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s of encapsulation of glucose
oxidase dimer by graphene†
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Knowing the nature of the enzyme–graphene interface is critical for a design of graphene-based

biosensors. Extensive contacts between graphene and enzyme could be obtained by employing a

suitable encapsulation which does not impede its enzymatic reaction. We have performed molecular

dynamics simulations to obtain an insight on many forms of contact between glucose oxidase dimer and

the single-layer graphene nano-sheets. The unconnected graphene sheets tended to form a flat stack

regardless of their initial positions around the enzyme, whereas the same graphene sheets linked

together formed a flower-like shape engendering different forms of wrapping of the enzyme. During the

encapsulation no core hydrophobic residues of the enzyme were exposed. Since the polar and charged

amino acids populated the enzyme's surface we also estimated, using DFT calculations, the interaction

energies of individual polar and charged amino acid residues with graphene. It was found that the

negatively charged residues can bind to graphene unexpectedly strongly; however, the main effect of

encapsulation comes from the overlap of adjacent edges of graphene sheets.
1. Introduction

Enhanced sensitivity, improved response time and a smaller size of
carbon nanomaterials makes them more suitable than traditional
materials for biosensors and other applications.1–3 Graphene, a
single monolayer of graphite, is a two-dimensional nanomaterial
which is nding numerous applications in nanoelectronics,
photovoltaics and chem/bio-sensing.4 Graphene is phenomenally
strong, exible, transparent and a highly conductive material.
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Nowadays, graphene can be fabricated in many shapes and sizes,5

via chemical vapour deposition,6 horizontally grown in litho-
graphically patterned hexagonal boron nitride atomic layers,7 or as
freestanding vertical graphene sheets grown on a copper foil,8

which together with its large surface area makes it advantageous
for many applications. Graphene-based devices have a lower
resistance and about three orders of magnitude smaller noise
amplitude than those based on nanotubes.9 Furthermore, the
robust nature of sp2-bonded carbons forming a honeycomb lattice
makes graphene chemically stable and biocompatible.10,11 Hence,
graphene could be relatively advantageous for specic applications
(e.g. biosensing) compared to other carbon nanomaterials.2,12 In
addition, the zero-band gap of pristine graphene can be very useful
for the construction of highly sensitive sensors even for label-free
single-molecule detection.13 Glucose oxidase (GOx) is a glycopro-
tein that catalyses the oxidation of b-D-glucose to d-gluconolactone
and hydrogen peroxide in the presence of oxygen (Fig. 1). The
presence of glucose in blood plasma could be detected by a change
in the potential of an electrode adjacent to GOx during catalysis of
glucose.14 The oxidation overpotential of the electrode reaction can
be reduced by modifying the electrode with graphene or carbon
nanotubes (CNT), which facilitate a direct electron transfer from
the GOx active site.15 Apart fromGOxmany other enzymes, such as
horseradish peroxidase,16 cholesterol oxidase,17 cytochrome P450,
glutamate dehydrogenase or lactate dehydrogenase,18,19 were used
in the biosensor development.

Nanomaterials for biomedical applications have been inten-
sively investigated, especially graphene based20,21 and mixed
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Crystal structure of GOx dimer. (a) The secondary structure. (b)
Themolecular surface of GOx dimer showing an entrance to the active
site from both sides of GOx dimer. The cofactor, FAD (flavin adenine
dinucleotide), is shown as van der Waals spheres.
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graphene/CNT.22 However, there are nearly no studies revealing
the details of graphene–enzyme interactions and how the specic
graphene shape canmodify the enzyme structure and function. In
this paper, we have performed the all-atom molecular dynamics
(MD) simulations to study the structural uctuations of GOx
dimer and the cofactor FAD (avin adenine dinucleotide) envi-
ronment upon binding to graphene sheets in different arrange-
ments. We have examined a single graphene sheet, a stack of
them and also a ower-like (or boxlike) graphene, which were able
to establish a tight contact with the enzyme. In the course of our
study, we found that the broad linkers between sheets in the
ower-like graphene provided the best coverage of the protein
surface resulting in a nearly complete wrapping of the enzyme.
Similar shapes were investigated in the case of small cargo
molecules like water23 and hydrogen24 but for proteins, there are
additional difficulties concerning the stability of the protein as
well as preservation of enzyme activity. For instance, the entrance
for the substratemust stay open (Fig. 1b) and not be hidden by the
folded graphene, hence encapsulation should not be complete.

