
Vol.:(0123456789)1 3

Journal of Computer-Aided Molecular Design (2018) 32:487–496 
https://doi.org/10.1007/s10822-018-0103-4

Impact of graphene-based nanomaterials (GBNMs) on the structural 
and functional conformations of hepcidin peptide

Krishna P. Singh1,2 · Lokesh Baweja3 · Olaf Wolkenhauer4,5 · Qamar Rahman2 · Shailendra K. Gupta1,4

Received: 9 March 2017 / Accepted: 30 January 2018 / Published online: 3 February 2018 
© Springer International Publishing AG, part of Springer Nature 2018

Abstract
Graphene-based nanomaterials (GBNMs) are widely used in various industrial and biomedical applications. GBNMs of 
different compositions, size and shapes are being introduced without thorough toxicity evaluation due to the unavailability 
of regulatory guidelines. Computational toxicity prediction methods are used by regulatory bodies to quickly assess health 
hazards caused by newer materials. Due to increasing demand of GBNMs in various size and functional groups in industrial 
and consumer based applications, rapid and reliable computational toxicity assessment methods are urgently needed. In the 
present work, we investigate the impact of graphene and graphene oxide nanomaterials on the structural conformations of 
small hepcidin peptide and compare the materials for their structural and conformational changes. Our molecular dynam-
ics simulation studies revealed conformational changes in hepcidin due to its interaction with GBMNs, which results in 
a loss of its functional properties. Our results indicate that hepcidin peptide undergo severe structural deformations when 
superimposed on the graphene sheet in comparison to graphene oxide sheet. These observations suggest that graphene is 
more toxic than a graphene oxide nanosheet of similar area. Overall, this study indicates that computational methods based 
on structural deformation, using molecular dynamics (MD) simulations, can be used for the early evaluation of toxicity 
potential of novel nanomaterials.
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Introduction

Graphene-based nanomaterials (GBNMs) such as graphene 
and graphene oxide (GO) are quite intriguing from both 
the perspectives of fundamental sciences and advanced 
material-based technologies. Their chemical nature, ther-
mal tolerance, electrical conductivity, and mechanical 
properties are of great interest. Owing to these properties, 
GBNMs have a wide-range of industrial, environmental as 
well as various biotechnology applications such as adsor-
bents, catalyst supports, thermal transport media, structural 
and electronic components, batteries/capacitors, and even 
applications in biomedicine [1–5]. GO differs from gra-
phene due to the presence of epoxide, hydroyl groups on 
the surface and carboxyl group at the edges [6], makes it 
surface partially hydrophilic in nature whereas the surface 
of graphene is highly hydrophobic. Due to the high affin-
ity of GBNMs for macromolecules such as nucleic acids 
and proteins, the effect of GBNMs on structural integrity 
of macromolecules is one of the major concerns [7]. Large 
numbers of studies investigated the role of nanomaterials in 
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perturbing the native conformation of proteins that lead to 
the adverse biological consequences such as inhibition of 
protein function, protein fibrillation and aggregation [8–10]. 
Several groups are working on computational methods to 
understand the mechanistic insights of toxicity potential of 
various nanomaterials [11–15]. Due to increasing demand of 
GBNMs in various size and functional groups in industrial 
and consumer based applications, rapid and reliable toxicity 
assessment methods are urgently needed.

Hepcidin, an eight cysteine-rich cationic peptide detect-
able in bio fluids including serum and urine, has a simple 
hairpin like β-sheet structure formed by four disulfide bonds 
in a ladder-like configuration [8–10, 13]. The proper β-sheet 
structural orientation of hepcidin is critical for many biologi-
cal functions such as antibacterial, antifungal activity and 
iron load metabolism [11]. In the present study, we have 
investigated the effect of surface chemistries of graphene and 
GO nanosheets on the bioactive conformation of hepcidin 
peptide. Small peptide such as hepcidin may serve as a good 
and rapid model to understand the effect of novel nanoma-
terials on the functional conformations of biomolecules at 
atomic scale using molecular dynamics simulations studies. 
The insights provided by this study have applications for the 
synthesis of ‘safe by design’ novel nanomaterials.

