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Adsorption orientations and immunological
recognition of antibodies on graphene†
J. G. Vilhena,a,b A. C. Dumitru,a Elena T. Herruzo,a Jesús I. Mendieta-Moreno,b,c
Ricardo Garcia,*a P. A. Serenaa and Rubén Pérez*b,d
Large-scale molecular dynamics (MD) simulations and atomic force microscopy (AFM) in liquid are combined to characterize the adsorption of Immunoglobulin G (IgG) antibodies over a hydrophobic surface
modeled with a three-layer graphene slab. We consider explicitly the water solvent, simulating systems
with massive sizes (up to 770 000 atoms), for four diﬀerent adsorption orientations. Protocols based on
steered MD to speed up the protein diﬀusion stage and to enhance the dehydration process are combined with long simulation times (>150 ns) in order to make sure that the ﬁnal adsorption states correspond to actual stable conﬁgurations. Our MD results and the AFM images demonstrate that the IgG
antibodies are strongly adsorbed, do not unfold, and retain their secondary and tertiary structures upon
deposition. Statistical analysis of the AFM images shows that many of the antibodies adopt vertical orientations, even at very small coverages, which expose at least one Fab binding site for recognition events.
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Single molecule force spectroscopy experiments demonstrate the immunological response of the

DOI: 10.1039/c5nr07612a

deposited antibodies by recognizing its speciﬁc antigens. The above properties together with the strong
anchoring and preservation of the secondary structure, make graphene an excellent candidate for the
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development of immunosensors.

