCP and negative values of ∇2ρBCP and HBCP in 
all complexes which prove the formation of strong intermo-
lecular HBs in both gas phase and water solution (Hasanzade 
and Raissi 2019).

The lower values of the ρBCP and ∇2ρBCP parameters for 
interaction of the amino acid with GNS in comparison to 
corresponding values for f-GNS exhibit the weaker inter-
molecular interactions in amino acid/GNS complex (see 
Tables 3 and S3, supplementary material). This consequence 
is in accordance with smaller adsorption energy values pre-
sented in Table 1.

Depending on the outcomes of Tables 3 and S3, supple-
mentary material, it is quite obvious that electron density 
values, in the regions of Of-GNS …Hamino acid HB interaction, 
are more than the other interactions in both phases. These 
conclusions are well supported by the shorter interaction 
distances (see Table 2) and can be related to the fact that the 
complex with the shortest intermolecular distance is associ-
ated with the greatest ρBCP at interatomic BCP.

Table 2   The calculated intermolecular distances (Å) for the amino acids adsorption on the GNS and f-GNS surface at the studied complexes at 
wB97XD functional in the gas phase and water solution

GAS

Gly/GNS Gly/f–GNS
 Intermolecular interaction C24…H81–

N75

C26…H79–
C76

C36…O73–
H82

C33…O74–
C77

 Intermolecular 
interaction

C5–H66…
O83

O76…H91–O82

 Distances 2.802 2.844 3.293 3.249  Distances 3.972 2.268
Ala/GNS Ala/f–GNS
 Intermolecular interaction C25…H79–

C76

C23…O73–
H85

C22…O74–
C78

–  Intermolecular 
interaction

C5–H66…
O83

O76…H94–O82

 Distances 2.836 3.240 3.297 –  Distances 2.686 1.907
Val/GNS Val/f–GNS
 Intermolecular interaction C21…O73–

H91

C9…O74–C80 C25…H82–
C77

C37…H83–
C78

 Intermolecular 
interaction

O76–H77…
O83

O75…H100–
O82

 Distances 3. 275 3.318 2.601 2.930  Distances 4.078 1.833

PCM

Gly/GNS Gly/f–GNS
 Intermolecular inter-

action
C24…H81-N75 C26…H79–C76 C36…O73–H82 C33…O74–C77  Intermolecular 

interaction
C6–H65…O83 O76…H91–O82

 Distances 2.835 2.792 3.328 3.317  Distances 2.853 1.970
Ala/GNS Ala/f–GNS
 Intermolecular inter-

action
C25…H79-C76 C23…O73–H85 C22…O74–C78 –  Intermolecular 

interaction
C5–H66…O83 O76…H94–O82

 Distances 2.715 3.360 3.583 –  Distances 2.688 1.895
Val/GNS Val/f–GNS
 Intermolecular inter-

action
C21…O73-H91 C9…O74–C80 C25…H82–C77 C37…H83–C78  Intermolecular 

interaction
O76–H77…O83 O75…H100–

O82

 Distances 3. 254 3.442 2.600 2.912  Distances 3.792 1.800
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Closer inspection of the results from Tables 3 and S3, 
supplementary material, reveals that the highest EHB value 
belongs to the conjunction between the hydrogen atom of 
valine molecule and the oxygen atom of the functionalized 
graphene nanosheet, which is major evidence of being the 
strongest HB bonds in this structure. Also, these outcomes 
are in good agreement with the smaller HB distances (see 
Table 2). Figure 4 presents the relation between topological 
parameters versus EHB in the investigated structures. The 
correlation coefficients are very near to the unit 1.