Materials and methods

3D confirmation of hepcidin peptide

The coordinates of hepcidin peptide were obtained from 
the Protein Data Bank (PDB ID: 2KEF) [14]. The small 
cysteine-rich Peptide form a β-sheet structure with an unu-
sual vicinal disulfide bridge formed at the turn of the hair-
pin, which is of functional significance for its antibacterial 
and antifungal activity. In total, three forms of hepcidin are 
detectable in urine; these are 25, 22 and 20 amino acid resi-
dues long. Among them hecpdin-25 is a bioactive form that 
binds with ferroportin and helps in the internalization and 
functioning of the protein [12, 15, 16].

Computational models of GBNMs

We established computational models of graphene and GO 
using the GaussView software V5.0 with a surface area of 
25 nm2 each. The size was selected in a way that it covers 
the whole hepcidin peptide during a molecular dynamics 
(MD) simulation run. In case of GO, the surface was ran-
domly decorated with epoxy and hydroxyl groups and the 
carboxyl groups at the edges were deprotonated to mimic 
the behavior of GO at physiological pH 7.4 [17]. The ratio 
of carbon and oxygen (C:O) in GO was set to ~ 4:1 similar 
to the experimental settings [6]. In total, there were 1005 
carbon and 240 oxygen atoms covalently linked with carbon 
rings in GO nanosheet of the size 25 nm2.

3D positioning of hepcidin peptide over graphene 
and GO

The hepcidin peptide was placed above the surface of gra-
phene and GO at a distance of 5 Å to ignore the possibility 
of the formation of any intermolecular interactions prior to 
our MD simulations. These orientations were set using Bio-
via Materials Studio 7.0 software. In total, we designed three 
specific sets for hepcidin in complex with GBNMs, these 
are: (1) Graphene + Hepcidin; (2) Graphene oxide + Hepci-
din; and (3) Hepcidin alone, referred as Grap_Hep, GO_Hep 
and Hep respectively in this manuscript. The initial confir-
mations of these systems are shown in Fig. 1.

Molecular dynamics simulations

All the three systems (Hep, Grap_Hep and GO_Hep) were 
studied in detail using molecular dynamics (MD) simula-
tions with the GROMACS software package version (4.5.3) 
by applying a GROMOS96 53a6 force field. This force-field 
has been widely used for macromolecule simulation and 
adjusted partial charges to reproduce hydration free enthal-
pies in water, recommended for simulations of biomolecules 
in explicit water [18]. All the systems were solvated with 

Fig. 1   The initial 3D confirmation of complexes: a Hep, b Grap_Hep, c GO_Hep
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single point charge (SPC) water [19]. More specifically, Hep, 
Grap_Hep and GO_Hep system were solvated in a cubic 
box (12 × 12 × 12) nm with periodic boundary conditions 
containing 57,592, 57,183 and 57,060 number of water mol-
ecules respectively. All the three simulation systems were 
further neutralized using proper counter ions by replacing 
the water molecules to ensure overall charge neutrality of 
the system. The systems were equilibrated by 5000 steps 
of energy minimization using steepest descent algorithm, 
followed by a 100 picosecond (ps) MD equilibrium simula-
tion in the NVT ensemble, with harmonic restraints (20 kcal 
mol− 1 Å−2) applied to the backbone atoms of the biomol-
ecules. The entire simulations were performed in the iso-
thermal − isobaric ensemble, and both nanomaterials and 
peptide were kept unconstrained throughout the simulation 
run. Temperature and pressure were controlled at 1 atm, 
and 310 K at same point of time using a Parrinello-Rahman 
barostat and V-rescale thermostat respectively as described 
in [19–21]. For the analysis of molecular interactions, a 
non-bonded cutoff was set to 10 Å and all the electrostatic 
interactions were calculated using particle mesh Ewald sums 
[22]. Bonds between hydrogen and heavy atoms were con-
strained at their equilibrium length using the LINCS algo-
rithm [23]. The production run of 20 ns was performed on 
all the systems to study conformational changes thoroughly 
during the simulation run time. All trajectories were saved 
after each 1 ps interval.

