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Abstract The effects of histidine and its imidazole ring
adsorption on the electronic transport properties of graphene
were investigated by first-principles calculations within a
combination of density functional theory and non-equilib-
riumGreens functions. Firstly,we report adsorption energies,
adsorption distances, and equilibrium geometrical configu-
rations with no bias voltage applied. Secondly, we model
a device for the transport properties study: a central scat-
tering region consisting of a finite graphene sheet with the
adsorbedmolecule sandwiched between semi-infinite source
(left) and drain (right) graphene electrode regions. The elec-
tronic density, electrical current, and electronic transmission
were calculated as a function of an applied bias voltage.
Studying the adsorption of the two systems, i.e., the his-
tidine and its imidazole ring, allowed us to evaluate the
importance of including the carboxyl (–COOH) and amine
(–NH2) groups. We found that the histidine and the imida-
zole ring affects differently the electronic transport through
the graphene sheet, posing the possibility of graphene-based
sensors with an interesting sensibility and specificity.
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1 Introduction

Graphene is a semimetal with zero energy bandgap, and the
carbon atoms are arranged in a hexagonal lattice in a single-
atom-thick planar sheet. In comparison with other 3D mate-
rials, graphene has unique physical and chemical properties:
high carrier mobility (can exceed ≈15,000 cm2 V−1 s−1

even under ambient conditions), extremely high surface-to-
volume ratio, flexibility, transparency, and biocompatibility,
among others [1]. These features make it a good candidate
for a new generation of electronic devices and bionic tech-
nology. In particular, the construction of nanobiosensors has
become increasingly relevant because many biological pro-
cesses and pharmacological responses may be monitored
if biomolecules are detected and quantified [2]. Sensors
for biological application must be biocompatible, sensitive,
selective, and also with excellent electrical properties (such
as a low intrinsic electronic noise): graphene could play an
important role in this area. For instance, Baraket et al. [3]
showed experimentally that aminated graphene can work as
a biologically active field-effect transistor for DNA detec-
tion. Also, several theoretical and experimental studies have
proposed the use of graphene in the construction of biosen-
sors [2–7], e.g., graphene to detect glucose [8], proteins [9],
DNA [10], or even bacteria [11,12].

Several biomolecules tend to bind to graphene through
non-covalent bonds, such as π–π stacking interaction. These
interactions are relevant in the design and fabrication of
nanodevices, because subtle changes in the electronic charac-
teristics of the π systems with graphene can lead to relevant
defects in the nanosystem structure and properties [5]. The-
oretical studies based on ab initio calculations have been
instrumental in understanding the nature ofπ–π interactions.
Song et al. [13] reported that oxygen in nucleobases adsorbed
on graphene with π–π stacking interaction alters the elec-
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tric current in the graphene sheet. Lee [14] investigated the
effects of DNA nucleotide adsorption on the conductance of
graphene nanoribbons and found that, for the adsorption of
a single nucleotide, the negatively charged phosphate pro-
duces conductance dips associated with quasi-bound states,
reducing the hole conductance. Zhang et al. [15] studied
the binding of organic donor, acceptor, and metal atoms on
graphene sheets, revealing the effect of the different non-
covalent functionalizations on the electronic structure and
transport properties of graphene.

In this work, we present the results of modeling from
first principles the adsorption of histidine on a graphene
sheet. In order to discuss the importance of including the
carboxyl (–COOH) and amine (–NH2) groups in the adsorp-
tion on graphene, the calculations were performed for two
systems: (1) histidine and (2) imidazole ring (i.e., histidine
without the –COOH and –NH2 groups). Additionally, we
report the effects caused by the molecules adsorption on
the electronic transport properties of graphene. The elec-
tronic transport has been explored in three different cases:
(a) graphene sheet alone, (b) graphene with an adsorbed his-
tidine, and (c) graphene with an adsorbed imidazole ring.

In a previous work [16], we studied the adsorption
of histidine and imidazole ring on graphene using three
approaches to the exchange and correlation interactions:
local LDA, generalized gradients GGA-PBE, and van der
Waals DFT-D2. The calculations demonstrated that adsorp-
tion energies satisfied the relation Eads-DFT-D2 > Eads-LDA >

Eads-GGA-PBE; the adsorption distance for histidine met the
relation dads-DFT-D2 < dads-LDA < d ads-GGA-PBE, while for
the imidazole ring dads-LDA < dads-DFT-D2 < dads-GGA-PBE.
We also reported an underestimation of the adsorption
energy and an overestimation of the adsorption distance in
the GGA-PBE approach. We found a strong physisorption
between histidine and graphene only when considering the
van der Waals forces, which is in agreement with the litera-
ture [17,18].We reported a charge transfer from the graphene
sheet to the molecule higher for the DFT-D2 approach. The
LDA and GGA-PBE approximation does not accurately rep-
resent the π–π bonds in the graphene molecule interface;
consequently, the charge transfer is underestimated. There-
fore, in this work we analyze the electronic transport only
within the van der Waals DFT-D2 approach.