Our MD simulations demonstrate for the rst time, the
process of encapsulation of a large enzyme by the graphene
sheets and allow to observe the inuence of encapsulation on the
protein structure. Using DFT (density functional theory) calcu-
lations we also estimated the energies of binding of charged and
hydrophilic residues to graphene. Such amino acids populate
the enzyme surface and provide the largest contribution to the
graphene–enzyme complex stability. Recently, it has been found,
employing MD simulations, that the graphene sheets arranged
in a boxlike structure can be used for hydrogen storage since
such system provides the highest hydrogen storage density of
9.5% H2 weight.24 The graphene sheets in this box were mended
together using hydrogenation-assisted processes. Such proce-
dure is similar to ours, since we use the widest linkers, equal to
the sheet's size, to obtain a nearly complete encapsulation.
However, such encapsulation can lead to distortion of protein
structure, especially for dimers and higher oligomers, and to
partial impairment of enzymatic activity.
2. Computational procedures
2.1. Preparation of GOx dimer structure

For investigations of GOx–graphene interactions, we chose
Penicillium amagasakiense glucose oxidase. It crystallized as a
This journal is © The Royal Society of Chemistry 2015
dimer at high resolution 1.8 Å (PDB id: 1GPE).25 Each of the 64
kDa monomer chains consists of 587 amino acids. GOx from
Penicillium amagasakiense bears 65% sequence identity to
Aspergillus niger glucose oxidase and their RMSD (root mean
square distance) values on backbone atoms differ by only 0.7 Å.
Before modelling procedures, all sugar groups were removed
and missing hydrogen atoms were added using YASARA 13.8
(YASARA Biosciences Inc.).

2.2. Simulations of GOx dimer with unconnected graphene
sheets

Before MD simulations the individual graphene sheets, 7 nm �
7 nm in size, were positioned close to each of the four non-
identical surfaces of GOx dimer. The OPLS-AA (Optimized
Potentials for Liquid Simulations-All Atom) force eld was
applied.26 The partial charges for carbon atoms in graphene
were set to zero. Non-bonded parameters for graphene corre-
spond to those of fusion carbon atoms in naphthalene. The
obtained structures of GOx–graphene complexes were placed in
periodic boxes 12 nm � 12 nm � 12 nm in size and solvated
with water. No FAD was included in these simulations. Coun-
terions were added to neutralize the system. The SPC (Single
Point Charge) model was used for water as this model is most
suitable for the OPLS force eld.27 The system was equilibrated
in two steps: 100 ps MD using isochoric–isothermal (NVT)
ensemble followed by 1 ns MD using isothermal–isobaric (NPT)
ensemble with strong harmonic restraints on the backbone
atoms of the protein (force constant 100 MJ mol�1 nm�2). Then
the production MD without any restraints was carried out for
100 ns.

For all the above simulations, the short-range non-bonded
interactions were cutoff at 1.0 nm and long-range electro-
statics was calculated using the fourth order Particle Mesh
Ewald (PME) method.28 Temperature was coupled by Velocity
rescaling (V-rescale)29 algorithm which follows the Berendsen
thermostat30 with an extra stochastic term to reproduce a proper
canonical ensemble. Initial velocities of atoms were assigned by
Maxwell distribution at 300 K. All simulations were conducted
at constant temperature 300 K and 1 bar pressure. Bonds were
constrained using LINCS algorithm to employ a 2 fs time step in
all simulations.31 The Parrinello–Rahman isotropic pressure
coupling was implemented for constant pressure simulations.32