Principal component analysis

Principal component analysis (PCA) was used to obtain 
the dominant and collective modes of overall motion in the 
hepcidin peptide, with the help of MD trajectories. Here, 
the principal components are based on the construction of a 
mass-weighted covariance matrix of the atom displacement 
principal. The eigenvector and eigenvalues were extracted 
with the covariance matrix when diagonalized. This gives 
information about reflect concerted motion of the mol-
ecules [24–26]. We calculated the principal components 
on the converged simulation and focused on the movement 
of the 25 Cα atoms of the hepcidin peptide that resulted 
in 75 dimensional displacement vectors. The PCA method 
decomposes the overall protein motion into a set of modes 
(eigenvectors) that are ordered from largest to smallest con-
tributions to the protein fluctuations.

Results and discussion

Root‑mean‑square deviation (RMSD) analyses 
indicate maximum deviation in hepcidin 
on graphene sheet

RMSD graph indicates the stability of the system dur-
ing molecular dynamics simulation run. At each sampling 
frame, we calculated the RMSD values of Cα atoms of 
the hepcidin peptide in all the three systems analyzed i.e. 
Grap_Hep, GO_Hep and Hep. The deviation in Cα atoms 
was calculated with respect to its initial conformation with 
the function of time using the Eq. (1):

where ri(t) represents the positions of atom i at time t, 
the same is compared with atom ri at time 0. N is the total 
number of backbone atoms.

Based on RMSD graph, it is clear that hepcidin under-
went drastic conformational changes during its interaction 
with graphene as compared to other two systems. Overall, 
the conformation of the hepcidin peptide without super-
imposition on nanosheets was conserved throughout the 
simulation run, which suggests that hepcidin peptide is 
suitable for addressing the problem of nanomaterial struc-
tural and conformational changes prediction undertaken 
in the present study. Interestingly, significant structural 
deviations in the hepcidin peptide were observed in the 
presence of both graphene and graphene oxide nanosheets. 
In particular, we observed that the RMSD values of Cα 
atoms in Grap_Hep system increases from 0.1 to 0.6 nm, 
but in case of GO_Hep it was from 0.1 to 0.4 nm, whereas, 

(1)RMSD(t) =

√

1

2

∑N

i=1
(r

i(t) − r
i(0))

2

Fig. 2   The root mean square deviation (RMSD) of Cα atoms from 
hepcidin peptide in three different systems, (1) hepcidin alone (blue 
color); (2) hepcidin superimposed on graphene (red); and (3) hepci-
din superimposed on graphene oxide nanosheet (green). Maximum 
deviations were observed in case of hepcidin on graphene sheet
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in hepcidin alone, the RMSD was stabilized between 0.1 
and 0.2 nm (Fig. 2).

Root mean square fluctuations (RMSF) also suggest 
that hepcidin amino acid residues have maximum 
changes when superimposed on graphene

The root mean square fluctuations analysis measures the 
fluctuation of the bio-molecules during the simulation 
time. We used g_rmsf tool available in gromacs for the 
calculation of RMSF values. Based on this analysis, we 
were interested to identify the fluctuations in the individ-
ual amino acid residues of hepcidin peptide in the present 
or absence of GBNMs as shown in Fig. 3.

