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ABSTRACT: The creation of bio-organic interfaces, in which proteins play an
active role in the transfer of charges, is becoming more and more important,
considering the almost endless combinations of protein−metal interfaces and
their potential use in biosensors and solar-to-fuel devices. In this work, we
present a new interface consisting of cytochrome and graphene, in which the
protein with its heme group plays a key role in the transport of charges to the
metal. By means of multiscale computational simulations, we found four
thermodynamically stable conformations of the protein on the graphene
surface, and with in-depth ab initio calculations, we observed that the effective
transfer of charge from graphene to the heme group strongly depends not only
on the position of the group but also on its relative orientation with respect to
graphene. A model porphyrin−graphene interface confirmed the interplay between orientation and position in the strength of
the transfer of charges at the interface.

■ INTRODUCTION

Finding new ways to design and produce bio-organic interfaces
is the key for the creation of cheap and efficient bioelectronic
devices which can become a reliable alternative to the growing
energy consumption, still based today on fossil fuels.1,2 The
standard procedure for the design of new bioelectronic devices
is to deposit a semiconductor on noble metals or silicon and
add the biological material on top of it.3−5 An alternative route
to enhance the efficiency of the device is to use a carbon-based
semiconductor6 and consider a 2D material, e.g., graphene, as
the electrode. Graphene7 is an allotrope of carbon with
outstanding semimetal qualities; its delocalized π−π inter-
actions and the one-atom thickness are responsible for the
presence of the overlap between the valence and conduction
bands at a degeneracy high symmetry K point, creating a zero
bandgap material. In addition, graphene is biocompatible,8

possesses high mechanical strength,9 conducts heat and
electricity efficiently,10,11 and has a charge mobility of more
than 50 000 cm2 V−1 s−1 under ambient conditions.12,13 All of
these properties make it a suitable candidate to create robust
bio-organic interfaces. The interaction of graphene and single-
walled carbon nanotubes (SWCNTs) with electron-donating
or electron-withdrawing molecules, studied by means of
Raman and electronic spectra, shows the strong effect of the
interacting molecule on the charge transfer abilities of
graphene,14,15 as well as on the interaction energy.16 In
addition, binding energy analysis and computational studies of
DNA nucleobases and nucleosides interacting with graphene
and SWCNTs shed light onto the role of the different bases on
the charge transfer properties of graphene, depending on the
different van der Waals interaction strengths.17,18

One of the most interesting problems in materials science
today is a controlled attachment of the biomolecule to the
carbon-based electrode to create a stable system resistant to
changes in temperature and humidity which enhances the
electron transfer and does not require complicated synthetic
processes.19−21 The fashion in which the components of the
interface are combined together has a tremendous impact on
the obtained efficiency of the bioelectronic devices.22,23 To
date, three generations of biosensors have been developed.24,25

In the first generation, the product of the reaction diffuses to
the transducer and generates an electrical response; in the
second, a specific mediator between the reaction and the
transducer is required to cause an improved response; and in
the third, the reaction itself causes a response, and no mediator
or product of diffusion is directly involved in it. Immobilized
biomolecules allow an efficient direct electron transfer (DET)
resulting in a high current density, but their limited
conformational mobility can lead to a loss of biological
function. The most common solution to this problem of
immobilization of biomolecules on an electrode surface is the
addition of a self-assembled monolayer (SAM) between these
two components. In this way, a high degree of control of the
composition and thickness of the SAM lead to a fine control of
the final DET generated.26 An alternate route is to directly add
an additional biomolecule to the electrode, as in third
generation biosensors.25 It has been shown that in such
approaches the addition of another, small biomolecule may be
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beneficial in many instances. Recently, Kargul et al. used a
cytochrome acting as a linker between the electrode and the
light harvesting protein to allow proper flexibility of the system
and, at the same time, enhance the transfer of charges to the
electrode.27 Such an approach has been successfully applied to
create devices where small modifications of the linker between
graphene and cytochrome have a strong impact on the final
device efficiency.5