All simulations were performed using Gromacs v4.5.5.33,34

2.3. Simulations of GOx dimer in graphene boxes

Squared graphene sheets of 7 nm � 7 nm were aligned to form
an open boxlike structures. The bottom sheet was connected to
the four surrounding sheets using one linker to each sheet. The
linkers were 1.2 nm long (5 benzene rings) and four different
widths were used starting from 0.7 nm (3 benzene rings) in Box1
model, 1.9 nm in Box2, 3.8 nm in Box3 and 7.0 nm (equal to the
size of the sheet) in Box4. The Amber03 force eld35 was used for
GOx and the General Amber Force Field (GAFF)36 was employed
for FAD. Reduced form of FAD was added to observe the inu-
ence of encapsulation on the interactions in the enzyme's active
site. The structures were further energy minimized for 5000
RSC Adv., 2015, 5, 13570–13578 | 13571



RSC Advances Paper
steps, and then a 100 ps stochastic dynamics (SD) simulations
were performed under constant volume with the positions of
heavy atoms in GOx and FAD constrained by a force constant of
1000 kJ mol�1 nm�2. To move graphene sheets closer to GOx, a
pulling force with a force constant of 1000 kJ mol�1 nm�2 was
imposed on the centres of mass of opposite graphene sheets.
Aer 100 ps all four surrounding sheets were in contact with
GOx and then another 2 ns SD simulation was performed with
the protein constrained and without any external forces. During
this simulation the graphene sheets not only wrapped around
GOx, but also overlapped with the adjacent sheets to a large
extent.

To study the stability of the obtained complexes, the systems
with the narrowest (Box1) and the widest linkers (Box4) were
additionally simulated without any constraints in explicit water
environment to test their stability. The GOx dimer–graphene
complexes were soaked in water and counterions were added
randomly replacing some water molecules to neutralize the
system. Then, 2 ns MD simulation using NVT ensemble was
performed with the positions of heavy atoms in GOx, FAD and
graphene constrained to equilibrate the water and the ions.
Further, 2 ns MD simulation under NPT ensemble was per-
formed with the same constraints to equilibrate the water
density. Following that, the restraints on graphene were
removed and another 2 ns simulation was performed. Finally,
all restraints were removed and MD runs of 100 ns were per-
formed under NPT ensemble with all bonds constrained with
the LINCS algorithm.31 Time step of 2 fs was used. During all
MD simulations the van der Waals interaction potentials were
shied to 0 within a range 0.8–1.2 nm with the long range
dispersion corrections to both energy and pressure. The long
range Coulomb interactions between partial charges of atoms
were calculated by the PME method with cutoff of 1.2 nm.28 The
temperature of the system was coupled separately for the solute
and water/ion groups to a heat bath of 300 K using the Nose–
Hoover method.37,38 The pressure was constant at 1 bar using
isotropic coupling in the Parrinello–Rahman method.32 The
simulations were performed using Gromacs v4.5.5 MD simu-
lation package.

2.4. DFT calculations

The initial geometry optimization of the graphene sheet was
carried out using the SCC-DFTB method (Self-Consistent
Fig. 2 Structures of GOx dimer with four unconnected graphene she
procedure; (b) after 2 ns of MD simulation; and (c) after 100 ns of MD si
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Charge Density Functional Tight-Binding),39,40 as imple-
mented in the DFTB+ soware,41 and a single-layer graphene
model consisted of 112 carbon atoms in a periodic box. Amino
acids were modelled as all-atom side chains terminated with a
CH3 group. Glutamic acid and aspartic acid were both
modelled as a glutamic acid side chain, while glutamine and
asparagine were both modelled as a glutamine side chain. For
each investigated case we started from two different geome-
tries, one parallel to the graphene surface and one perpen-
dicular, with the functional group located close to the
graphene.

Geometries from the SCC-DFTB initial optimization were
used as starting points to perform M06-2X density functional42

calculations with a small, 3-21G* basis set. For those calcula-
tions we used a graphene model consisting of 110 carbon atoms
terminated with hydrogen atoms. Aer obtaining the geometry
convergence we switched to a smaller graphene model con-
sisting of 58 carbon atoms terminated with hydrogen atoms and
used the same M06-2X method with a larger basis set 6-
31+G(d,p) with diffusive functions to perform the nal geometry
optimization. For the M06-2X/6-31+G(d,p) level of theory, we
also added a counterpoise correction to remove the basis-set
superposition error.