The C-terminal residues of hepcidin showed similar 
fluctuations on graphene and GO nanosheets, whereas, 
the hepcidin peptide alone was very stable. Our analyses 
confirm that hepcidin amino acid residues have highest 
fluctuations in Grap_Hep system in comparison to the 
GO_Hep and Hep system. The main reason behind the 
high fluctuation in the hepcidin amino acid residues in 
the complex systems was the presence of nanosheets on 
which continues adsorption and desorption of amino acid 
residues took place during the whole simulation time. 
Due to several hydrophilic and hydrophobic interactions 
formed between the hepcidin and GO during the simula-
tion run, the overall fluctuations were low in comparison 
to the Grap_Hep system which includes only hydrophobic 
interactions. Overall Fig. 3 clearly indicates that graphene 
has the highest impact on the structural integrity of hep-
cidin peptide.

We observed changes in the secondary structure 
conformations during MD simulation runs

The changes in secondary structure conformations were 
analyzed by the time-depended secondary structure fluctua-
tions during the 20 ns MD simulation run in all the three 
systems analyzed. The secondary structure analysis was 
mainly performed to investigate the effects of the nano-
material surface chemistry on the peptide conformations. 
The secondary structure analysis of the hepcidin peptide 
was performed using DSSP protocol [27] available in the 
do_dssp module of GROMACS package. In this protocol, 
hydrogen bonding and other geometrical parameters were 
used to assign the secondary structure of the peptide. The 
information retrieved, from the secondary structure analy-
sis, clearly highlight that hepcidin peptide in the Grap_Hep 
system attains more conformational changes in comparison 
to GO_Hep and Hep systems. Secondary structure evolution 
plots illustrate the typical conformational trends exhibited 
by hepcidin in the presence of graphene, GO and alone as 
shown in Fig. 4.

After a 20 ns of simulation runs for the Hep system, it 
was observed that a bulk of amino acid residues retained 
their original conformation with only minor increase in the 
in the β-sheet conformations. However, in case of GO_Hep 
system, the hepcidin had lots of conformational changes in 
the N- and C-terminus as a result of which the β-sheet con-
formations get lost. C-terminal residues bend to coil transi-
tions along with some middle residues, while N-terminal 
residues also exhibit changes in β-sheet conformation. This 
was in contrast to Grap_Hep, where majority of the amino 
acid residues lost their structural conformations from β-sheet 
to coil or helix. The secondary structure analysis shows that 
majority of amino acid residues present in Hep system tend 
to form β-sheets throughout the MD simulation run in com-
parison to Grap_Hep and GO_Hep systems. Also, in case 
of Grap_Hep and GO_Hep systems, a majority of residues 
lost their conformations and underwent β-sheet to bend or 
coil conformations. MD simulation snapshots after 20 ns of 
GBNMs complex show different conformations as compare 
to Hep system (Fig. 5).

Intramolecular hydrogen bonds play significant 
role in determining the structural confirmations 
of hepcidin peptide superimposed on GBNMs

The Intramolecular hydrogen bond of hepcidin residues were 
analysed using g_hbond tool available within GROMACS 
software package. For the hydrogen bonds, we have used 
cutoff distance ≤ 3.5 Å between donor and acceptor and the 
cutoff angle between donor and acceptor was set to > 30°. 
The surface chemistry phenomenon was confirmed by the 
trend of bond formations with hepcidin during its run time. 

Fig. 3   Root mean square fluctuation (RMSF) plot of the backbone 
fluctuations obtained for individual amino acid residues of hepcidin 
peptide in Grap_Hep, GO_Hep and Hep systems over a simulation 
period of 20 ns
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In order to find the role of hydrogen bonds in the formation 
of β sheet, the number of hydrogen bonds between hepcidin 
residues were analysed at various time points of MD simula-
tions as shown in Fig. 6. In the initial conformations of all 
the three systems (Hep, GO_Hep, Grap_Hep), the number 