Cytochrome c553 (cyt c553) is a small, water-soluble
holoprotein performing a central function in the electron
transport in the mitochondrial respiratory chain. This protein
is also involved in important photosynthesis events such as the
reduction of photo-oxidized P700 complex of PSI, playing a
key role as a redox center and participating in the electron
transfer. In addition, it is stable in wide pH ranges, making it
applicable in organic electronics. However, electron transfer at
the cyt c553/solid electrode interface is usually low, with current
density values on the order of μA cm−2.5 Thus, there is a need
of modifying this interface in order to create electrodes which
enhance the DET and at the same time preserve the
electrochemical function of the protein and a good stability
of the protein on the electrode. As a result, the creation of cyt
c553/single layer graphene (SLG) interfaces is of high interest,
since this combination can on one hand take advantage of the
high transfer of charges on graphene and, on the other hand,
shed light on the flexibility and stability of cytochrome in such
systems.
Computational studies are particularly important in

investigating the DET at such interfaces, as they can give a
strong insight into the mechanism and stability of the system,
which is difficult to assess experimentally, leading to a rational
design of possible efficient interfaces used in bioelectronics.
Despite the strong interest in such systems, only few
theoretical works regarding the cyt c553/SLG interface have
been performed up to date.28,29 Following the approach used
in the work of Janna Olmos,5 we considered for this study cyt
c553 as a direct linker between graphene and the light harvesting
protein. In this work, we investigated the formation of a stable
and efficient cyt c553/SLG interface by means of multiscale
simulations combining molecular dynamics simulations with
DFT methods. We show that cyt c553 physisorbed on SLG may
form stable interfaces and the direct electron transfer is
strongly dependent on the position and orientation of the
heme group, with a net transfer of electrons from SLG to the
heme group.

■ COMPUTATIONAL DETAILS
Considering the complexity of the investigated systems shown
in Figure 1, we have adopted a multiscale approach to assess
the conformational stability as well as the electronic properties

of the interfaces. The cytochrome c553 from the Cyanidioschy-
zon merolae (cyt c553) structure was obtained using homology
modeling, as implemented in Prime v.3.9,30 with the
cytochrome c6 protein from alga Porphyra yezoensis as the
template (PDB code: 1GDV).31 In the first step, we applied a
docking procedure to obtain the orientation of cyt c553 on
graphene using the FTDOCK program,32 in which both cyt
and the graphene surface were considered rigid. From this
analysis, we obtained a set of stable cyt c553/SLG interfaces,
from which we selected four with the highest docking score.

Conformational Search. The selected structures have
been used as starting conformations for molecular dynamic
(MD) simulations, performed using Gromacs 2016.3 soft-
ware33 and the CHARMM27 force field.34 The force field
parameters for cyt c553 have been modified accordingly to
account for the heme−His, heme−Cys, and heme−Met
interactions.35 For all of the systems, we considered the
central iron atom as Fe(II). Additionally, we used the same
procedure to obtain the force-field parameters for graphene as
in our previous work (see the Supporting Information).36 In
each simulation, the entire cyt c553/SLG interface was
surrounded by more than 6000 water molecules described by
the TIP3P model and neutralized by adding Na+ ions.
The periodic boundary box was created and oriented in such

manner that the x- and y-axes were taken in the plane of the
graphene monolayer, whereas the z-axis was perpendicular to
its surface. Periodic boundary conditions were considered in all
three dimensions, and the box dimension was set to 6 × 6 × 6
nm3. Electrostatic interactions were treated by the particle-
mesh Ewald method,37 and bonds were constrained by the
LINCS algorithm.38 Electrostatics and van der Waals short-
range interaction cutoffs were set to 1.2 nm. Dispersion
correction terms were added to account for the Verlet cutoff
vdW scheme. Since the graphene is considered periodic in the
xy plane, the NVT ensemble was used, with the Nose−́Hoover
thermostat39,40 at 300 K and a time constant of 0.5 ps. The
graphene monolayer has been kept frozen along the x, y, and z
directions during the entire simulation. The simulation time
step was set to 2 fs, and the coordinates of all atoms during the
simulation were saved every 1000 steps, for a total simulation
time of 100 ns.

