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In recent years, enormous progress has been made in under-
standing the structures and functions of biological mole-
cules.[1] This effort is largely focused on deciphering the
nature of biosystems,[2] designing novel drugs,[3] and treating
diseases.[4] In numerous research areas, proteins, enzymes,[5]

and various organic or inorganic molecules[6] are attached to
materials surfaces. The goals of these challenging studies
range from the realization of molecular-electronic[7] and bio-
electronic systems[8] to the building of bionetworks function-
ing outside cells.[9, 10]

The material substrates should allow stable nesting of
the attached biomolecules in water and provide rich possi-
bilities for their activation or sensing. Carbon compounds,
such as diamond[11,12] or graphene-based nanostructures,[13,14]

are ideal biosubstrates since they are water resistant, could
be modified to be hydrophobic or hydrophilic, conducting
or isolating, and allow activation of the biomolecules.[15] It is
often crucial to attach the biomolecules to the substrates in
specific configurations, in order to preserve and control
their activity.[16, 17] To minimize the molecule–surface interac-
tion, one could covalently bind a selected atom in the bio-
molecule to the surface.[18] A robust and universal possibili-
ty, allowing the control of numerous molecular activities, is
to position the molecules in selective nesting sites pre-
ACHTUNGTRENNUNGdesigned on the material surfaces.

In this work, we develop the methodology of “optimal
modifications” of material surfaces, with the goal of design-
ing highly selective nesting sites for the adsorbed mole-
cules.[19,20] We resort to optimization approaches, based on
genetic algorithms,[21] using similar principles to biological
evolution. These universal methods have been widely ap-
plied in the design of proteins and drugs,[22,23] nanostruc-
tures,[24] and in optical control of chemical reactions[25,26] and
nanoscale processes.[27]

This methodology is first developed in the absence of
polar solvents and electrolytes. In such cases, one could
build the selective molecular nests by doping the surfaces
using carefully designed patterns of suitable atoms, which
become partially charged upon doping. Their positions can
be arranged in such a way that the local electrostatic poten-
tial formed above the doped surface selectively binds the

chosen molecule. The methodology is illustrated on a gra-
phene layer,[13, 14] substitutionally doped with B and N
atoms,[28] which are often used to change free-carrier con-
centrations in carbon systems. Nesting of the molecules on
these modified surfaces is controlled by Coulombic and van
der Waals coupling.

The nesting sites are designed by genetic algorithms that
minimize the potential energy of the docked molecules.
First, the local charges of each dopant and its neighbors is
required. Ab initio calculations, done with the B3LYP ex-
change-correlation functional in the Gaussian03 software
package,[29] show that when a single C atom in the graphene
layer is substituted by an isolated B or N atom, it carries the
charge QB��1.2 e or QN�1.0 e, respectively. We assume
that this charge is neutralized within the first three neigh-
boring C atoms, each carrying the charge QC=�QB(N)/3.
When several dopants have a single C neighbor between
them, the C atom is charged by summing contributions from
those dopants. The same dopants are not allowed to be first
neighbors. However, when different types of dopants (B and
N) are first neighbors, we find that their charges are QB�
�1.0 e and QN�1.0 e. To simplify the simulations, it can be
assumed that the charges of dopants are always QB��1.1 e
and QN�1.1 e. This approximation allows implementation
of simple genetic algorithms.

The total Coulombic interaction energy between the ad-
sorbed molecule and the graphene layer doped by an isolat-
ed B (or N) atom is given by

EBðNÞ ¼ QBðNÞ
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where Qi is the charge of the ith (out of n) atom of the mol-
ecule, ri0 is its distance to the doped site, rij is its distance to
the fth (out of three) neighbor of this site, and e0 is the
vacuum permittivity.