of hydrogen bonds present in hepcidin were same which 
changes frequently along with the MD simulation run. As 
the simulation time increases, the bond formation capac-
ity of hepcidin in both Grap_Hep and GO_Hep systems get 
reduced and at the end of simulations only small number 
of hydrogen bonds were retained. This is because of large 
numbers of intermolecular van der Waal and electrostatic 
interactions between the GBNMs and hepcidin that resulted 
in stretched confirmation and loss of intramolecular H-bonds 
in hepcidin peptide. In contrast, the hepcidin peptide in Hep 
system showed a trend of increase intramolecular hydro-
gen bonds, that helped peptide to attain β-sheet conforma-
tions as also indicated in the secondary structure analysis 
in Fig. 4. We observed that the number of intramolecular 
H-bonds in hepcidin peptide increased in the initial phase 
of simulation and after 15 ns, reaches to the maximum. The 
intramolecular H-bonds in hepcidin peptide in all the three 
systems at initial (0 ns) and final poses (20 ns) are shown in 
Table 1. It was previously observed that H-bonds between 
ILE6-LYS24, ILE8-CYS22, CYS10-GLY20 and disulfide 
bonds between CYS7-CYS23, CYS10-CYS22, CYS11-
CYS19, CYS13-CYS14 play important role in the antimicro-
bial, antifungal and signalling properties in hepcidin in iron 
metabolism [11]. In our MD simulation run, we found that 
H-bond between ILE8-CYS22 was conserved throughout 
the production run in all of the three systems analyzed. We 
also observed that other intramolecular H-bonds, initially 
present in the hepcidin peptide, were not conserved after the 
simulation run when it was superimposed on GBNMs. Inter-
estingly, many new intramolecular H-bonds were formed in 
hepcidin peptide when it was superimposed on graphene 
sheet. These bonds were responsible for drastic structural 
changes in the hepcidin peptide in the Grap_Hep system.

We have also investigated the intermolecular interactions 
formed between hepcidin peptide and GBNMs sheets (see 
supplementary Tables 1 and 2). It is obvious that no inter-
molecular H-bonds formed between hepcidin superimposed 
on graphene sheet due to the presence of only C-atoms in 
the graphene. We found that during the adsorption processes 
of peptide on GBNMs, many conformational changes took 
place owing to the formation and deletion of hydrogen and 
disulfide bonds that resulted in the loss of hepcidin β sheet 
conformation and functional properties.

Solvent‑accessible surface area (SASA) of hepcidin 
increases in GO_Hep and Grap_Hep systems 
indicating unfolding of peptide when superimposed 
on GBNMs

In the SASA analysis, we have measured the compactness 
of the hepcidin peptide by analysing the change in solvent 
exposed surface area. SASA analysis was performed using 
g_sas function available in GROMACS on all the three 

Fig. 4   Secondary structure analyses of the hepcidin peptide during 
20 ns MD simulation run in: a Grap_Hep, b GO_Hep, c Hep systems. 
The graphs indicate that hepcidin underwent maximum structure con-
formational changes when superimposed on graphene sheet. Overall 
the β-sheet confirmation, that place crucial role in the hepcidin pep-
tide function, was severely affected when superimposed on GBNMs 
sheets
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simulation systems. We calculated both the hydrophobic 
and hydrophilic SASA and observed that the hydropho-
bic SASA increased over a period of time when hepcidin 
peptide was superimposed either on graphene or graphene 
oxide nanosheets. No change was observed in the SASA of 

hydrophilic amino acid residues. An increase in the hydro-
phobic SASA value proves unfolding of the hepcidin peptide 
during the MD simulations that resulted in the exposure of 
buried hydrophobic amino acid residues. The SASA of hep-
cidin in all the three simulation systems is shown in Fig. 7. 
We observed an increase of hydrophobic SASA value of 

Fig. 5   Conformations of hepcidin obtained at the end of simulation: a Hep, b Grap_Hep, c GO_Hep

Fig. 6   Change in the number of hydrogen bonds in hepcidin peptide 
during the simulation run. Blue lines indicate that number of H-bonds 
increases in the Hep system over a period of time while in other two 
systems i.e. Grap_Hep (Red) and GO_Hep (Green) a decreasing trend 
is observed