Electronic Properties. To assess the electronic properties
of the systems, we performed density functional theory (DFT)
calculations using the final snapshot of MD simulations for the
four different cyt c553/SLG interfaces. Since the system is too
large for any QM approach, we considered only the heme
group of the cyt c553 and we cut the graphene surface in such a
way to accommodate the heme (i.e., without any interaction of
heme with the graphene edges) and, at the same time, to avoid
any zigzag edges on graphene, which can lead to a wrong

Figure 1. Schematic representation of chemical structures of the investigated components of the interfaces: cyt c553 model (left), the heme group
responsible for the transfer of charge (center), and the graphene nanoflake (206 atoms, right) considered in the study.
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description of the properties, as reported in the literature.41,42

We also saturated graphene carbon dangling atoms with
hydrogen atoms. The schematic view of the final graphene
nanoflake (GNF) obtained is reported in Figure 1.
In this part of the study, we used the Gaussian 09 suite of

programs43 and initially performed calculations using four
functionals which properly describe long-range interactions;
CAM-B3LYP, M062X, wB97xD, and HSE. Details of the
benchmarking procedure are reported in the Supporting
Information. After benchmarking, we selected the HSE
functional with the 6-31G(d,p) Pople’s basis set44 for this
investigation. The geometry of the heme molecule has been
extracted from MD simulation, and to avoid artifacts due to the
possible bending of the structure due to thermal conforma-
tional fluctuations, its geometry has been optimized at the
HSE/6-31G(d,p) level of theory and then the heavy atoms
superimposed to the original position by means of RMSD
minimization, as found from MD simulations. Since the final
heme−GNF interface for all four structures consists of more
than 280 atoms, we performed only single point calculations
for each structure.
Electronic Coupling. To assess the transfer integral at the

studied interface, we considered the projective method.45,46

Within this approach, the system is divided into two fragments,
in which an electron or hole is localized on a fragment and can
hop from one fragment to another. The fragment calculations,
performed using the DFT method, follow a procedure where
the orbitals of a pair of molecules (a dimer) are projected onto
a basis set defined by the orbitals of each individual molecule
(the fragments). The obtained set of orthogonal molecular
orbital energies of the dimer is then used to express the Fock
matrix as a function of the new localized basis set, which
enables the formation of a block-diagonal matrix. Here, we use
a local version of a software which allows the study not only of
vertical couplings (i.e., HOMO−HOMO, LUMO−LUMO)
but also of diagonal contributions (i.e., HOMO−1−HOMO,
LUMO−LUMO+1) which might be of importance when
degeneration comes into play. The system is thus split into a
donor and an acceptor part, and the coupling is then calculated
considering any amount of molecular orbitals from the donor
and acceptor sites, with all possible contributions (vertical and
diagonal coupling terms). This procedure has been applied
successfully in our previous studies to different interfaces.47,48

■ RESULTS AND DISCUSSION
From the FTDOCK calculations, four different conformations
of the cyt c553 physisorbed on graphene have been obtained
(see Figure 2). The differences in their conformations are
mostly due to the different distances of the heme group from
graphene, which result in different interactions of the amino
acids with the graphene surface (i.e., different orientations of
the protein). The four resulting interfaces are dubbed systems
1, 2, 3, and 4; in system 1, the heme group is relatively far from
the graphene surface (cyt c553 depicted in orange in Figure 2);
in system 3, it is relatively close (green); and in systems 2 and
4, it is at an intermediate distance (depicted in cyan and
purple).
The four selected interfaces differ in both orientation and

distance of the heme group from SLG. In particular, system 3
shows the shortest distance of 0.54 nm from SLG, followed by
systems 4 and 2 with distances of 1.21 and 1.02 nm,
respectively, while for system 1 the minimum heme−SLG
distance is 1.53 nm. The Fe(II)−SLG distance follows the

same trend with the minimum values of 2.06 nm (system 1) >
1.79 nm (system 4) > 1.56 nm (system 2) > 1.27 nm (system
3). Interestingly, the cyt c553−SLG distance follows a different
trend, with increasing values of 0.38, 0.47, 0.49, and 0.52 nm
going from system 1 to system 4, respectively.
The four structures shown in Figure 2 have been taken as

inputs for MD simulations (the final structures are reported in
the Supporting Information). Since the input structures are not
optimized and a long equilibration time is required, only the
second half of the simulation (50−100 ns) has been
considered in the MD analysis. The systems were considered
equilibrated when the drift in energy was lower than 10 kJ/
mol. The final structures preserve a similar orientation as
observed from docking (with the heme group located at