Images were generated using YASARA43 and VMD.44 MD
trajectory analysis was done using Gromacs tools, VMD and
custom scripts. Plots were constructed using Grace soware.
3. Results
3.1. Unconnected graphene sheets

Initially, we performed 100 ns all-atom MD simulations of GOx
dimer in contact with a single graphene sheet, 7 nm � 7 nm in
size, in water environment. The sheet was placed at different
sides of the GOx dimer in each simulation. Only in one case, we
witnessed a signicant movement of graphene associated with a
partial wrapping of GOx. The GOx structure stabilized aer
about 50 ns, however, the movement of graphene continued
until the optimal contact was established aer about 70 ns.
Such movement was facilitated by the small area of contact,
about 30 nm2, and stiffness of the individual graphene sheets.
The N-terminus of GOx and its exible loops changed their
conformation to establish a better contact with the graphene
surface.
ets. (a) The positions of graphene sheets after a short equilibration
mulation.

This journal is © The Royal Society of Chemistry 2015
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In the next step we used four unconnected graphene sheets
located initially in the same positions as in the simulations with
a single sheet (Fig. 2a) and performed 100 ns MD simulation of
GOx dimer in water environment. During the simulation, aer
about 2 ns, three graphene sheets slid together, forming a bent
stack (Fig. 2b). Then, this stack gradually attened and aer
about 4 ns it moved toward the fourth graphene sheet (Fig. 2c).
All these changes were accompanied by reduction of the GOx–
graphene contact surface. The process of self-assembly of these
highly mobile graphene sheets can be seen in Movie M1.† One
monomer of GOx in extensive contact with graphene stabilized
aer 70 ns, while the second monomer stabilized much earlier,
i.e. aer 30 ns (Fig. S1a†). The nal graphene–protein contact
involved N-terminal residues 1–9 and also some other residues
from both monomers of GOx (Fig. 2c). This position proved to
be stable till the end of the 100 ns simulation. Compared to the
single graphene sheet in the same contact position, the protein–
graphene interface diminished by 10% from 33.5 nm2 to
30.8 nm2, however, the interaction became more attractive and
the energy of interaction changed by 20% from �1050 kJ mol�1

to �1250 kJ mol�1. Interestingly, the stack of graphene sheets
adopted a at shape and the initial curvature was lost (Movie
M1†). It seems that the attractive forces in a stack of just three
graphene sheets were stronger than graphene interactions with
the enzyme. We did not observe a large unfolding of GOx upon
interaction with the at graphene sheets. Only a small b-sheet,
residues 222–229, in close contact with graphene, was unfolded.
This is possibly due to a very small interacting surface between
GOx and graphene and the compactness of the GOx structure
composed of many extensive and hard to unfold b-sheets.
Furthermore, a 7 nm � 7 nm graphene sheet may be too small
to induce larger unfolding effects in such big structure as GOx
dimer.
Fig. 3 Structures of GOx dimer in boxlike graphene with different
linker widths between graphene sheets. (a) Linker width 0.7 nm (three
benzene rings) – Box1. (b) 1.9 nm – Box2. (c) 3.8 nm – Box3. (d) 7.0 nm
(equal to the size of the sheet)– Box4. (e) Box4mappedwith graphene
surface curvature; blue – lowest curvature, red – highest curvature. (f)
Overlapping graphene sheets in Box4 model. A view from a corner
showing a tightly curved graphene.
3.2. Connected sheets and encapsulation