Population analysis from NBO perspective

Electron transfer is one key index in the adsorption mecha-
nism of an adsorbate on an adsorbent (Zaboli et al. 2020). 
For evaluating charge transfer in the studied molecular sys-
tems as well as for studying intermolecular orbital overlaps 
upon complexion, the NBO method is performed and com-
puted results are tabulated in Table 4. The NBO analysis 
reveals that in the considered complexes during the inter-
molecular interactions, charge is transferred from the amino 
acid molecule to nanosheet. This result is expected, because 
the number of heteroatoms in the amino acid is more than 

nanosheet. As clearly can be observed in this table, the sec-
ond-order perturbation energy (E(2)) values for the differ-
ent amino acid/GNS complexes vary between 0.08 to 0.11 
and 0.08 to 0.15 kcal/mol in the gas phase and the water 
solution, respectively. It is found that in the case of the Val 
amino acid, the large stabilization effect is acquired because 
of the strong orbital interactions between the sigma bonding 
orbital of the O74–C80 bond in the valine molecule and the 
anti-bonding (π*) of the C23–C36 bond in graphene nanosheet 
with the values of 0.11 kcal/mol and 0.15 kcal/mol in the gas 
phase and water solution, respectively.

With changing the adsorbent from the graphene to the 
functionalized graphene, it is observed that the charge 
transfer becomes more intense. The lone pair of O83 of 
the amino acid molecule (donor role) overlaps with the 
LP* C74 of the COOH functional group of graphene (as 
acceptor) at the Val/f-GNS complex. This overlap leads to 
electronic charge transfer from LPO83 to LP*

C74 with the 
E(2) values of 0.97 and 2.16 kcal/mol in the gas phase and 
the water solution, respectively (see Table 4). The acquired 
results of the NBO method authenticate that the charge 
transfers between amino acids and f-GNS are higher than 
their values for GNS. Besides, it is found that the most 

Table 3   The topological 
parameters, the density of the 
total energy of electrons (HBCP) 
and its two components, the 
kinetic (GBCP) and potential 
(VBCP) electron energy densities 
(all in a.u.), the hydrogen-
bond energy (EHB, in kJ/
mol) for the intermolecular 
interactions between amino acid 
molecules with graphene, and 
the functionalized graphene 
nanosheets in the considered 
complexes in the water solution

Model Contact ρ ∇2
� G V H EHB

Gly/GNS C24–H81 0.00594 0.02292 – 0.0004 – 0.00064 – 0.00104 –
C26–H79 0.00679 0.02242 – 0.00024 – 0.00093 – 0.00117 –
C36–O73 0.00603 0.0222 – 0.00035 – 0.00069 – 0.00104 –
C33–O74 0.00537 0.01896 – 0.00032 – 0.00055 – 0.00087 –

Ala/GNS C24–N75 0.00648 0.02042 – 0.0002 – 0.00087 – 0.00107 –
C25–H79 0.00782 0.02587 – 0.00019 – 0.00123 – 0.00142 –
C23–O73 0.00558 0.02066 – 0.00036 – 0.00058 – 0.00093 –

Val/GNS C21–O73 0.00607 0.02157 – 0.00032 – 0.00071 – 0.00103 –
C9–O74 0.0041 0.01551 – 0.00035 – 0.00028 – 0.00062 –
C25–H82 0.01009 0.03406 – 0.00007 – 0.002 – 0.00206 –
C37–H83 0.00509 0.01576 – 0.00022 – 0.00054 – 0.00076 –

Gly/f-GNS O76–H91 0.01249 − 0.0101 0.00025 – 0.00302 – 0.00277 – 3.97
C15–H88 0.00523 − 0.00451 – 0.0003 – 0.00053 – 0.00083 –
C26–H88 0.00519 – 0.00434 – 0.00028 – 0.00053 – 0.00081 –
C30–H90 0.00756 – 0.00645 – 0.00024 – 0.00114 – 0.00137 –
C18–O82 0.00799 – 0.00682 – 0.00022 – 0.00126 – 0.00149 –

Ala/f-GNS O76–H94 0.02658 – 0.01982 0.00349 – 0.01194 – 0.00845 – 15.68
H65–O83 0.00636 – 0.00612 – 0.00039 – 0.00074 – 0.00114 – 0.97
H66–O83 0.00705 – 0.00686 – 0.0004 – 0.00092 – 0.00132 – 1.2
C5–H93 0.00251 – 0.0021 – 0.00022 – 0.00009 – 0.00031 –
C14–H91 0.00711 – 0.00615 – 0.00027 – 0.001 – 0.00127 –
C6–O82 0.00623 – 0.00543 – 0.0003 – 0.00076 – 0.00106 –

Val/f-GNS O75–H100 0.03402 – 0.02513 0.00607 – 0.01841 – 0.01235 – 24.17
C6–H93 0.00687 – 0.00557 – 0.00022 – 0.00096 – 0.00118 –
C30–H95 0.00812 – 0.00687 – 0.0002 – 0.00131 – 0.00151 –
C6–O83 0.0047 – 0.00439 – 0.00035 – 0.00039 – 0.00074 –
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prominent stabilization energy for Val/f-GNS complex is 
in line with the above results (see Tables 2 and 4).