Table 1   Status of intramolecular H-bonds in the hepcidin peptide 
during 20 ns MD simulation runs

The ✓ sign indicates that the  particular H-bond is present while × 
indicate that the bond is not present at the observed time point in MD 
simulations

S. no. Intramolecular hydro-
gen bonds in hepcidin 
peptide

H-bonds 
at 0 ns

H-bonds at 20 ns

Hep GO_Hep Grap_Hep

1 ILE8:H—CYS22:O ✓ ✓ ✓ ✓
2 CYS10:H—GLY20:O ✓ ✓ ✓ ×
3 LYS24:H—ILE6:O ✓ ✓ × ×
4 CYS7:HA—

CYS22:O
✓ × × ×

5 CYS11:HA—
LYS18:O

✓ ✓ × ×

6 CYS19:HA—
CYS10:O

✓ × ×

7 CYS23:HA—ILE6:O ✓ ✓ × ×
8 CYS10:H—ILE8:O × ✓ × ×
9 GLY12:H—LYS18:O × ✓ ✓ ×
10 HIS15:HE2—

MET21:O
× ✓ ✓ ×

11 CYS23:H—MET21:O × ✓ ✓ ✓
12 THR25:H—CYS23:O × ✓ ✓ ×
13 PRO5:CD—HIS3:O × ✓ ✓ ×
14 GLY12:CA—

ARG16:O
× ✓ × ×

15 GLY12:CA—
SER17:O

× ✓ × ×

16 ILE6:H—PHE4:O × × × ✓
17 PHE9:H—CYS7:O × × × ✓
18 LYS18:H—

SER17:OG
× × × ✓

19 CYS19:H—SER17:O × × × ✓
20 ARG16:CD—

LYS18:O
× × × ✓
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hepcidin from 15 to 17.5 nm2 in GO_Hep system and to 
18 nm2 in case of Grap_Hep system after 20 ns simulation 
run. In an earlier study performed by Guo and colleagues, it 
was shown that the hydrophobic NMs plays important role 
in the distortion of β-sheet conformation [28]. The time-
dependent increases in SASA of hepcidin peptide absorbed 
on either of the GBNMs confirm that peptide loses its func-
tional conformations.

Our simulation results also indicate that in both Grap_
Hep and GO_Hep systems, the contact surface area of hep-
cidin with nanomaterials increases (Fig. 8) due to which 
there is an increase in the hydrophobic π interactions with 
graphene and GO.

Nonbonded interaction energies of hepcidin 
with GBNMs in MD simulations

The adsorption of hepcidin on GBNMs is mainly due to the 
non-bonded interactions such as van der Waals, electrostatic 
and hydrophobic [17]. The non-bonded interaction energies 
[van der Waals (vdW) and electrostatic] and total interac-
tion energy between hepcidin and GBNMs revealed different 
adsorption pattern of peptide, represented in Fig. 9.

The adsorption of hepcidin on GO can mainly be contrib-
uted to electrostatic interactions as shown by the significant 
decrease in electrostatic energy (from − 400 to − 700 kJ/
mol) at 15 ns of simulation run that suggest high electro-
static affinity of hepcidin with GO (Fig. 9a). In case of the 
Grap_Hep system, the vdW energy only contributed in the 
adsorption process due to the presence of only carbon atoms 
in the graphene nanosheet. In Fig. 9b, we plotted the total 
interaction energy [vdW + electrostatic] during the adsorp-
tion of hepcidin on GBNMs. We observed that the total 
interaction energy get stabilized at around 5 ns of simulation 
run indicating that hepcidin forms stable complexes with 
GBNMs. On the other hand, hepcidin peptide also indicates 
different adsorption patterns in GBNMs due to their different 
surface chemistries.