The study of protein interaction with material surfaces is a
subject of fundamental and technological interest. Proteins
constitute the largest and most widely employed class of biomolecules for surface functionalization. There is a wide range
of applications in biotechnology that rely on protein adsorption such as biocompatible interfaces, biosensors, and interfaces for tissue engineering and regenerative medicine.1–7 One
common requirement for those applications is that the protein
must remain bioactive upon deposition. Protein adsorption
also represents an interesting and important fundamental
problem because it is the result of the interplay among
protein–surface interactions, hydration forces, and the protein
ability to change conformation as controlled by its internal
strength. Over the past few years, many experimental studies
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have addressed the challenge of understanding and controlling protein–surface interactions.1 Nevertheless, due to the
inherent diﬃculties to probe events at an atomistic level,
protein adsorption is not well understood yet.1,7 As a result,
the design of most devices dependent on protein–surface
interactions is still based on trial and error approaches.1,7
Diﬀerent biomedical applications2,8 such as immunoassays9,10 and biosensors11 would benefit from a better understanding of the Immunoglobulin G (IgG) adsorption upon
solid surfaces. IgG is the most abundant among the five
classes of antibodies produced by the body and provides
the majority of the antibody-based immune response.12 IgG
is a glycoprotein complex composed of four peptide chains
arranged in a Y-shape. It is formed by two antigen binding
fragments (Fab) and one crystallizable fragment (Fc) (see
Fig. S1†). The antigen binding sites ( paratopes), located at the
far end of the Fabs, are extremely variable, thus allowing the
recognition and binding to one specific antigen epitope.13
This ability to bind to a specific antigen, which characterizes
the bioactivity of a given IgG, is extremely sensitive to the conformational structure of the paratope.1,14 In order to improve
the sensitivity of current immunoassays, many experimental
methods for controlling the antibody adsorption orientation
have been thoroughly investigated. This has proved to be a
highly non trivial task since, for all the surfaces studied so
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far,14–20 including mica, quartz, silica and pentacene, the IgG
seems to preferentially adsorb in Flat-on orientations. These
orientations make the Fabs less accessible than vertical configurations and, consequently Fabs could lose their biofunctionality. As a result, except in the recent study of 2D
crystals built from IgG domains (fragments),21 the IgG biochemistry is diminished.
Graphene, the leading carbon-based two dimensional
material proposed to develop novel electronic devices, would
be an ideal substrate for biomedical applications. Graphene
has already been considered to develop biosensors, medical
implants and drug delivery systems.22 All of these applications
require to address its biocompatibility and biosafety.23 To
assess the suitability of graphene as a support surface for a
new generation of biosensors and, in particular, immunosensors, it is crucial to characterize how the antibody adsorbs
(its orientation and adsorption energy) and the subsequent
eﬀects on its bioactivity. Previous work has shown that, independently of the ionic strength and pH, antibodies show a
high aﬃnity for hydrophobic surfaces.15 Therefore, graphene
being hydrophobic, one expects it to be able to immobilize
IgGs. While a high adsorption aﬃnity is a required feature
to develop IgG-based biosensors, a strong adsorption could
lead to an undesired protein unfolding or to a loss of its
bioactivity.24
An ideal surface for IgG adsorption should prevent any
major unfolding of the protein and should also leave the Fabs
pointing towards the solution. From an experimental perspective, it is very challenging to determine both the actual adsorption orientation of a given antibody as well as the degree of
adsorption-induced unfolding on IgG. The high lateral resolution of force microscopy (AFM) and its ability to image individual molecules on diﬀerent environments makes AFM an ideal
technique for this task. Force microscopy studies of antibody
deposition and adsorption have been performed in air and
liquid on diﬀerent surfaces such as mica,21,25–28 pentacene20
or biological membranes.29,30 High resolution images have
revealed some of the dominant adsorption configurations but
they can only provide very limited information about the
diﬀerent factors that lead to the observed morphologies. Accurate atomistic simulations in the protein native liquid environment are a perfect complement to these experiments in order
to gain this fundamental understanding. The overall protein
adsorption process is composed of three main stages:1
diﬀusion of the protein from the bulk solution into the interface region, dehydration of the protein/surface interface, and,
finally, deformation and attachment of the protein onto the
surface. Previous combined studies, focused on the adsorption
of small peptides,7,31,32 have validated the use of simulation
methods – such as molecular dynamics (MD), steered-molecular-dynamics (SMD), and the associated classical force fields
– to gain direct, quantitative information about the competing
mechanisms involved in the adsorption of small protein fragments. These calculations use an accurate atomistic description of the solvent, including explicitly the water molecules in
the simulations. Extending this approach to large proteins like
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the IgG, with more than 20 000 atoms and a molecular weight
of 150 kDa, is a very challenging task, due to the sheer size of
the calculations (involving ∼106 atoms) and the long simulation times needed to describe the diﬀusion and dehydration
stages.33 Previous theoretical studies of protein adsorption on
graphene or alike hydrophobic surface graphene where water
is considered explicitly have been restricted to short peptidechains31,34,35 or small proteins like BMP-2 (26 kDa).36 Larger
proteins like BSA (66 kDa) have been addressed37–42 using an
implicit solvent approach. All of these studies have demonstrated an almost complete loss of the secondary structure,
suggesting that the IgG would unfold and lose its bioactivity
once it is adsorbed upon graphene. However, this evidence has
to be considered with caution. Sun et al.43 have found diﬀerences in the adsorption behavior with the solvent model used.
Furthermore, earlier results for the unfolding of moderately
large proteins like lysozyme (14.3 kDa, 125 amino acids)
coming from implicit solvent studies40 have been questioned
by more recent simulations using explicit water models.33,44
From a more fundamental perspective, it is not clear if the free
energy balance, that results in the unfolding of the small peptides on hydrophobic surfaces, holds in the case of an entire
protein that presents strong internal binding interactions.
Here we combine large-scale molecular dynamics (MD)
simulations and high resolution atomic force microscopy
imaging in liquids to study the adsorption of IgG antibodies
on graphene. We have included water explicitly, simulating
systems with massive sizes (up to 770 000 atoms) for very long
simulation times (>150 ns) in order to make sure that the final
adsorption states corresponds to actual stable configurations.
Protocols based on steered MD have been devised to speed up
the protein diﬀusion stage, to enhance the dehydration
process, and to determine the adsorption energies. Our theoretical and experimental results conclusively demonstrate that
the IgG antibodies are strongly adsorbed on graphene, do not
unfold upon adsorption, and retain their secondary structure.
These results show that the energy balance controlling adsorption on hydrophobic surfaces depends on the size and internal
strength of the protein. For large proteins like the IgG, adsorption is dominated by protein–substrate van der Waals interactions, while hydrophobic forces seem to play a very minor
role. Furthermore, near half of the antibodies adsorb in vertical orientations that expose both Fab binding sites for the
specific binding to antigens. Force spectroscopy measurements demonstrate the immunological response of the deposited antibodies by selectively interacting with their specific
antigens. Those features make the IgG/graphene system a
candidate for the next generation of biosensors.

Results and discussion
MD simulations for IgG adsorption
We have considered the four diﬀerent molecular orientations,
that have been identified and named in previous studies,14,15
for the adsorption of antibodies on a surface (see Fig. 1 and
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Fig. 1 Stable adsorption conﬁgurations of IgG on graphene in water. From left to right, the ﬁrst two columns correspond to the structures for the
four diﬀerent orientations after 152 ns of MD simulations, while the other two display AM-AFM images that reveal these characteristic adsorption
conﬁgurations. Panels a, e, i and m (b, f, j, n) show the corresponding top (side) views. The IgG is represented with its secondary structure: betasheets (red), alpha-helix (dark-green), 310-helix (dark-blue), turns (cyan), and random-coils (light-gray). The two glycan chains present on the Fc
domain are represented using a ball-and-stick model, while the sulfur-bridges are highlighted in dark-orange. The light green atoms in the theory
panels correspond to the carbon atoms in 20 × 20 nm2 ABA stacked 3-layer graphene slab used as a substrate in the MD simulations. Panels c, g, k
and o show the topographic AFM images of the four orientations adopted by the IgG antibodies adsorbed on graphene. Panels d, h, l and p display
the corresponding cross-sections along the lines marked in the images. The assignment of each AFM image to a given orientation is further supported by the inter-domain distances measured in Fig. S5,† that are in very good agreement with the ones determined from the ﬁnal MD structures
(see Table 2).