To test the possibility of GOx encapsulation by ower-shaped
graphene, we used four sheets of the same dimensions,
7 nm� 7 nm, covering each side of the GOx dimer, connected to
the central graphene sheet of the same size. To connect these
sheets, we employed different linkers ranging from 0.7 nm in
width (three benzene rings) to 7.0 nm (equal to the size of
graphene sheet): models Box1 to Box4. Performing a short 2 ns
stochastic dynamics (SD) in implicit solvent, we found that the
graphene sheets wrapped around GOx and attracted the edges
of adjacent sheets due to the strong hydrophobic interactions
between overlapping graphene surfaces (Fig. 3). An attraction
between the graphene sheets is especially evident in the struc-
ture with narrowest linkers (model Box1) where two adjacent
sheets at each side entirely overlap (Fig. 3a andMovie M2†). The
overlapped area diminished by about 20% for all graphene
boxes with broader linkers (Fig. 3b–d). The largest contact
surface between graphene and GOx was achieved in Box4
model, the cross-like graphene, which led to “burrito” type
encapsulation (Fig. 3d and Movie M3†). In Box1 the stacking
effect of adjacent graphene sheets was observed, compared to
Stack model, but nevertheless an encapsulation was obtained (à
This journal is © The Royal Society of Chemistry 2015
la sandwich) leading to the high graphene–protein contact area
(calculated as a buried water-accessible surface). Such contact
area was the smallest for Stack model and the largest for Box4
(Table 1). Two extreme boxlike models, Box1 and Box4, were
subjected to MD simulations in explicit water environment to
optimize the structures and to test their stability. As indicated
by the RMSD plot (Fig. S1b†) a change in the structure of GOx in
Box1 was much smaller than in Box4. In Box1 the RMSD was
about 0.33 nm for bothmonomers whereas in the case of Box4 it
was 0.36 nm for one monomer while for the second subunit it
was as high as 0.52 nm. This highly asymmetric change in GOx
structure suggests the existence of very strong forces deforming
RSC Adv., 2015, 5, 13570–13578 | 13573



Table 1 Comparison of properties of GOx complexes. Structures of Stack, Box1 and Box4 models after 100 ns MD simulation in explicit water
environment. Numbers in bold indicate extreme values

Complex Crystal Stack Box1 Box4

GOx–GOx centre distance 3.85 nm 4.10 nm 4.14 nm 3.24 nm
GOx–GOx contact area 22.9 nm2 20.7 nm2 26.0 nm2 77.9 nm2

FAD–graphene closest distance — — 1.86 nm 1.85 nm
GOx–graphene contact area — 31 nm2 138 nm2 204 nm2

RSC Advances Paper
and compacting the GOx dimer. Therefore, GOx–graphene
contact area in Box4 model was as high as 204 nm2, nearly 50%
increase compared to Box1, and a distance between GOx
monomer centres was the shortest also for Box4 (3.24 nm).
Compared to the crystal structure, this distance was shorter in
Box4 but longer in the Stack and in Box1, which indicates
elongation of the GOx dimer when crystal packing forces are
vanished. The contact surface between GOx monomers is much
larger in Box4 compared to every other case. In the stacked
conguration this GOx–GOx contact area is smaller than in the
crystal structure while in Box1 it is slightly larger. The FAD–
graphene closest distance is nearly the same in Box1 and Box4,
indicating that a complete wrapping does not help in bringing
FAD to graphene. The GOx–graphene contact area exhibits the
highest difference between Stack, Box1 and Box4 cases. For the
stacked conguration the contact area is the smallest, only
31 nm2, in Box1 – 138 nm2 but in Box4 – 204 nm2, indicating
high degree of encapsulation. The calculated curvature of gra-
phene in Box4 is small and nearly the same on the whole surface
except for the two tightly rolled endings (Fig. 3e and f) which are
similar to carbon nanotubes and approach the maximal rigidity
of graphene.45,46

3.3. Structural changes of GOx

The distance between the centres of the two GOx monomers did
not change during 100 ns MD simulation in Box1 while it was
decreasing in the Box4 model (Fig. S2a†). In the crystal structure
of GOx dimer this distance is 3.85 nm and is between the values
of Box1 and Box4, indicating that GOx dimer in Box1 is elon-
gated while in Box4 compressed. The closest distance between
the cofactor FAD and graphene was diminishing in Box1 but
increasing in Box4. In both cases, it reached about 1.85 nm
(Fig. S2b†). A compression of GOx dimer in Box4 was rather a
Fig. 4 Location of flavin rings of cofactor FAD in the active site of GOx. C
orange) and reduced form (in green) of FAD. (b) Binding of flavin group of
of the flavin group in Box4 model after 100 ns of MD simulation.