Figure 2. Stable conformations of cyt c553 physisorbed on a graphene
surface, selected from the docking procedure; side view (top) and top
view (bottom).
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different distances and orientations from graphene) and both
cyt c553−SLG and heme−SLG interaction energies are
analyzed, since both of these terms contribute to the overall
stability of the system (Figure 3). From the heme−SLG
interaction analysis, we can observe that system 3, with the
shortest heme−graphene distance, has the highest average
interaction energy value, of approximately −10 kJ/mol, while
the other three systems show a negligible interaction energy
(lower than −1 kJ/mol), directly related to the larger distance
of the heme group to graphene. Similarly, the cyt c553−SLG
interaction is the largest for system 3, with an average value of
−160 kJ/mol, while complexes 1 and 4 show values of −120
and −126 kJ/mol, respectively, and the weakest interaction
was found for system 2 (−110 kJ/mol); see Table 1.
We can clearly see that the orientation of heme is only one

of the factors affecting the interactions of the protein with
graphene, since there are also specific hydrophobic interactions
of the apolar groups of the cyt c553 which are facing the
graphene layer which stabilize selected orientations of the

protein on the surface. This is also reflected in the number of
protein/SLG contacts calculated for a distance lower than 0.6
nm from the graphene monolayer. As expected, system 3
reveals the highest number of contacts, compared to the other
three systems, rationalizing the stronger interaction energy
calculated. Interestingly, we found that at the end of the MD
simulations systems 2 and 4 had very similar properties and the
RMSD analysis showed that they converged to the same
conformation and orientation (see Figure S1 in the Supporting
Information).
Although the cyt c553 is strongly absorbed on the graphene

surface, its structure is very stable with final RMSD values
between 0.9 and 0.11 nm. For the sake of comparison, we
performed similar MD simulations of the cyt c553 in water
without the graphene layer and obtained a RMSD value for cyt
c553 of 0.10 nm and a radius of gyration equal to 1.13 nm. In
the simulations of cyt c553−SLG interfaces, the stable energy/
RMSD values obtained in the second half of the simulation
(50−100 ns) suggest that the presence of graphene does not
distort the cyt c553 structure and, likely, its function. Moreover,
the calculated radius of gyration has a value of 1.15 nm for all
four systems, confirming only minimal changes in the
conformation of the protein upon adsorption on graphene.
The calculated distance between heme and graphene from

the final MD snapshots was found with the following values:
1.11 nm for system 1, 0.66 nm for system 2, 0.58 nm for
system 4, and finally 0.28 nm for system 3. Considering that in
a biological environment the electron transfer can occur up to
a distance of 1.4 nm,49,50 all of the analyzed structures can, in
principle, be good candidates for a direct electron transfer
mechanism (DET) from the cyt c553 to SLG or vice versa.

Figure 3. Running average of the van der Waals interaction energy (in kJ/mol), cyt c553/SLG contact number, and RMSD analyses for the four
systems. For the energy analysis, only the second half of the MD simulation is considered.

Table 1. Average Distances from the Protein, Heme Group,
and Iron Atom to SLG and cyt c553−SLG Interaction
Energies Obtained from MD Simulationsa

system 1 system 2 system 3 system 4

cyt c553−SLG distance 0.26 0.25 0.25 0.25
heme−SLG distance 1.11 0.66 0.28 0.58
Fe(II)−SLG distance 1.53 1.24 0.97 1.21
interaction energy
cyt c553−SLG