S1†): Flat-on (all the three fragments adsorbed to the support),
End-on (only the Fc adsorbed), Sideway-on (one Fab and the Fc
adsorbed) and Head-on (both Fabs adsorbed). In order to
speed up the slowest part of the adsorption process, protein
diﬀusion from the solution into the interface region, we have
used SMD to apply a gentle force on the IgG hydrophobic backbone – in particular, 30 S-bonded cysteine alpha carbons (see
Methods and Fig. S2† for details), that brings the protein
closer to the substrate, intensifying the dehydration while
keeping the internal structure intact. Including this enhanced
adsorption stage, the whole protocol that we have applied for
the simulation of each orientation is as follows: firstly, we position the IgG (PDB ID: 1IGT) in one of the four orientations at a
distance of 10 Å from a 20 × 20 nm2 three-layer graphene slab
with A–B–A stacking, and we solvate the system with TIP3P
water molecules (150 000–250 000 depending on the orientation).45 Then, we heat up the system at 300 K, leave the IgG

This journal is © The Royal Society of Chemistry 2016

to freely adsorb during 10 ns, apply the enhanced adsorption
for 2 ns, and, finally, let the system equilibrate for another
140 ns.
The first two columns of Fig. 1 present the top and side
view of the final adsorption configuration for each of the four
characteristic orientations of the antibodies after 152 ns of MD
simulation. We have used a manifold of diﬀerent properties,
including the total energy and their components, the rootmean-square-deviation of the protein with respect to its initial
configuration (RMSD), the gyration radius tensor (RoG), the
contact surface area, and the solvent accessible surface area, in
order to characterize the adsorption mechanism and to verify
that the process has indeed been completed and that a final
stable configuration has been reached. The time evolution of
all of these quantities provides a very detailed picture of the
process. The rapid evolution and final stabilization of the total
energy, and of the protein–surface contact area (see Fig. 2) in
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Fig. 2 Evolution of the total energy (left) and the contact area between the protein and surface (right) during the MD simulations (152 ns) for the
diﬀerent adsorption orientations. The rapid evolution after the ﬁrst 10 ns corresponds to the enhanced adsorption stage, where for 2 ns, we use
SMD to apply a gentle force on the IgG hydrophobic backbone that brings the protein closer to the substrate, intensifying the dehydration while
keeping the internal structure intact. After this, the system equilibrates for another 140 ns.

the first 10 ns following the SMD step in which the IgG is
brought into contact with the substrate, and shows that the dehydration/adsorption process occurs very fast. The variations
observed in the evolution of the RMSD (shown in Fig. 3 for the
End- and Sideways-on orientations) of the whole IgG backbone
might seem to imply that equilibrium has not been reached.
However, the analysis of the RMSD of the three individual
domains, with variations below 1.5 Å after 60 ns of simulation,
explains those fluctuations in terms of relative displacements
of the diﬀerent fragments around the extremely flexible hinge
region that connects them, as previously reported for IgG
embedded in water.46 There is only one orientation, the
Sideway-on one, where we can still observe some changes in
the RMSD of one of the fragments even at the latest stages of
the simulation. The RoG components provide an explanation:
the non-absorbed Fab domain oscillates back and forth due to
thermal fluctuations. This oscillation leads to a minor
rearrangement of the atoms on the upper part of the Fc fragment, but does not aﬀect to those in contact with the surface
as shown by the evolution of the contact area, that remains
constant through the whole oscillation process. This same
orientation shows that our protocol for enhanced adsorption
does not mask any important aspect of the process. One may
legitimate worry about the system being locked in a metastable
configuration that prevents any further evolution. After the
enhanced adsorption in the Sideway orientation, there is a Fab
in contact with the graphene layer. The analysis of the following MD steps reveals that this domain desorbs in order to
reorient itself and, later on, adsorbs again but now along the
paratope region.
The analysis presented so far proves that, using our adsorption protocol, 150 ns MD simulations are long enough to
capture all of the relevant protein rearrangements involved in
the adsorption process, and to reach the final stable equilibrium configuration for each IgG orientation. This analysis
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also supports one of the more striking results coming out
from our simulations: in graphene, vertical orientations like
End-on and Sideway-on, exposing the active Fab domains,
seem to be stable adsorption configurations, at variance with
previous findings on hydrophilic surfaces.14–19
The results of our MD simulations show that, at variance
with the strong (complete) denaturation previously found
for protein fragments,31,34,35,47 small proteins like BMP-236
and larger proteins treated with implicit solvant methods,37–42
the structure of the IgG is preserved during the adsorption
process. The evolution of the secondary structure during the
simulations, using both Ramachandran plots and the DSSP
algorithm48 (see Table 1 and Fig. S6–S9† for the diﬀerent orientations), confirms that the IgG secondary structure is barely
aﬀected (fluctuations always smaller than 2%). Furthermore,
in all of the orientations, the adsorbed residues have an even
distribution of hydrophobic/hydrophilic residues. We do not
observe any movement of residues belonging to the hydrophobic core/regions of the protein towards the surface as
observed on smaller protein fragments.33
The results presented above clearly show that the role
played by hydrophobic forces and the mechanisms governing
protein adsorption for large proteins like IgG, with molecular
weights around 150 kDa and high internal stability, are very
diﬀerent from the ones studied so far in protein fragments
and smaller proteins.33,35,36,44,47 The protein adsorption
process is spontaneous only if there is a free energy gain upon
adsorption (ΔG = ΔH − TΔS < 0), i.e. if the enthalpy energy
variation due to adsorption (ΔH) is smaller than the entropicenergy variation (TΔS). In small proteins, the energy increase
(ΔH) due to unfolding is small. As a result, the relative contribution of the entropic term to the overall free energy is
more relevant. For this reason, small proteins or peptide
chains easily unfold33,35,36,44,47 over a hydrophobic surface
such as graphene in order to minimize the disruption of the
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Fig. 3 Evolution during the adsorption dynamics of the root-mean-square deviation (RMSD) and the radius of gyration (Rg2) for the Sideway- and
End-on adsorption orientations. RMSD is calculated for the whole protein – all the backbone atoms of the protein (backbone) – and the alpha
carbons belonging to each of the three domains, the two Fab (FAB1 and FAB2) and Fc domain (FC). The components Rg,||2 and Rg,⊥ = (Rgz) provide
information on how the protein spreads over the surface or gets compact in the direction normal to it. Variations of RMSD and Rg2 components in
the last stages of the simulation correspond to the oscillation of IgG domains that are not adsorbed (see text). Corresponding data for the Flat- and
Head-on orientations are shown in Fig. S4.†