2 Computational details

Ab initio calculations were carried out using a pseudo-
potential approach within DFT-D2 [19] as implemented in
Openmx package. Numerical pseudo-atomic orbitals (PAOs)
were used as the basis to expand one-particle Kohn–Sham
wave functions [20]. The PAOs were specified by H5.0-s1,
C5.0-s2p2, O6.0-s2p2d1, N6.0-s2p2d1, where H, C, O, and

N are the atomic symbols (i.e., hydrogen, carbon, oxygen,
and nitrogen, respectively), 5.0 and 6.0 represent the cutoff
radius (Bohr) in the generation by the confinement scheme,
and for instance, “s2p2d1” indicates the employment of two
primitive orbitals for each of the s and p components and
one primitive orbital for the d component. First we studied
the adsorption of the molecules on graphene (histidine and
imidazole ring). Subsequently, we modeled a device to study
the effects of the molecules on the electronic transport of
graphene.

In order to obtain the interaction energy (Eint) and the
adsorption distance (dads), the systems were modeled with
an orthorhombic supercell of 12.78 × 12.29 × 25.00Å3

(these dimensions are sufficient to uncouple the graphene
sheets and to avoid interactions between molecules of adja-
cent cells). All atoms were left to relax up to a convergence
of 0.02eVÅ−1 for histidine and 0.01502eVÅ−1 for the imi-
dazole ring.

Additionally, we studied the effect of the adsorbed
molecules on the electronic transport of graphene, using a
non-equilibrium Green’s function (NEGF) method, within
the density functional theory (DFT), using pseudo-atomic
orbitals and pseudo-potentials [21]. We defined a central
scattering region sandwiched between a semi-infinite source
(left, Li ) and drain (right, Ri ) electrode regions. In this case,
the studied structures were treated as a one-dimensional infi-
nite cell that consists of the central region denoted by C0 and
the cells denoted by Li and Ri , where i = 0, 1, 2, . . . We
considered infinite left (Li ) and right (Ri ) graphene leads
along the a axis under a two-dimensional periodic boundary
condition on the bc plane (see Fig. 1). The central region C0

contained themolecules adsorbedongraphene.The complete
modeled device was a supercell of 21.3× 12.29× 25.00Å3,
with the two electrodes regions containing 20 carbon atoms
each, whereas the central (scattering) region contained 60
carbon atoms belonging to graphene, plus the histidine (or
the imidazole ring). The voltagewas applied along a axis, and
a temperature of 600K—optimized to obtain a good compro-
mise between accuracy and efficiency in the implementation
of the non-equilibrium Green function method [21]—was
used in the Fermi–Dirac distribution.

3 Results and discussion

3.1 Adsorption energy and distance

For the study of adsorption, initially we located the molecule
at a distance h from graphene, far enough from it (“decou-
pled”), so a reference energy (Eref ) could be determined for
the latter calculation of the interaction energy:

Eint(h) = Etot(h) − Eref (1)
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Fig. 1 Configuration of the system treated by the NEGF method, with
infinite left and right graphene leads along the a axis under a two-
dimensional periodic boundary condition on the bc plane

where Eref = Etot(h = 12.5Å). In order to determine
the adsorption energy and the mean final distance of the
biomolecule to the graphene sheet, the molecule (previ-
ously relaxed) was placed at several heights. For each
height considered, a relaxation for all atoms was performed.
Once the adsorbate–substrate system was relaxed, the final
average distance (measured from the geometric center of
the biomolecule to the graphene sheet) and the interac-
tion energy were obtained. The adsorption energy (Eads)
is the lowest interaction energy, while the adsorption dis-
tance (dads) is the one corresponding to the adsorption
energy.