Also, the higher values of E(2) energy after amino acid 
molecule interaction with f-GNS indicates a greater pro-
portion of its interaction. These findings are also associ-
ated with the large adsorption energies of amino acid/f-
GNS models in comparison with the amino acid/GNS 
configurations. It is quite obvious that higher charge trans-
fer energies are related to greater absolute values of the 
adsorption energy (see Tables 1 and 4).

Our findings clearly show that there is a prominent lin-
ear correlation between EHB and E(2) energy in the inves-
tigated functionalized complexes as indicated in Fig. S1, 
supplementary material. It is quite evident that by enhanc-
ing the HB energy, the stronger intermolecular interactions 

Fig. 3   Molecular graph of 
interaction amino acids with 
GNS and f-GNS obtained from 
the DFT calculation

Ala/GNS

Gly/f-GNS

Ala/f-GNS

Val/f-GNS

Gly/GNS

Val/GNS

Fig. 4   Correlation graphic of the topological parameters and EHB 
energy values
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can be observed. Furthermore, the charge transfer of 
charge between the two ingredients will be extended.

Thermodynamic parameters

To study the stability of the considered amino acid/f-GNS 
(GNS) complexes, the thermodynamic parameters of 
the selected systems are computed in two phases and the 
acquired findings are presented in Table 1. The negative 
values of the standard enthalpy (ΔH) and Gibbs free (ΔG) 
energies illustrate that the amino acid adsorption process on 
the GNS and f-GNS surfaces is exothermic and spontaneous 
in both phases. According to Table 1, it is evident that the 
formation of the complex of Val amino acid with the GNS 
and f-GNS is thermodynamically more stable than the other 
investigated amino acids.

The consequences of our computations reveal a linear 
behavior between Eads and the ΔH of the structures with the 
correlation coefficient of 0.947 (see Fig. S2, supplementary 
material). Overall, it may be concluded that ΔH is a benefi-
cial parameter to the survey of the adsorption energy.

Molecular dynamics simulation results

In this section, the dynamic and adsorption behavior of 
amino acid molecules onto GNS and f-GNS will be studied.

To visualize the adsorption process, the final orienta-
tions of the amino acid molecules on the carrier surfaces 
are extracted from the production trajectories (Fig. S3). In 
MD simulation, we allow all of the components to move 
freely without any restraints. At first, the amino acid mol-
ecules are distributed randomly around the nanosheets. 
It should be noted that amino acid molecules are located 
approximately 2 nm away from the carriers to minimize the 
effect of starting orientations. During MD simulation, the 
distance between some of the amino acid molecules and the 
nanosheets is decreased, and finally, the amino acid sponta-
neously adsorbed on the surface of carriers. This finding has 
a good agreement with DFT calculations, which indicated 
the formation of amino acid–carrier complexes due to the 
negative adsorption energy is exergonic.

For evaluating the distribution of the amino acids around 
the carriers, the radial distribution function (RDF) is cal-
culated and depicted in Fig. 5. The most probable distance 
for finding amino acid molecules around the carrier sur-
faces is cf. 0.4–0.8 nm. This result approves that amino acid 
molecules tend to physisorbed on the nanosheets. Since the 
function g(r) for the amino acid/f-GNS system started in the 
shorter distances than the GNS system, it is more probable 
to find amino acid around of the functionalized system at 
closer distances. This result may be related to the formation 
of HB between the functionalization groups and the amino 
acid molecules. Also, these distances have a good corre-
lation with the obtained intermolecular distances from the 
DFT calculation as well as with ranges of amino acid–carrier 
interaction distances in previous investigations (Ganji 2009; 
Singla et al. 2016; Dasetty et al. 2019). A comparison of the 
maximum peaks of amino acid interactions in two different 
systems displays that the adsorption behavior changes with 
changing surface chemistry.