The nest for the attached molecule can be designed by
the following “optimization strategy”. We assume that every
C atom of the graphene layer is a potential doping site. It
can be doped by B or N, depending on which of them de-
creases the Coulombic interaction energy in [Eq. (1)],
where the surrounding atoms are assumed to be charged as
if the dopants are isolated. For simplicity, the same ap-
proach is used even in the few rare cases where the B and
N atoms are first neighbors. The final charges are assigned
to the atoms correctly by the rules explained above. By lim-
iting the number of dopants, the strength of the molecule–
surface binding could be controlled and the selectivity of
the nesting site can be tuned. To realize this idea a negative
energy, Em, called the level of importance is introduced, and
a given site is doped only when the change of the Coulom-
bic energy associated with this process is EB(N)<Em.

Figure 1 shows the electrostatic potential distribution
obtained for the doping pattern designed, with Em=

�0.02 eV, on the graphene sheet (bottom) for the AYM
peptide (top). This peptide consists of three amino acids,
alanine (A), tyrosine (Y) and methionine (M), and has an
acetylated N terminus and an amidized C terminus. It is de-
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signed (using PyMOL) with a beta-sheet secondary struc-
ture (f=�1358, y=1358). The Figure displays the peptide
nested above the center of the square graphene layer,
formed by 684 C atoms.

The nesting of the peptides was studied by MD simula-
tions[30] using the NAMD package,[31] based on the
CHARMM27 force field.[32] The starting configuration of
the AYM peptide is obtained from MD simulations at
T=50 K. After it is left to relax for 1 ns on the undoped
static graphene layer, the plane defined by the three alpha
C atoms of its backbone becomes nearly parallel to the
layer. The resulting AYM configuration was used to design
the initial doping pattern, and then run the MD simulations
at T=300 K for 100 ps and at T=50 K for 1 ns, to further
optimize the peptideCs position. Then the doping profile for

the peptide was recalculated, and the whole cycle was re-
peated once more. Finally, a snapshot of a typical peptideCs
configuration was taken, shown in Figure 1.

In this optimization process, the peptide adjusts its con-
figuration on the surface spontaneously, and the trap is de-
signed to minimize the total binding energy. We can also
apply a different strategy, where one can control the pep-
tideCs final configuration by deliberately varying the doping
pattern. This process of “configurational control” could be
useful in many potential applications.

In Figure 1, we present the electrostatic potentials creat-
ed by the peptide and the doped graphene sheet. The poten-
tials are calculated in the plane that lies between the mole-
cule and the surface, and is parallel to the surface at a dis-
tance of 1.1 E from it. The positive and negative potentials
above the B and N dopants, respectively, can clearly be
seen. In almost all the regions where the peptide has a posi-
tive potential, the doped surface creates a negative poten-
tial, and vice versa. The complementarity of the two poten-
tial surfaces can be achieved because the polarization in
both systems has a similar local character. It allows high-
quality docking and immobilization of the peptide in the
nesting site.

To quantify these features, Figure 2 (top) plots the Cou-
lombic potential energy of the peptide, EC, when it is shifted
like a rigid body along the x and y coordinates from the
docking site, shown in Figure 1. It has a deep minimum of
EC��1.25 eV, when the peptide is docked, and it sharply
increases and goes to EC�0 eV as the peptide is moved in
either direction. In the inset, the full two-dimensional Cou-
lombic potential energy surface of the shifted peptide is
shown, where these two orthogonal cuts have been taken. It
closely resembles funneling surfaces in protein-folding prob-
lems.[35]

Figure 2 (bottom) also presents the AYM peptideCs aver-
age total binding energy,

Etoth i ¼ ECh i þ EvdWh i ð2Þ

as a function of the level of importance, Em. The Coulombic
(EC) and van der Waals (EvdW) energies are calculated for
each frame as the difference of energy of the system when
the molecule is docked and when it is lifted away from the
surface (averaging is done over 1000 consecutive frames of
the simulation trajectory, with a 1 ps time interval). Binding
of the molecule in the nesting site increases as Em!0, since
less energetically significant B and N doping sites become
also included. Therefore, the total number of dopants grows,
as can be seen in the inset. This process allows optimization
of the strength of the peptide binding by the choice of Em.