The adsorption energy for histidine was greater than for
the imidazole ring: Eads-His = 1.58 eV > Eads-imidazole =
0.85eV. The reported values correspond to a strong physis-
orption of the histidine on graphene. On the other hand,
the adsorption distance of the two molecules turned out to
be similar: dads-His ≈ dads-imidazole ≈ 2.9Å. Our results
show differences between histidine and the imidazole ring
adsorbed on graphene, which is in contrast with what has
been assumed in the literature [22]. In Fig. 2, we show
the equilibrium configurations, once the molecules were
adsorbed: it can be seen that histidine is not oriented parallel
to the graphene sheet. This is possibly due to the asymmetry
of the molecule: the –COOH and –NH2 groups will tend to
interact stronglywith the carbon atoms of the graphene sheet,
preventing the imidazole ring from being oriented parallel.
On the other hand, the adsorbed imidazole ring has a slight
angle owing to the interaction between the graphene and a
hydrogen atom.

(a) (b)

x
z z

x

y

x x

y

Fig. 2 Equilibrium geometry for a histidine adsorbed and b imidazole
ring adsorbed

3.2 Charge transfer

The calculated charge transfer from Mulliken population
analysis [20] shows a very small charge transfer. We report
the existence of a charge transfer from the graphene sheet to
themolecule of 0.188 and 0.079e for histidine and the imida-
zole ring, respectively. The electronic density redistribution
over the graphene sheet induced by the adsorbed histidine
was defined as in Ref. [13]:

�D = D(His+Gra) − D(His) − D(Gra) (2)

where D denotes the electron charge density. The results are
shown in Fig. 3. The violet regions correspond to �D > 0,
i.e., higher electron density due to adsorption. The gray
regions correspond to �D < 0, the lower charge density
due to adsorption. The gray surfaces are located between
the molecule and the graphene sheet; the electrons that par-
ticipate in π–π interactions cause the charge excess in the
molecule (interaction of the p-orbitals residing on the imida-
zole rings and the delocalized p-electrons of graphene). For
histidine adsorbed, the transferred charge generates a ver-
tical dipole, with the graphene sheet losing charge and the
molecule increasing it, as shown in Fig. 3a. For the imida-
zole ring adsorbed, while still a small charge transfer occurs
from the graphene to the ring, the most important effect is a
horizontal charge polarization over the graphene sheet form-
ing a longitudinal local dipole, as shown in Fig. 3b. Given
that, to the best of our knowledge, there are no experiments
reporting on the adsorption of histidine on graphene, these
studies should be of interest in the future.

3.3 Electronic transport

Next, we studied the effects of the adsorbed molecules on
the electronic transport of the graphene sheet. For the device

123

Author's personal copy



J Comput Electron

(a) (b)

z

x

z

x

y

x

y

x

Fig. 3 Charge density. The violet color corresponds to regions that
accepted electrons (�D > 0), while the gray color indicates regions
that lost electrons (�D < 0). a Histidine adsorbed on graphene sheet,
b imidazole ring adsorbed on graphene sheet (Color figure online)

proposed, we introduced bias voltages (Vb) between the two
graphene leads in the interval of −2 to 2V.

The electronic transmission referred to the Fermi energy
was obtained according to the following equation:

T (E) = 1

Vc

∫
BZ

T (E; k)dk3 (3)

where T (E; k) is the k-resolved transmission, expression
within a Green’s functions formalism. In Eq. (3) the trans-
mission is evaluated by the Landauer formula for the non-
interacting central region C connected with two leads.

In Fig. 4, the transmission for the three systems studied for
Vb = 0V is similar. When Vb = 1V, for the graphene sheet
alone and the adsorbed imidazole ring, the transmission (1) is
similar to each other and (2) higher than that of the adsorbed
histidine. For example, an increase in transmission between
0 and 1eV is clearly observed, a peak above the Fermi level
(see arrow).

The device shows sensitivity to histidine for Vb = 1V: a
low transmission is presented as comparedwith that graphene
alone (this could be important in relation to the future design
of a biosensor. This result agrees with the I–V curve for Vb =
1V: the current for adsorbed histidine is lower in contrast to
the other two systems. The current was calculated from the
transmission as:

I = e

h

∫
dET(E)� f (E) (4)

where � f (E) is the difference of Fermi–Dirac distribution
functions centered at the electrodes electrochemical poten-
tials.
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Fig. 4 Transmission for Vb = −1, 0, 0.8, 1, 1.5V for the graphene
sheet alone, the histidine adsorbed on graphene, and the imidazole ring
adsorbed on graphene.Apeak above Fermi energy appears for Vb = 1V
(see arrow), only for graphene sheet alone and imidazole ring adsorbed;
the histidine adsorbed reduces transmission