Principal components analysis

The motions of protein can be classified using PCA analysis 
[24, 29]. This method is mainly use to reduce the dimen-
sionality of a complex data set as a result complex motions 

Fig. 7   Change in the solvent accessible surface area (SASA) of hepci-
din peptide with respect to time

Fig. 8   Hydration patterns of Grap_Hep and GO_Hep complexes at 
every 5 ns of simulation run. Hepcidin peptide is shown as solid rib-
bon model. The white color over GBNMs represent water molecules 
which were displaced during the simulation run. As shown in the fig-

ure, displacement of water molecules increases with the increase in 
hepcidin and GBNMs contact area due to peptide unfolding from 5 
to 20 ns
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can be decomposed into a few principal motions each of 
which is represented by eigenvector and eigenvalues. The 
eigenvalues for a given motion represents the contribution 
of the corresponding eigenvector to the global motion of the 
protein as shown in Fig. 10a.

A total of 75 eigenvectors were generated for the entire 
trajectory indicating that the overall flexibility was cal-
culated by the trace of diagonalized covariance matrix. 
We calculated the Trace value (the sum of the eigen-
values) of a diagonalizable matrix. The trace values for 
Grap_Hep, GO_Hep and Hep structure was found to be 
2.933, 1.422 and 0.310 nm2 respectively. Among these 

values, Grap_Hep showed high values suggesting an over-
all escalation in the flexibility than the GO_Hep and Hep 
model, whereas Hep exhibited lowest value confirming 
the decrease in flexibility in the collective motion of the 
protein. Approximately, the first 10 eigenvectors (modes) 
contribute greatly to the collective motions. The first 10 
collective modes for each system with cumulative fluctua-
tion percentage are shown in Fig. 10b. The Grap_Hep sys-
tem shows 95% of motion in first five eigenvectors and in 
case of GO_Hep, Hep shows 78% and 75% of cumulative 
motion. The above values indicate that Grap_Hep shows 
more overall variance in a system as compare to GO_Hep 
and Hep in the first five eigenvectors of the system.

Fig. 9   Nonbonded interaction energies of hepcidin and GBNMs in 
MD simulations. a van der Waals (vdW), electrostatic interaction 
energies of Grap_Hep (red) and GO_Hep systems (purple and green). 
It is important to note that in case of Grap_Hep system only vdW 

energy could be calculated due to the absence of oxygen atoms in the 
graphene. b Total interaction energy in Grap_Hep (vdW) and GO_
Hep (vdW + electrostatic) systems

Fig. 10   a Plot of eigenvalues corresponding to eigenvector index for 
the first seventy-five modes of motion of Hepcidin in all systems. b 
Cumulative sum of the contribution to the total fluctuations for first 

10 eigenvectors in all the three systems analyzed. Red: Grap_Hep, 
Green: GO_Hep, Blue: Hep
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Conclusions

In this work, we simulated the hepcidin peptide with and 
without GBNMs to investigate the effect of GBNMs on 
its β-sheet nature. This specific structural conformation 
of the peptide plays an important role in the regulation of 
iron export from enterocytes and macrophages by bind-
ing the membrane iron exporter, ferroportin, leading to its 
internalization and degradation [30]. The detailed simula-
tion analyses for three simulation systems presented in this 
study proved that hepcidin peptide properly adsorbed on the 
surface of GBNMs and form stable complexes led to the 
structural distortion of peptide and loss of its functionality. 
The overall findings provide insights into the distortion of 
the β-sheet nature of hepcidin peptide in the presence of 
GBNMs. The present computational study suggests various 
parameters to investigate the role of surface chemistry of 
GBNMs in modulating the structure and function of hepci-
din peptide. Among GBNMs, the graphene induces drastic 
conformational changes in the peptide when compared to a 
GO nanosheet, which could be the plausible reason for the 
differential toxic response of GBNMs in biological systems. 
Moreover, our study suggests that molecular dynamics simu-
lations can be used to assess the structural and conforma-
tional changes in small peptides regulating important biolog-
ical processes due to the exposure of various nanomaterials.
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