The selectivity of the peptide binding can now be esti-
mated and its dependence on the number of dopants can be
evaluated. The ability of the nesting site to recognize the
peptide for which the nest is designed is limited by the
finite lattice constant of the graphene layer, the two (B and
N) possible choices for charging of the doping sites, and the
number of used dopants. The recognition of the peptide is
limited by the recognition of its individual amino acids. To
estimate the recognition of each amino acid, we dock in the

Figure 1. Top: The electrostatic potential distribution formed by the
AYM peptide docked on the surface of the doped graphene sheet.
Bottom: The “complementary” distribution formed by the doped gra-
phene sheet.
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nesting site, formed for the AYM peptide, other peptides
that differ from it just in the middle Y residue. We consider
amino acids that have neutral sidechains, and calculate the
binding energy of each peptide.

In Figure 3 (top and bottom), we plot the total ( Etoth i)
and Coulombic ( ECh i) binding energies of the selected 1–15
peptides: AYM, AWM, AFM, ASM, AQM, ANM, AHM,
AMM, ATM, ACM, ALM, AVM, AIM, AGM, and AAM,
respectively. The results are calculated in the nesting site de-
signed for the AYM peptide with the levels of importance:
Em=�0.005, �0.01, �0.02, and �0.04 eV. The results for the
15 peptides are ordered, as shown above, according to their
total binding energies, Etoth i, obtained for Em=�0.01 and
�0.02 eV. We can see that the AYM peptide, and thus the Y
residue, is very well recognized by the doping pattern de-
signed for it, since its total binding energy, Etoth i, is 0.15–
0.65 eV larger than in the other peptides. Even though its
van der Waals binding energy, EvdWh i, is relatively large, the
main contribution comes from the well-tuned Coulombic
binding to the nesting site. It can also be seen in Figure 3

(bottom) that its ECh ivalues are among the largest under all
the levels of importance.

Figure 4 displays the electrostatic potential distribution
around the middle residues of the No. 2–5 peptides, docked
in the nesting place. The S and Q residues have strong Cou-
lombic binding to the surface, due to the N dopant located
at x�0.275, y�0.139. On the other hand, the W and F resi-
dues have relatively strong van der Waals binding to the sur-
face. In general, when there are too few dopants, the doping
pattern does not have enough parameters to recognize the
structure. When there are too many dopants, the structure
can be recognized, but the chance that some groups in other
peptides also bind to them increases.

Let us now generalize this methodology to designing se-
lective nesting sites in polar solvents. Binding sites with
larger charges are needed to keep the molecules attached in
their nests. To achieve this goal, the previous algorithm is
modified by replacing the B and N dopants by ammonium
cations (NH4

+) and carboxylate anions (CO2
�), respectively,

as charged ligands covalently attached to the surface.[36] The
ligands are not allowed to be neighbors, because of their big
sizes. This approach is applied to the graphene layer in
water to calculate the charges of the covalently attached li-
gands by ab initio treatment on the Hartree–Fock level,

Figure 2. Top: The dependence of the Coulombic (EC) potential
energy of the system, when the peptide is shifted in the x (solid) and
y (dashed) directions along the surface, away from its docking site.
In the inset, the full two-dimensional potential surface of EC is
shown. Bottom: The average Coulombic ( ECh i, dashed line), and total
( Etoth i, solid line) binding energy of the AYM peptide to the doped
surface. In the inset, the number of B (solid) and N (dashed) dopants
are shown as a function of Em.