Table 1 Secondary structure evolution over the adsorption dynamics (152 ns) along the End and Sideway orientations. Here we show the percentual
value of each of the secondary structure component evaluated using the DSSP algorithm48,49 at major simulation steps, i.e.: after the thermalization
(stage A), after the 10 ns free adsorption dynamics (stage B), after the enhanced adsorption (stage C) and after the 140 ns free adsorption dynamics
(stage D)

End-on

Sideway-on

Sec. Struct.

A

B

C

D

A

B

C

D

β-Strand
β-Bridge
α-Helix
3π-Helix
5π-Helix
Turn
Bend
Random-coil

46.81
1.37
3.50
2.96
0.00
11.09
9.65
24.62

47.42
1.14
3.65
2.05
00.00
12.16
9.19
24.39

46.81
1.37
2.96
3.27
00.00
11.40
9.95
24.24

44.68
1.22
2.13
3.19
00.00
12.31
10.33
26.14

47.72
1.29
3.57
2.28
00.00
11.93
9.35
23.86

46.35
1.82
3.42
2.51
00.00
11.09
10.18
24.62

42.48
2.20
2.96
1.60
00.00
13.60
10.33
26.82

46.05
1.22
1.98
2.81
00.00
12.84
10.26
24.85

water hydrogen bonding network. This allows the system
to increase its entropy at a cost of a small unfolding energy
barrier. For larger proteins, such as the IgG, this does not
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seem to be the case. Given the high internal stability of the
IgG,46,50,51 the enthalpy energy increase arising from the
protein unfolding, or any major rearrangement, is too large to