13574 | RSC Adv., 2015, 5, 13570–13578
rounding of the shape since the volume of GOx dimer was
nearly the same in Box1 and Box4, about 195 nm3. Fluctuations
in volume diminished aer about 50 ns in Box1 while in Box4
they were large, nearly till the end of the simulation (Fig. S3†)
suggesting rather big changes in internal GOx structure during
compression (i.e. rounding) that occurred in Box4 especially in
monomer B (Fig. S1b†).

Root mean square uctuations (RMSF) of residues in the
individual monomers of GOx dimer indicate that in Box1 and
Box4 the residues anchoring FAD (E55, N111–S114, and V254)
as well as the catalytic residues (H520 and H561) are located in
regions of small uctuations (Fig. S4†). This, however, does not
mean that the cofactor FAD was unmoving – especially a avin
group. Reduced form of this group, which was used in our
calculations, is located nearly in the same position as oxidized
form, but one hydrogen bond to G112 is lost due to protonated
nitrogen in the central avin ring (Fig. 4a). In the Box1 model,
aer 100 ns of MD simulation, the catalytic residues, H520 and
H563, are still located above avin group likely to bind
substrates, while carbonyl groups of the avin ring are still
bound to main chain of S114 and M565 (Fig. 4b). Conversely, in
Box4 model, the catalytic residues are found on both sides of
the avin rings (Fig. 4c) which precludes the catalytic function
of such altered active site.

Such location of histidine residues is a result of a movement
of the avin group so its interactions with residues S114 and
M565 are also lost. Abnormal location of catalytic residues was
found in both monomers of Box4, although only one of them
exhibited considerably increased RMSD values (Fig. S1b†). In all
models a position of adenine part of FAD was not changed. We
also compared changes in the secondary structure of monomers
A and B in GOx dimer–graphene complexes of Box1 and Box4
(Fig. S5†). There was a small decrease in the a-helix content in
atalytic histidine residues are coloured in purple. (a) Oxidized form (in
FAD in Box1 model after 100 ns of MD simulation. (c) Displaced position

This journal is © The Royal Society of Chemistry 2015



Fig. 5 Principal component analysis of MD simulations of Box1 and Box4 models. (a) A correlation between principal components of GOx dimer
and graphene. (b) Distinct conformational changes of GOx dimer in Box1 and Box4.

Paper RSC Advances
Box1 and a large decrease by 10% in Box4. Nearly no change of
the b-sheet content was found in Box1 and Box4. In order to
distinguish the conformational changes of GOx dimer in Box1
and Box4 models, we conducted the principal component
analysis. The movements of graphene and GOx dimer proved to
be strongly correlated, especially in the case of Box4 (Fig. 5a).
We also projected the trajectory of the Box4 model into Box1
along the principal components, PC1 and PC2, to compare
them and to detect a phase space overlap. They overlapped only
in a small region (Fig. 5b). This indicates distinct conforma-
tional changes of the GOx dimer: elongation in Box1 and
compaction with rounding of the shape in Box4.
3.4. GOx–graphene interaction energy

The surface of GOx as that of other enzymes is populated mostly
by polar and charged residues and its interaction with gra-
phene, even in an encapsulated form, does not change it. Some
of these residues were found to be actively contributing to the
GOx–graphene interaction energy. The individual contributions
of particular residue types to the interaction energy are shown
in Fig. S6.†During the course of MD simulations the interaction
energies for all amino acids were becoming more negative
(more attractive interactions). In both Box1 and Box4 the most
contributing residue types were Lys (20 residues) and Gln
(13 residues) since they are the most numerous residues on the
GOx surface. Nevertheless, they were also the most contributing
residues when the interaction energy was normalized (divided
by the number of residues of this type in contact with gra-
phene). In Box4, the interaction energy of these residues was
about 50% higher compared to Box1. This is because during
compacting of GOx in Box4 the structure is changing and the
surface residues are interacting with graphene not only with
their functional groups but also the hydrophobic part of side
chains.