−120 −110 −160 −126

aAll distances are reported in nm, while the energies are in kJ/mol.
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However, for efficient DET, one should consider not only the
heme−graphene distance but also the orientation of the two
species involved in this process. In particular, in the case of the
c553/SLG system, the orientation of the heme may be a crucial
parameter in assessing whether the transfer of charge is
efficient. To determine the structural parameters of our
interfaces, we computed the tilting angle as the angle between
the plane of the heme molecule and the graphene layer plane
(see Figure 4). For system 3, the heme is basically

perpendicular to the graphene surface, with an angle of
approximately 90° and almost no fluctuations during the MD
run; the other three interfaces are more flexible. In particular,
system 2 has been found to have a plateau of stable tilting
angle in the 55−62° window and system 4 a smaller window in
between 63 and 65°. A different scenario is observed for
system 1; the high degree of rotation of the cyt c553 and the
further distance of heme to the graphene layer result in two
possible different orientations of the heme on graphene: the
first at around 68° and the second, more pronounced, at
around 81°.
To gain insight into the transfer of charges of these

interfaces, a portion of the graphene monolayer and the heme
group was extracted from the MD simulations and modified as
described in the Computational Details section. These four
different heme/GNF interfaces are studied at the DFT level of
theory and are reported in Figure 5. The calculated Fe(II)−

GNF distances have values of 1.53, 1.24, 0.97, and 1.21 nm for
system 1, system 2, system 3, and system 4, respectively.

All four systems form stable interfaces, with system 3,
considered as a reference at 0 eV, being the most stable, system
4 being 0.36 eV less stable and systems 1 and 2 only 0.03 eV
higher in energy with respect to system 3. This data is
surprising considering that in system 1 the Fe(II)−GNF
distance is the longest one (1.53 nm). Accordingly, the shapes
of the frontier molecular orbitals for all systems are similar,
despite the different interface distances (see the Supporting
Information for more details). In each case, both the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are localized on
GNF, while HOMO−1 is localized over the heme group. As
a consequence, the energy of the HOMO and LUMO is
constant at around −4.40 and −3.02 eV, respectively, leading
to a stable energy gap of 1.38 eV for all interfaces. On the other
hand, the energy of the HOMO−1 is strongly destabilized with
values of −4.64, −4.60, −4.51, and −4.40 eV going from
system 1 to system 4, respectively. We can rationalize it by
considering the two fragments isolated; the frontier orbitals of
the GNF are close in energy, with the HOMO at −4.39 eV and
the LUMO at −3.01 eV, while the same MOs for the heme
groups are found at −4.73 and −2.38 eV, respectively, for the
HOMO and LUMO. Thus, when the interfaces are created,
the new frontier MOs are derived from the GNF, while only
the HOMO−1 is derived from the heme group. Despite the
similarity in electronic properties and the presence of an
energy gap which is opened due to the finite size of the GNF,
the differences in position and orientation of the heme group
have a strong impact on the charge transfer properties of the
interfaces.
The ground state charge transfer (CT) has been calculated

using the electrostatic potential (ESP) charge description and
results in an excess of negative charge over the heme group of
−0.04, −0.01, and −0.05 |e| for systems 1, 2, and 4,
respectively, with a maximum value of −0.08 |e| computed
for system 3, which is substantial, considering the physisorbed
nature of the interface. Interestingly, although nominally Fe(II)
has a +2 charge, we found lower partial charges of 1.66 and

Figure 4. Heme−SLG minimum distance and angle analyses. The
inset shows how the heme−SLG tilt angle has been calculated. The
angle analysis has been performed for the 50−100 ns window.

Figure 5. Frontal and side views of the four different interfaces
extracted from MD simulations and used for the charge transfer
calculations.
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1.74 |e| for systems 2 and 4, respectively, and 1.92 |e| for
systems 1 and 3. This different amount of charge over the iron
atom can be directly related to the different orientation of the
heme group on the GNF; while systems 1 and 3 are almost
perpendicular to the GNF surface, with an angle close to 90°,
systems 2 and 4 exhibit a strong tilting around 60°, which
affect the CT ability of the whole interface. Moreover, it seems
that the tilting has a stronger effect over the CT than the
distance, since the iron cation in system 1 and system 3 is 1.53
and 0.97 nm from the GNF, respectively. Thus, all four
different interfaces can be in thermodynamic equilibrium and
take part in the charge transfer from graphene to the heme
group, with stronger charge transfer for system 3, where the
two components of the interface are closer. Considering that
the protein has not been taken into account, these results
highlight the role of the metal center in favoring the direct
electron transfer (DET) from graphene to the heme group.
To gain insight into the role of the orientation of the heme