To acquire better comprehension of the diffusion char-
acteristics of amino acid molecules and the adsorption pro-
cess kinetics of systems, several parameters can be assessed. 

Table 4   The second-order 
perturbation energy (E(2), kcal/
mol) corresponds to the charge 
transfer between graphene, 
functionalized graphene 
nanosheets, and amino acid 
molecules at the wB97XD 
functional in the gas phase and 
water solution

GAS PCM

Model Donor Acceptor E(2) Donor Acceptor E(2)

Gly/GNS � N75–H81 � * C24–C26 0.08 � N75–H 81 � * C24–C 26 0.08
Ala/GNS � O74–C78 � * C20–C22 0.09 � O74–C 78 � * C24–C 34 0.07
Val/GNS � O74–C80 � * C23–C36 0.11 � O74–C 80 � * C23–C 36 0.15
Gly/f-GNS LP O83 � * C5–H66 0.08 LP O82 � * C17–C18 0.23
Ala/f-GNS LP O83 � * C5–H66 0.22 LP O83 � * C5–H 66 0.22
Val/f-GNS LP O83 LP* C74 0.97 LP O83 LP* C74 2.16

Fig. 5   Radial distribution functions (RDF) of the amino acid mole-
cules with GNS and f-GNS



1475Theoretical elucidation of the amino acid interaction with graphene and functionalized graphene…

1 3

Figure 6 exhibits the vdW interaction energy of the amino 
acid molecules with the nanosheets based on the function 
of time. Obviously, it is found that, by the adsorption of 
amino acid molecules on graphene and functionalized gra-
phene nanosheet surface, a reduction in the vdW energy is 
obtained. This behavior indicated that the amino acid mole-
cules approach the carrier surfaces spontaneously and nearly 
adsorbed on the surface of nanosheets after 0.5 ns. The 
gained consequences can be proved by the steep decrease of 
the vdW energies after this time.

Also, Table 5 shows the assessment of the energy between 
the nanosheets and the amino acid molecules. The negative 
values of vdW and electrostatic (elec) energies for the inter-
action of amino acid molecules with the nanosheets approve 
that the adsorption process is exergonic and spontaneous. 
These findings have a good agreement with the results of 
DFT adsorption energy, and show that the GNS and f-GNS 
are good carriers for the adsorption of amino acids. We also 
have surveyed the average electrostatic interactions during 
the adsorption mechanism for considered structures. It can 
be understood that, for interaction of the amino acids with 
the GNS, the contribution of vdW energy is more than elec 
energy. This result is expected due to the hydrophobic nature 
of the graphene nanosheet. On the other hand, by the addition 
of functional groups containing oxygen to the graphene sur-
face, the impact of electrostatic interaction in the adsorption 
process is raised, whereas the contribution of vdW interaction 
is decreased. This increase is due to the formation of a hydro-
gen bond between the amino acid molecule and the functional 
group. Generally, amino acid adsorption on the functionalized 
system is stronger than the pristine system to be in good agree-
ment with the results of the DFT calculations.

Close inspection of Table 5 illustrates that the electro-
static interaction has a high impact on the adsorption of Ala 
molecule on functionalized graphene (− 141.37 kJ/mol). 
This finding may be related to the formation of strong HB 
between amino acid molecules and f-GNS (as mentioned in 
"3.1.2 Atoms in molecule analysis" section). In other words, 
the formation of more number and stronger hydrogen bonds in 
the Ala/f-GNS system leads to an increase in the electrostatic 
contribution of the amino acids-nanosheets binding. Analyz-
ing the vdW interactions of the studied systems showed that 
the interaction Val with GNS is more favorable than the other 
amino acid–nanosheet pair. This behavior can be related to 
the significant contribution of �–� interactions in vdW inter-
actions. Overall, in line with DFT results, the interaction of 
amino acids with f-GNS is stronger than GNS.