Nanoscale, 2016, 8, 13463–13475 | 13467

View Article Online

Paper

be compensated by any entropic energy gain. Therefore
neither we observe a rearrangement of the hydrophobic residues to favor their adsorption instead of the hydrophilic ones,
nor we find a protein unfolding occurring upon adsorption.
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AFM experiments for IgG adsorption
Our results regarding the preservation of the IgG structure and
the presence of vertical orientations as stable adsorption configurations call for an independent validation. The capability
of the AFM to directly visualize the behavior of biological molecules at solid–liquid interfaces enables to assess the MD simulations. The two right columns in Fig. 1 show high resolution
Amplitude Modulation AFM (AM-AFM) images in the water of
IgG antibodies deposited on graphene ( panels c, g, k, o) and
their corresponding cross-sections along the lines marked on
the images ( panels d, h, l, p). The lateral and vertical resolution of the images allows us to make a direct connection
between protein configurations in theory and experiment.
Furthermore, as time scales between AFM (100 ms) and MD
(100 ns) are separated by six orders of magnitude, we completely overcome possible doubts about the long term stability of
the structures found in the MD simulations.
The first important point is that the AM-AFM images reveal
the four characteristic orientations of IgG on graphene as
described by the MD simulations. A qualitative comparison
between theory and experiments ( panels a, e, i, m and c, j, k, o
in Fig. 1 respectively) shows a good agreement between the
theory-predicted and experimentally-observed adsorption
orientations. In particular, we can identify the Head-on and
End-on orientation. Fig. 1g (head-on orientation) clearly shows
two protrusions of diﬀerent heights: a lower one which corresponds to an adsorbed Fab fragment and a higher one corresponding to a Fab lying over the Fc fragment (blue line crosssection profile in Fig. 1h). On the other hand, for the End-on
orientation, two protrusions of similar height are visible in
Fig. 1k, and confirmed by the blue line in the cross-section
profile in Fig. 1l. We have assigned these two protrusions to
the Fab fragments exposed to the environment. This assignment is further confirmed by the inter-domain distances determined for these two orientations, as discussed below. It is
worth mentioning that our AFM experiments are even able to
distinguish between two configurations where the IgG lies flat
on the surface. The Flat-180°-xflipped orientation (see Fig. S3†)
is a specular reflection of the Flat configuration displayed in
Fig. 1. In spite of the apparent equivalence of these two structures, our simulations show diﬀerences in their final adsorption structures. The Fc fragment is less strongly adsorbed in
the Flat configuration. This fact, together with the torsional
restrain imposed by the diﬀerent adsorption of the Fab fragments, lifts the Fc domain upwards (see Fig. S3†). The height
profiles in Fig. S3† confirm these diﬀerences, and demonstrate
how powerful the synergy is between experiment and theory in
order to have a detailed characterization and understanding of
the mechanisms of adsorption.
The agreement goes beyond the similarities in shape and
the ability to resolve diﬀerent orientations, and it involves
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quantitative values. We observe that the measured interdomain distances, extracted from AFM topography cross sections (like the ones shown in panels d, h, l and p of Fig. 1), are
in agreement with the results from our MD simulations (see
Table 2 and Fig. S5†). Note that, due to tip–antibody convolution eﬀects, the overall size of the antibody is larger than the
nominal value. However, distortion does not aﬀect the interdomain distances. Furthermore, these distances are also in
agreement with reference data.51 This quantitative agreement
allows us, not only to validate the adsorption orientation
mapping AFM-MD represented in Fig. 1, but also to confirm
that the IgG retains its secondary structure when adsorbed
over graphene.
The height comparison reveals some diﬀerences between
experiment and theory. The experimental values are in the 3 to
3.5 nm range (Fig. 1d, h, l and p). For the Flat orientation, the
maximum height value is also lower than the nominal height
of the molecule (∼6 nm). This is a common feature in AFM
experiments and is due to the elastic deformation of the antibodies in the vertical direction by the force applied by the AFM
probe during imaging. Numerical simulations52 indicate that,
for the operational values used here to image the proteins, the
peak force is in the 400 pN range which implies deformations
of about 2 nm for a system with an eﬀective Young’s modulus
of 30 MPa. The deformation is enhanced for vertical orientations since they are softer along the direction perpendicular
to the plane, due to the smaller eﬀective z-atomic-density
occurring in these orientations.
In order to gain further insight into the statistical distribution of the adsorption orientations of the IgG over graphene, we have performed a series of AFM measurements of
IgG antibodies deposited on graphene. The orientations have
been classified into three groups: flat, vertical and nonresolved. The flat group includes images that show the characteristic Y-shape of Flat-on orientation. The vertical one
includes antibodies in Head-on, Sideway-on and End-on orientations. The flat orientations are recognized by the presence of
three lobes (subunits) in the AFM image, while the vertical
orientations are characterized by the presence of two lobes or
one plus a protrusion nearby (see Fig. 1). The non-resolved
group includes the images that show a geometry that did not

Table 2 Comparison of the inter-domain distances (in nm) as
measured by AFM (columns 2 and 3) and by MD simulations (columns 4
and 5). The distances taken from the MD simulations were obtained
from the coordinates at the end of the 152 ns equilibration run. Further
details can be found in Fig. S5

AFM

MD

Orientation

Fab1–Fab2
(nm)

Fab–Fc
(nm)

Fab1–Fab2
(nm)

Fab–Fc
(nm)

Flat
Flat-180°-xflipped
Head
End

9.4
9.6
—
8.0

5.8
10.0
9.7
—

9.3
9.3
—
8.0

8.8
8.7
9.3
—
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Fig. 4 a. AM-AFM topographic image of the IgG adsorbed on graphene (water). b. AM-AFM topographic image of the IgG adsorbed on graphene
(air). c. Histogram with the number of counts (in percentage values) of antibodies adsorbed along a Flat orientation (i.e. Flat-on and Flat-180°xﬂipped ), along a vertical orientation (i.e. Head, Sideway, and End ) and for the unresolved orientations. The total number of counts in water is 145
and in air is 385.