Figure 3. Top: The total binding energy of the 15 peptides at four
levels of importance, Em, shown in the upper-right corner. Bottom:
The Coulombic binding energy of the peptides for these Em values.
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with a polarized continuum model of the water solvent.[29]

In the ammonium cation, the N and H atoms are charged
by �0.78 and 0.467 e, respectively, while the carbon atom
bonded to the ammonium group and its first neighbors are
charged by �0.328 and 0.177 e, respectively. In the carboxyl-
ate anion, the C and O atoms are charged by 0.98 and
�0.8 e, respectively, while the carbon atom bonded to the
carboxyl group and its first neighbors are charged by �0.67
and 0.19 e, respectively.

The modified methodology was tested on small green
fluorescence protein (GFP).[37] It is roughly formed by a
“cylinder” made of beta sheet strands that protect a photo-
active group in its interior. On the GFP surface, two neigh-
boring strands are found (105–130 residues) that are rela-
tively highly charged. Their spatial structure was obtained
from the PDB Bank (ID 1W7S), and PyMOL was used to
acetylate the N terminus of residue 105, and amidize the C
terminus of residue 130.

The above-described approach was used to design on
the graphene layer a nest for the exterior (charged) part of
these two strands, instead of the whole GFP protein. The in-
itial configuration of the strands was chosen in such a way
that the plane of their backbones is approximately parallel
to the surface, with a distance of about 10 E from it. Then,
the ligand pattern for this configuration was designed with
the level of importance of Em=1.0 eV. A 10 ns MD simula-
tion[30] of this system was run in a periodic cell of 56I43I
45 E3, with 2769 water molecules and at T=300 K. During
the simulation, the a carbons of the 105th and 130th resi-
dues were fixed to model the fact that these two residues
should be connected to the rest of GFP. The graphene sur-
face and the charged ligands were also fixed during the sim-
ulation.

Figure 5 (top) shows the initial and final configurations
of the two GFP strands above the graphene layer with at-
tached ligands in water (hidden). The charged residues in
the initial configuration and the ligands on the graphene

layer are displayed in atomistic detail. During the simula-
tion, the two strands shift their position somewhat, but they
remain attached to the ligands. Figure 5 (bottom) shows a
calculation by VMD[38] of the root-mean-square deviation
(RMSD) of all atoms between the initial and the actual con-
figurations of the two-strand peptide, obtained at each time
frame. The RMSD stabilizes after 2.0 ns and fluctuates
within 0.5 E. Therefore, the peptide could be selectively
nested above the predesigned ligand pattern on the gra-
phene layer in water, without being dissolved or significant-
ly modified.

The same approach could be used in diluted ionic solu-
tions.[39] For larger concentrations of ions, more ligands will
be blocked by ions, in accordance with the Langmuir-iso-
therm description.[40] In order to prevent the peptide from
dissolving, due to the blockage of binding sites, the level of
importance must be decreased in the design of the nest.
Then, more ligands will be attached to the surface and some

Figure 4. The electrostatic potential distribution around the residues
W (upper left), F (upper right), S (lower left), and Q (lower right), plot-
ted in the reduced region �0.299< x<0.530, �0.180<y<0.649.

Figure 5. Top: Initial (red) and final (green) structures of the 105–
130 residues from the GFP that are nested on the ligand-doped gra-
phene layer. The peptide sequence is NYKTRAEVKFEGDTLVNRIELK-
GIDF, where the ten bold residues are charged and displayed in the
initial structure. Bottom: The RMSD of this peptide obtained during
the simulation.

small 2007, 3, No. 4, 580 – 584 6 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.small-journal.com 583



will be left to bind the peptide, even if a significant fraction
of them is blocked. Clearly, the recognition is getting worse,
since the coverage of the ligands is random. In a more real-
istic modeling, one should also include the pH of the solu-
tion and match it to the protein and the charged ligands on
the surface.

The presented examples demonstrate that one could
design selective nesting sites for biomolecules on the surface
of materials in water. Practical doping and functionalization
of the surfaces by atoms and ligands, respectively, could be
realized by STM and AFM techniques.[41] This methodology
opens new avenues in the design of hybrid functional sys-
tems on many types of surfaces, with numerous potential ap-
plications.
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