To more accurately estimate the effect of graphene binding
by charged and polar residues, we calculated the interaction
energies (Eint) of some hydrophilic and charged amino acids,
populated the GOx surface, using DFT methods at different
levels of theory. We employed the empirical exchange-
This journal is © The Royal Society of Chemistry 2015
correlation functional M06-2X.42 The interaction energy calcu-
lations included optimization of the system structure. It was
found that a at orientation of residues on the graphene surface
was optimal for all analysed amino acid residues (Fig. S7†).
Such geometry is favoured due to a large number of weak van
der Waals interactions between the graphene sheet and the
aliphatic parts of the amino acid residues since each methylene
group contributes approximately 6 kJ mol�1 to the interaction
energy. However, the main component of the large affinity of
polar and charged residues towards the graphene sheet comes
from the interactions of their functional groups with the
conjugated p system of the graphene. Hence, the positively
charged amino acids, Lys and Arg, were characterized with the
lowest interaction energy (Eint) values indicating the most
attractive interactions.

To obtain the most accurate estimation of Eint for different
residues we used a large basis set, 6-31+G(d,p), with the coun-
terpoise correction. The interaction energies of side chains
of polar amino acids with the graphene sheet were the
following: Arg+:�138 kJ mol�1, Lys+:�127 kJ mol�1, Glu�/Asp�:
�49 kJ mol�1, Gln/Asn: �39 kJ mol�1, and GluH/AspH:
�38 kJ mol�1. In all cases the negative values were obtained
indicating that the residues were attracted by graphene. The
strongest attractive forces were obtained for positively charged
amino acids, however, the negatively charged residues were also
attracted.
4. Discussion

The molecular dynamics studies have revealed the feasibility of
efficient encapsulation of GOx by a ower-like graphene. Nearly
a complete encapsulation of the enzyme (in Box4 model) led to
distortions of enzyme structure and incorrect orientation of the
cofactor, FAD, towards the GOx catalytic residues. Furthermore,
such extensive encapsulation could block an access of the
substrate to the active site of the enzyme. However, such
wrapping may be useful for rigid cargo, like quantum dots. On
the other hand, using another ower-like shape of graphene in
Box1 model, we obtained a stacking effect, where two stacks
RSC Adv., 2015, 5, 13570–13578 | 13575



RSC Advances Paper
were created on both sides of the GOx dimer leading to elon-
gation of the dimer. In this model the active site of both GOx
monomers remained nearly intact and the entrance of the
substrate was not blocked. Experimental implementation of
linked graphene sheets may be difficult so such linkers may be
substituted by chemical linkers which are available and used
even today. For instance the porous graphene frameworks pil-
lared by organic linkers was created by Kumar et al.47 A forma-
tion of 3D structures of directly linked graphene sheets is also
possible via mild chemical reduction of graphene oxide48

although the size cannot be precisely controlled. However, such
structures are also of potential importance for protein
encapsulation.

It was found for GOx immobilized on the surface of multi-
walled carbon nanotubes (MWCNT) that although its catalytic
activity was preserved, no direct electron transfer to the elec-
trode could had been demonstrated.49 Similar deduction was
made byWooten et al.50 indicating that GOxmolecules that were
within the electron tunnelling distance from CNT were not
enzymatically active toward glucose. Previous reports on the
occurrence of direct electron transfer in GOx systems referred to
cases involving hidden mediators, including atmospheric
oxygen, which is a natural electron mediator between GOx and a
modied electrode surface.49,51 Recently, in a four-component
system involving graphene, MWCNT, metal nanoparticles and
GOx it was, nonetheless, possible to detect a direct electron
transfer.52 It was done based on a PDDA-(poly-diallyldimethyl-
ammonium chloride)-capped gold nanoparticle modied
graphene/MWCNT electrode. Such hierarchical nanostructure
can provide a larger surface area and a more favourable
microenvironment for the electron transfer. Grosse et al.53 also
obtained a remarkably large catalytic current in the GOx system
by using aqueous dispersions of reduced graphene oxide and
MWCNT.