match any of the orientations given by the MD simulations.
This happens when two antibodies are very close on the substrate or when the subunits have not been resolved by the
AFM. All these orientations were categorized by analyzing
several 500 × 500 nm2 images of antibodies on graphene
similar to the ones shown in Fig. 4a and S10.† The histogram
in Fig. 4c shows that the IgGs adsorb mostly on vertical orientations (i.e. Head-on, Sideway-on, End-on). This is in contrast
with the results obtained in the hydrophilic surfaces (including mica, silica and quartz) studied so far.14–19 All of these
passive adsorption surfaces favor the non-bioactive Flat
adsorption orientation for the low coverage densities considered in this work. The dominant presence of vertically
oriented IgGs is fully consistent with the fact that, according
to our MD simulations, all the studied orientations are stable
adsorption states. We have also performed similar experiments
in air (Fig. 4b) to see whether or not the dehydration process
could introduce some changes in the dominant orientations.
Although there are diﬀerences in the relative percentages of
the Flat-on and unresolved orientations, our results in air
clearly show that, as in the water case, the vertical orientation
is still the dominant one.
Understanding the statistical distribution of orientations:
SMD simulations for the desorption process
In order to understand the origin of the statistical distribution
obtained in the AFM experiments, we have performed SMD
simulations for the IgG desorption process, as represented in
Fig. 5. Using the Jarzynski equality,53 the free energy diﬀerence
between two equilibrium states can be obtained by an exponential average of the work needed to take the system from
one state to the other (e.g., from adsorbed to desorbed IgG) via
any desired non-equilibrium process. The average has to be
done over multiple initial configurations/coordinates sampled
from the initial equilibrium state. This method, previously
used to measure the adsorption energy of a peptide onto
diﬀerent hydrophobic surfaces,32 provides results which are in

This journal is © The Royal Society of Chemistry 2016

excellent agreement with those obtained from AFM force spectroscopy (accuracy higher than 5 pN). In our case, we have performed a SMD by applying a constant force to the same 30
S-bonded cysteine alpha carbons used in the SMD for the
enhanced adsorption (see Methods and Fig. S2†). These
atoms, evenly distributed along the protein backbone, allow us
to rigidly fix the protein structure and thus measure only the
cost of adsorption, and not any possible reconstruction occurring during the desorption process. Note that this set of atoms
is the same as the one used during the SMD procedure to force
the adsorption of the molecule onto the surface. The pulling
velocity (2.5 Å ns−1) and the harmonic restrains (50 kcal mol−1)
have been chosen to assure a smooth desorption process (so
forces on each step are very close to the potential-mean-force
curve) and a stable adsorption energy (no work is required
after the full desorption stage is reached).
This procedure has been applied to calculate the adsorption
free energy of the IgG on graphene along the Flat-on and
Sideway-on orientations. The exponential averages include 15
independent SMDs per orientation, with the initial coordinates
sampled every 2 ns from the last 30 ns of simulations. Given
the high computational cost of these simulations, we have
carefully explored the maximum deviation (δW) of each individual work curve to the Jarzynski average for these two orientations. As shown in Fig. 5, δW is less than 7% of the total
energy. Based on these results, for the other two orientations,
Head and End, we have evaluated the total desorption work
curve by using only a single SMD run.
The free energies of adsorption obtained for the orientations Flat, Head, Sideway and End are 685, 503, 359 and
325 kcal mol−1, respectively. Interestingly, a plot of the adsorption energy versus the contact area for all the orientations
reveals a linear dependence with a ratio of 0.28 ± 0.016 kcal
mol−1 Å−2. This ratio compares very well with the value of
0.30 kcal mol−1 Å−2 that can be estimated from the binding
energies obtained with the gold standard in computational
chemistry, CCSD calculations, for a large test set of complexes
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Fig. 5 Adsorption energies calculated from steered MD simulations. (a) Side view of an IgG adsorbed along the Flat orientation after 138 ns MD
simulation. The secondary structure IgG is represented using the same convention as in Fig. 1. Superimposed, we have added a translucent ball-andstick model representation of all of the atoms in the protein. (b) Side view of the IgG after one of the 15 SMD desorption simulations. (c) Free energy
evolution along the desorption process averaged over 15 SMD simulations. We represent the maximum deviation (δW) for all the 15 SMD work
curves (red) with respect to the Jarzynski exponential average (Potential–Mean–Force – PMF, green). The curves labelled as Fab1, Fab2, and Fc represent the PMF for each of these domains calculated separately. (d)–(e) The same results are obtained for the Sideway orientation. Note that PMF
curves are constant for displacements larger than 10–12 Å, indicating that the IgG–graphene interaction has already vanished and, thus, no further
work is required to move the IgG apart from the surface.

interacting mostly via London-dispersion forces.54 This agreement not only confirms that our adsorption energies are
sound (adequate), but it also reinforces the argument that the
forces governing the adsorption of large proteins like the IgG
arise mostly from van der Waals (vdW) interactions, while
hydrophobic forces seem to play a very minor role.
These large adsorption energies provide the clue for the
observation of the diﬀerent adsorption orientations. All of
them have adsorption energies that are much higher than the
total IgG unfolding energy barrier ∼165–265 kcal mol−1.50 If
enough thermal energy were available, it would be energetically less costly for the IgG to unfold than to desorb. As both
theory and experiments undoubtedly show that the IgG retains
its secondary structure when adsorbed over graphene, it
follows that this is not the case. In order to change its adsorption orientation, the IgG must first desorb ( partially or totally)
from the surface. Given that the thermal energy available is
smaller than the high energy barriers required for this process
to occur, once the IgG gets adsorbed along a given orientation,
it will not naturally desorb nor change its orientation. As discussed above, the similarity between air and water AFM
measurements, shows that entropic thermal fluctuations,
enhanced in the water measurements, are not large enough
to aﬀect the final adsorption state and change this scenario.