The current–voltage (I–V ) curves are presented in Fig. 5.
The I–V curve of the graphene sheet alone exhibits a clear
nonlinear behavior, consistent with it being a zero-gap semi-
conductor. The current is similar for all cases studied when
Vb is between−0.4 and 0.4V. After that, the current becomes
dependent on the molecule adsorbed (i.e., the sensor has
specificity). Between 0 and 1.5V the proposed device is rel-
atively insensitive to the imidazole ring, because the current
corresponding to the imidazole ring remains close to the cur-
rent of the graphene sheet alone. However, for Vb = 2V and
Vb = −2V the current difference becomes noticeable: 3.71
and 1.75µA, respectively. In contrast, the currents for the his-
tidine at 1 and −1V bias voltages were of 1.03 and 1.72µA,
respectively; lower than those of the graphene sheet alone
(3.22 and 1.96µA, respectively). Given that this difference
is considerably larger than the pico-ampere electrical sensi-
tivity for graphene-based devices (e.g., graphene field-effect
transistor FET biosensor for glucose detection [23], for DNA
[24] or two nanotubes connected in parallel for high-current
transistors [25]), we conclude that histidine is detectable.
The order of magnitude for current reported for some of the
available biosensing applications based on graphene FETs is
summarized in Table 1. The highest sensitivity to histidine
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Fig. 5 Current–voltage curve characteristics of graphene sheet alone,
graphene with an adsorbed histidine, and graphene with an adsorbed
imidazole ring. Bias voltage (Vb) from −2 to 2V

Table 1 Order of magnitude for current reported on some available
biosensing applications based on graphene FETs

Detected biomolecule Biomolecule I (µA) References

Nucleic acids DNA 4 [26]

DNA 10 [24]

Protein Immunoglobulin 0.05 [27]

Ig (G)

Bacteria E. coli 5 [11]

happens at Vb = 1V (as the black and blue curves present
their maximum difference).

The electronic density redistribution over the graphene
sheet induced by the molecules adsorbed for different bias
voltages is presented in Fig. 6. We define:

�D(Vb) = D(Vb) − D(Vb=0V) (5)

where, D(Vb) is the electronic density for Vb = −1, 0.8 and
1V and D(Vb=0V) is the electronic density for Vb = 0V.
When�D(Vb) > 0 the electronic density is enhanced by the
bias voltages (violet regions). When �D(Vb) < 0, the elec-
tronic density is reduced by the bias voltages (red regions).
For a Vb = 1V, the adsorbed histidine has a lower charge
compared to −1 and 0.8V bias voltages (the same applies to
the charge on the graphene sheet center). For all bias volt-
ages, the oxygen atoms of the carboxyl group in themolecule
have a higher positive charge density. Still, at some sort the
vertical polarization is maintained. On the other hand, when
the imidazole ring is adsorbed (i.e., for Vb = 1V, where the
current is similar for the imidazole ring adsorbed and the
graphene sheet alone): (1) the charge density in the center of
the graphene sheet is very low, (2) the charge distribution for

x
y

x
y

x
y

x
z

x
z

x
z

(a)

(b)

(c)

Fig. 6 Charge density of histidine adsorbed on graphene, for different
bias voltages Vb (for isosurface level 0.0248 a

−3
0 , where a0 is the Bohr

radius). Violet regions show the electronic density enhanced by the bias
voltage. Red regions show the electronic density reduced by the bias
voltage. a Vb = −1V, b Vb = 0.8mV and, c Vb = 1V (Color figure
online)

x

x
y

z

Fig. 7 Charge density of imidazole ring adsorbed on graphene for
Vb = 1V (for isosurface level 0.0248 a−3

0 , where a0 is the Bohr radius).
Violet regions show the electronic density enhanced by the bias voltage.
Red regions show the electronic density reduced by the bias voltage
(Color figure online)

the imidazole ring remains largely unchanged (see Fig. 7 for
Vb = 1V).

4 Conclusions

In this work, we modeled a device for the study of the effect
of the adsorbed histidine (and imidazole ring) on the elec-
tronic transport of a graphene sheet. The transmission and
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I–V characteristics differ between histidine and the imida-
zole ring. We find that adsorption of the imidazole ring alters
little the electric current and is undetectable for bias voltages
lower than 1.5V. In contrast, the absorption of histidine is
detectable for bias voltages lower than 1.5V. The theoretical
values for the current are the same order ofmagnitude that the
experimental measurements reported for available graphene
FET biosensors for biomolecules.
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