Furthermore, hydrogen-bond pattern, which was calcu-
lated using the gmx hbond module of GROMACS, was used 
to obtain more insight into the hydrogen-bond changes dur-
ing MD simulations. The number of calculated H bonds in 
the studied systems is depicted in Figure S4. It is worthwhile 
to note that the number of hydrogen bonds between the Ala 
molecule and the functionalized graphene is more than other 
amino acid molecules. Therefore, it can be concluded that the 
electrostatic interaction and hydrogen bond have significant 

Fig. 6   Van der Waals interactions of the amino acid molecules with 
GNS and f-GNS

Table 5   The van der Walls (ELJ) 
and electrostatic (Eel) energies, 
and diffusion coefficients (all 
in 10–5 cm2 s−1) in considered 
systems

Model ELJ Eel Di Model ELJ Eel Di

Gly/GNS − 47.45 − 3.81 0.1412 (± 0.1119) Gly/f-GNS − 27.75 − 123.42 0.1460 (± 0.0308)
Ala/GNS − 57.43 − 2.84 0.0787 (± 0.0432) Ala/f-GNS − 34.30 − 141.37 0.0981 (± 0.0539)
Val/GNS − 111.00 3.56 0.0404 (± 0.0119) Val/f-GNS − 45.30 − 13.29 0.0580 (± 0.0137)
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roles in the promotion of non-covalent association between 
the Ala molecule and f-GNS.

The mean-square displacements (MSDs) of the amino 
acid molecules in the selected systems are depicted in Fig. 7. 
The MSD is calculated based on the following equation:

Where rAA(t) − rAA(0) is the distance traveled by center 
of mass (COM) of the particle AA over some time interval 
of length Δt.

The self-diffusion coefficient (Di) for amino acids and 
nanosheets gained from the slope of MSD in MD calcula-
tions and tabulated in Table 5. The obtained values of the 
diffusion coefficient in the considered systems show that the 
diffusion coefficient for Val amino acid in the GNS and f-
GNS systems is the least. This fact can be attributed to the 
stronger binding and more molecular weight of this amino 
acid to the carriers. Also, based on the acquired results in the 
DFT part, it can be stated that the number of HB can prevent 
the displacement of amino acid molecules.

Conclusion

In the current study, the interaction between three amino 
acids with graphene and functionalized graphene is com-
prehensively inspected using DFT calculations and MD 
simulations in both the gas phase and water solvent. DFT 
calculations confirmed the energetic stability of adsorption 
model, and revealed that electronic structure of graphene 
can be controlled by the adsorption direction of DFT calcu-
lations on amino acid/GNS and amino acid/f-GNS systems 
show that interactions between amino acid molecules with 

(2)MSD(Δt) =
⟨

(

rAA(Δt) − rAA(0)
)2
⟩

=
⟨

ΔrAA(Δt)
2
⟩

,

the GNS and f-GNS are in the type of physisorption and 
confirmed the energetic stability of adsorption model. The 
values of solvation and adsorption energies confirm that the 
functionalized graphene nanosheet is more appropriate as 
an adsorbent surface for amino acids in comparison to the 
graphene surface. Also, the most important factor in the 
stability of amino acid/f-GNS complexes is hydrogen-bond 
interactions. All the quantum mechanics computations dem-
onstrate that, among the three kinds of amino acids consid-
ered in this survey, Val forms the most stable complexes 
with both surfaces. Remarkably, these observations indicate 
that there is a direct correlation between the size and the 
binding strength of three different amino acids. Moreover, 
to examine the dynamic of amino acid adsorption on GNS 
and f-GNS surfaces, MD simulations are accomplished. It 
is observed that the vdW interaction is the main force in the 
adsorption of amino acid molecules on graphene. While by 
adding oxygen-containing to the surface of nanosheet, the 
role of electrostatic interaction is raised. The present work 
supports that graphene and functionalized graphene are effi-
cient substrates for non-covalently binding of amino acids. 
Besides the complication of real proteins, on the other hand, 
all of them are constructed from amino acids. Therefore, the 
obtained results in this paper can be used for evaluating the 
stability proteins on the GNS and f-GNS.
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