13470 | Nanoscale, 2016, 8, 13463–13475

The picture that emerges for the adsorption process is as
follows: initially, the IgG is freely drifting on the solvent until
it reaches the surface along any of the 6 possible molecular
orientations (Flat, Head, Sideway, End, and the other two equivalent orientations, i.e. Flat-180°-xflipped and Sideway-180°xflipped – see Fig. S1†). Then, already in close contact with the
surface, it starts to adsorb along its particular landing orientation. Once the adsorption process starts, given its speed and
the high adsorption energies, the antibody gets anchored to
the surface along the landing orientation. As a result, the final
adsorption orientation is determined by the essentially
random landing orientation, i.e. each of the six orientations
have an equal probability of being found over the graphene
surface. The statistics obtained in our experiments support
this description. Not considering the unresolved orientations,
we observe that in water 27% of the antibodies adsorb on a
Flat orientation (i.e., Flat and Flat-180°-xflipped ), which is
in good agreement with the probability of (2/6) × 100 = 33.3%
predicted for randomly landing on this orientation.
Single molecule force spectroscopy (SFS) on graphene
The immunological activity of the deposited antibodies has
been assessed by SFS.55–57 The experiments involve the
measurement of the rupture forces existing between the IL-4
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cytokine (antigen) attached to the AFM tip and the anti-IL4
antibodies58 immobilized on the graphene substrate. Fig. 6a
shows a distribution of anti-IL4 antibodies on graphene
and Fig. 6b shows the corresponding force curves obtained
on the four antibodies marked in Fig. 6a. To illustrate the
specific character of the interactions between the antibody and
its specific antigen we also plot two force curves obtained on
two locations where the AFM image does not show any
antibody.

Paper

A rigorous validation of the immunological response by SFS
requires a statistical analysis of thousands of force curves. The
SFS data interpretation could be hampered by the presence of
both unspecific and multiple simultaneous unbinding events.
An eﬃcient way to reduce their contribution to the overall statistics is by limiting the likelihood of bond formation upon tip–
sample contact. We have adjusted the experimental parameters
to obtain a 14% specific binding probability, which implies
that the majority of the recorded events are single molecular

Fig. 6 Single molecule force spectroscopy on graphene. (a) Topography and adhesion force AFM image of anti-IL4 antibodies on graphene. A force
versus distance curve is acquired at each pixel of the image, while maintaining the x and y positions constant. The circles indicate the positions of
the force curves illustrated on b. (b) Force versus distance curves measured on the positions marked in (a). 1–4 correspond to positions where antibodies are located in the AFM image while 5–6 correspond to locations with no antibodies. The topography image and the force curves were
obtained by applying forces below 150 pN. Each force curve comprises 153 points and was taken with a tip velocity of 9.4 μm s−1. (c) Molecular recognition map on the IL-4 and anti-IL-4 antibodies. The map plots the rupture forces with the corresponding unbinding distances. (d) Histogram of
rupture forces the immunological detection and two control experiments on graphene. The statistics ( percentages) consider all the events recorded
by the force curves (speciﬁc and non-speciﬁc). However, the histogram only includes the events that meet the requirements to be considered as
speciﬁc.

This journal is © The Royal Society of Chemistry 2016

Nanoscale, 2016, 8, 13463–13475 | 13471

View Article Online

Published on 08 June 2016. Downloaded by Universidad Autonoma de Madrid on 07/07/2017 07:04:12.

Paper

recognition interactions.59 Fig. 6c shows the two dimensional
molecular recognition map obtained on graphene.58 This
requires to implement a diﬀerent methodology than the one
illustrated in Fig. 6b. For example, the graphene surface is
fully covered with IgGs to maximize the probability of antibody–antigen recognition events. In addition, each force curve
has about 10 000 data points to properly identify the rupture
events. The map shows the most probable rupture force
between IL-4 and anti-IL4 happens at 75 pN and involves an
unbinding length of 11 nm.
We have performed additional control experiments by changing the conjugation of the silicon tips. Fig. 6d shows the
probability of finding a specific immunological recognition
event as a function of the rupture force in comparison with
the data obtained with a bare silicon tip and with a tip functionalized with an antigen (IL-6 cytokine) that does recognize
the anti-IL4 antibody. The rupture forces in the absence of
immunological recognition are smaller and the number of
events are also significantly smaller. The smaller value of the
force indicates its unspecific character. From all of the above
we conclude that antibodies deposited on graphene retain
their biological activity.