group on graphene on the DET abilities, we next considered a
model interface consisting of a porphyrin physisorbed on GNF,
as depicted in Figure 6. First, both porphyrin and GNF

fragments are considered parallel to each other and, to assess
the proper distance between the two, a scan has been
performed and a minimum in energy was obtained at 3.8 Å.
Next, the tilt angle between the two fragments and the normal
to the GNF surface has been increased every 30°, obtaining
four structures which are representative of different possible
orientations of the porphyrin group on the GNF with a tilt
angle of 0, 30, 60, and 90° (Figure 6).
Similarly to the heme/GNF interfaces, the electronic

properties of the porphyrin/GNF system do not vary while
varying the tilting of the porphyrin, since the frontier MOs are
both localized over the GNF and the first orbital localized over
the porphyrin fragment is HOMO−2. As a consequence, the
resulting energy gap is calculated to be 1.38 eV, as obtained
previously for the heme−GNF interfaces. However, in this
model interface, the charge distribution shows a strong
correlation with the tilt angle. In fact, when the two fragments
are parallel to each other (tilt angle of 0°), a small surplus of
electrons of −0.007 |e| is found on the GNF. The increase in
the tilt angle is responsible for a change in behavior, with an
accumulation of electrons over the porphyrin fragment which
steadily increases with the magnitude of the tilt, with values of
−0.011, −0.020, and −0.028 |e| for a tilting angle of 30, 60, and
90°, respectively. Thus, the CT goes from the porphyrin to the
GNF when parallel, while with increasing of the tilting the CT
follows the opposite direction, from GNF to the porphyrin.

This result sheds light on the effect of the position of the heme
group found previously; both systems 1 and 3 show a tilting
angle close to 90°, which is responsible for the strong CT of
electron from the GNF to the heme, while the other two
systems which present a tilt of about 60° show a smaller CT in
magnitude.
Finally, the transfer integral has been computed for the four

interfaces investigated. The transfer integral V characterizes the
strength of the electronic coupling between two adjacent
molecules, which can be written as51

=
− +

−
V

J e e S

S

( )

1
AB A B

1
2

2 (1)

with S being the overlap matrix, eA and eB the diagonal
elements of a Hamiltonian defined by the frontier molecular
orbitals of the isolated molecules A and B, respectively, and JAB
the coupling of either holes or electrons, from molecule A to
molecule B. Namely, for hole (electron) transfer, the HOMO
and HOMO−1 (LUMO) should be considered, due to the
(quasi)-degeneracy of the occupied energy levels. In the
particular case of the interfaces under investigation, we
consider the frontier MO degeneracy for system 4, while for
all other structures only the HOMO−HOMO coupling is
considered. Results of the analysis are reported in Table 2.

In agreement with the analysis of the heme/GNF, we
observe a negligible transfer integral for both electrons and
hole carriers when the distance between heme and the GNF is
substantial, higher than 0.5 nm; in particular, system 1 shows
virtually no transfer for both carriers, with values lower than
10−8 and 10−7 meV; both systems 2 and 4 show an increase of
transfer integral of a few orders of magnitude, up to 7.1 × 10−4

meV for electrons and 1.6 × 10−5 meV for holes; finally,
system 3 presents the highest transfer integral for both carriers,
with values of 1.2 meV for holes and 0.25 meV for electrons.
The values computed for system 3 are comparable with
commonly used material in organic photovoltaics, such as
polymers.52 Moreover, we observe a strong correlation not
only between the transfer integral and the distance, which is
expected to decay exponentially, but also with respect to the
tilting of the heme group. In fact, system 1 and system 3 are
representative of the first case (same tilt angle but different
distance from GNF), while system 2 and system 4 present a
similar distance from the GNF (of about 0.6 nm) but a
different tilt angle, which is the main parameter responsible for

Figure 6. Model of porphyrin physisorbed on GNF. The angles
considered are 0, 30, 60, and 90°, where 0° refers to the porphyrin
parallel to the GNF and 90° refers to that perpendicular to GNF.