A highly nanostructured carbon surface was used by Ueda
et al.54 in the study of physically adsorbed enzyme, bilirubin
oxidase. The catalytic current was 30 times greater for such
surface than that obtained in the case of a at carbon lm. Such
thorn-like structures were fabricated by the UV/ozone process
which generates very deep pockets in which the enzyme is
nearly surrounded by the electrode material. The bilirubin
oxidase differs from GOx since it contains the copper clusters
which make a direct electron transfer potentially much more
efficient, it is however achieved only when such structured
surfaces are utilized. To enhance a contact with the enzyme, one
can employ encapsulation of enzymes by graphene (or graphene
oxide). However, in the case of GOx, direct electron transfer may
be hard to achieve even if a very close and tight contact between
the enzyme and the electrode is established. One possible way
of improving glucose sensing is to employ the highly dispersed
titanium dioxide nanoclusters on reduced graphene oxide as
demonstrated by Luo et al.55

The ower-like graphene has been investigated before to
study the encapsulation of water nanodroplet in vacuum using
MD simulations. In their study,23 Bellido and Seminario used
small akes, about 2 nm � 1.2 nm in size, linked by extremely
thin linkers of single benzene ring width. Such graphene
13576 | RSC Adv., 2015, 5, 13570–13578
structure folded during 200 ps of MD simulation around water
molecules in vacuum. On a larger scale, it has been shown
experimentally that water microdroplets containing large
patches of graphene oxide and silver nanoparticles as the
solute, can spontaneously form nanostructures of solute cargo
wrapped by graphene oxide sheets upon drying, which leads to
the nearly complete encapsulation of cargo.56

During MD simulations, we observed an attraction between
graphene and different amino acids, including hydrophilic and
charged residues. Even negatively charged residues exhibited
such effect, which was conrmed later by our DFT calculations
for Glu�/Asp�–graphene system. The strong anion–p attractive
interactions were also found by Shi et al.57 for a complex of
graphene and halide ions. They proposed that the quadrupole–
quadrupole interactions were responsible for anion–p attrac-
tion. Their calculations57 were made for large sheets of gra-
phene, C84H24. Although this effect seems to be better
manifested for larger graphene sheets, the attraction could be
easily demonstrated also for a smaller graphene sheet, C58H20,
used by us. The currently available force elds can provide
qualitatively correct results as exemplied by Eint values esti-
mated for individual amino acids. Thus, the obtained structures
of graphene–GOx complexes seem to be well founded and the
molecular dynamics methods can be employed for the estima-
tion of the inuence of graphene on the structure and function
of other proteins.

5. Conclusions

Although the usage of proteins and graphene in bio-nano-
devices is increasing, little is known about the molecular
effects of graphene on the structure and function of enzymes
and receptors. A direct contact of graphene with protein may be
potentially hazardous and lead to unfolding of protein by at
surface of large graphene sheet. Nevertheless, a close contact
between protein and graphene is necessary for obtaining a
direct electron transfer from the enzyme active site. We exam-
ined different shapes of graphene and quantied their ability to
wrap the enzyme, glucose oxidase dimer. Such encapsulation
leads to achieving a high contact surface with graphene,
however, the preservation of structure and function of enzyme
is challenging and depends on the enzyme shape and location
of the substrate binding pocket. The molecular dynamic simu-
lations revealed that a very tight wrapping of the enzyme is
possible but it generates structural changes in the protein,
including partial impairment of its catalytic function because of
relocation of catalytic residues and cofactor. Such “burrito” type
encapsulation may be useful for hard cargo. Employing another
boxlike shape of graphene led to “sandwich” type encapsula-
tion. In this case we also obtained a close FAD–graphene
contact while preserving the interactions in the enzyme active
site critical for the redox reaction. Employing MD simulations
we found that even the hydrophilic and charged residues,
populating the enzyme surface, were attracted by graphene,
what was conrmed by subsequent DFT calculations. Such
calculations can be utilized for parameterization of currently
used force elds for molecular modelling to provide the
This journal is © The Royal Society of Chemistry 2015
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quantitatively correct protein–graphene interactions. The
results reported in the present study are the rst step in
understanding the molecular effects occurring during encap-
sulation of enzymes, especially GOx dimer, by graphene sheets,
which we believe would be a worthy attempt. The cross-like
graphene, responsible for the most efficient encapsulation (of
“burrito” type), does not require any linker between adjacent
graphene sheets and could be manufactured in the near future,
so our predictions on the feasibility of such encapsulation and
also on changes in the enzyme active site would be veried.
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