Table 2. Dependence of the Calculated Transfer Integrals
for the Heme/GNF and Porphyrin/GNF Interfaces for Hole
(h) and Electron (e) Transfer on the Different Positions
and Tilting Anglesa

interfaces carrier
Vheme/GNF
(meV)

model
interfaces carrier

Vporphyrin/GNF
(meV)

system 1 h 6.4 × 10−8 tilt angle 0 h 15
e 1.5 × 10−7 e 2.3

system 2 h 3.8 × 10−4 tilt angle 30 h 0.29
e 4.3 × 10−5 e 0.51

system 3 h 1.2 tilt angle 60 h 2.7
e 0.25 e 1.8

system 4 h 1.6 × 10−5 tilt angle 90 h 0.94
e 7.1 × 10−4 e 0.29

aAll values are given in meV.
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the large difference in transfer integral ability. Thus, the
transport abilities of the interfaces are strongly dependent on
both orientation and position, and slight changes in any of
these parameters can lead to a strong decrease/increase of the
charge transfer ability of the interface. We can then assume
that, in a real device, thermodynamic effects can play a major
role in determining the DET efficiency.
To shed light onto the unsolved debate of the effect of tilting

of the heme group on the DET, we compute the transfer
integral also on model interfaces in which the tilt angle is
increased; see Table 2. As result, we obtain a strong transfer
integral, on the order of 15 meV for holes and 2.3 meV for
electrons, when the porphyrin and GNF are parallel, while a
decrease of 2 (1) orders of magnitudes for holes (electrons) is
observed while increasing the tilting. However, no clear trend
is found with different tilting angles; while low values of 0.29
and 0.51 meV for hole and electron transfer are found for a
tilting of 30°, higher values of hole (electron) transfer of 2.8
meV (1.8 meV) are obtained for a tilting of 60°, and an
intermediate situation is found for a perpendicular config-
uration, with hole (electron) transfer of 0.94 meV (0.29 meV).
Thus, it is not trivial to define what governs the transfer
integral at these interfaces; it is probably due to different values
of overlap and interaction energy level alignment arising from
the different tilting.

■ CONCLUSIONS
In this paper, we assessed the electronic properties of a novel
interface consisting of cyt c553 physisorbed on a single layer
graphene by computational calculations. By performing
docking and molecular dynamic simulations, we observed the
presence of at least four thermodynamically stable conforma-
tions of the cyt on graphene. The peculiarity of these interfaces
is the different orientation and position of the heme group,
responsible for the transfer of charges at the interface. In
particular, we obtained a system with the heme very close (0.3
nm, system 3) and perpendicular to graphene, one with a
relatively large distance (1.1 nm, system 1) and again
perpendicular to graphene, and two intermediate complexes
with the heme located at 0.6 nm away from graphene and tilted
to its surface (systems 2 and 4). The four interfaces carry
potential differences for the transfer of charges between heme/
protein and graphene. To assess the transfer of charges, we
carried ab initio calculations on model systems, in which the
protein was neglected and only the heme group interacting
with graphene was considered. We showed that in all cases
there is a transfer of charge from graphene to heme in the 0.1−
0.8 |e| range. This result is somehow surprising, since at longer
distances the CT is expected to decay exponentially. To
describe the transfer of charges in a more rigorous manner, we
performed the calculation of the transfer integral, which
demonstrate that the amount of charge transferred depends on
the distance of the heme to graphene. Our results suggest that
there is virtually no transfer for the furthest conformation, but
system 3 with the heme close to graphene is a very good
candidate for transfer of both holes and electrons. To gain
deeper insight into the effect of tilting of the heme group on
the CT abilities of the interfaces, we built a porphyrin−
graphene model system. From this model, we observed a net
transfer of electrons from the heme to the graphene only when
the two fragments were parallel to each other, while, as soon as
the tilting appears, the CT was reversed, with a maximum in
intensity for a perpendicular orientation. However, in this case,

the transfer integral analysis did not show any clear trend,
probably due to a subtle interplay of tilting and orbital overlap
that govern the CT.
This study paves the way to a methodological understanding

of complex bio-organic interfaces, exploiting the power of
computation on complex interfaces, and it is a starting point to
a more complete analysis that will clarify the different roles
played by the cyt c553 in the transfer of charges at interfaces
when a nonbiological counterpart is considered, as potential
biosensors and light harvesting devices.
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