Conclusions
In summary, we have combined molecular dynamics simulations and high resolution AFM imaging to understand the
adsorption of antibodies on graphene, considering it as a
model for a hydrophobic surface. Our calculations for diﬀerent
orientations prove that the IgGs are strongly bound to graphene and that free energies of adsorption are proportional to
the contact area. This result, together with the absence of any
significant rearrangement of the residues belonging to the
hydrophobic core towards the substrate, shows that the
adsorption of large proteins like the IgG is dominated by vdW
interactions, while hydrophobic forces seem to play a very
minor role. This scenario is radically diﬀerent from what
previous simulations have shown for the adsorption of protein
fragments and small proteins on hydrophobic surfaces. We
conclude that the protein adsorption and the changes in the
protein structure are size-dependent processes, where the
internal strength of the protein plays a crucial role in the
energy balance. Therefore, it is not possible to assess the hostresponse of a given material with the adsorption of just small
protein fragments. Finally, we observe that the most abundant
adsorption orientations, even at low IgG coverage densities,
are the vertical ones. This is a particularly relevant result since
on all passive-adsorption surfaces studied so far, the IgG
adsorbs preferentially in Flat orientations, where the Fab
domains are no longer easily accessible and, therefore, the IgG
may lose some of its bioactivity once it is adsorbed. Thus, the
key properties necessary to develop very sensitive immunological sensors – preservation of the secondary structure,
strong protein anchoring, vertical adsorption orientations, and
immunological recognition – arise from the simple deposition
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of the IgG of graphene without any complex surface
functionalization protocol, making graphene an attractive substrate for immunosensing.60,61

Methods
MD simulations
The protein structure of the Immunoglobulin G (IgG), composed of 1316 amino acids and 2 glycan heteropolymer chains,
was obtained from the protein data bank (PDBID: 1IGT51). The
overall protonation state corresponds to a pH of 7.6 and a zero
net charge. The IgG was then placed on top of a 20 × 20 nm2
three-layer graphene slab with A–B–A stacking. The bottom
layer of the slab was kept fixed during the simulations. The
system was solvated with a cubic box of TIP3P water molecules45 with a 10 Å buﬀer of solvent between the solvent and
the furthest dimension in each direction. In total, we have
12 946 atoms in the protein, 47 019 in the slab representing
the substrate, and, depending on the IgG orientation, from
385 257 to 709 248 atoms in the water solvent. The protein and
the oligosaccharide were modeled by the AMBER’s ﬀ99SB62
and Glycam0463 force fields respectively. The choice of these
force-fields was motivated by a previous study, in which it was
reported46 that these force-fields successfully sample the conformational space that an antibody explores in aqueous solution. The carbon atoms of the three-layered graphene were
modeled by the OPLS aromatic carbon force field present on
AMBER’s generalized AMBER force-field.64 These force fields
are known to accurately reproduce graphene/graphite mechanical and hydration properties.36,65
All the simulations were performed using AMBER software
suite.66 In particular, the MD simulations were carried out
using AMBER’s PMEMD with NVIDIA GPU acceleration.67
Production MD simulations were carried out at a constant temperature of 300 K ensured by a Langevin thermostat. A constant
pressure of 1 atm was applied during the thermalization state.
Given the higher computational cost of a NPT simulation, and
also that it is reasonable to assume that the system pressure
should remain unaltered during the adsorption process,
during the production runs (the ones following thermalization) we have kept the volume fixed. The time step for
integrating the equations of motion was set to 2 fs and the
SHAKE algorithm was used in all of the simulations. The
Particle–Mesh–Ewald summation was used to calculate long
range electrostatic interactions. The cutoﬀ for the van der
Waals interaction was set to 10 Å. All the simulations were
carried out on 6 GPUs per orientation, summing up a total of
more than one million hours of CPU time.
Steered-molecular-dynamics (SMD) simulations were used
at two diﬀerent stages: initially to enhance the protein adsorption (in the time interval 10–12 ns), and at the end in order to
compute desorption free energies. In both cases, the only SMD
parameters that one can control are: the group of atoms to
which the force is applied, the velocity of the SMD, and the
spring constant of the applied force. These parameters were
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considered converged once all the following requirements were
met: not to produce any structural rearrangement on the IgG,
and to yield a stabilization (with null variation) of the desorption free-energy curve once the protein is far from the surface.
The set of parameters that satisfied all these requirements
were: all the 30 S-bounded cysteine alpha carbons represented
in Fig. S2,† ||ν̃|| = 0.25 ms−1, and a spring constant of
50 kcal mol−1 Å−1. The desorption free energies of the Flat and
Sideway IgG orientations were obtained via an exponential
average (i.e. using the Jarzynski equality53) of the work curves
obtained in 15 independent SMDs with starting configurations
sampled every 2 ns from the last 30 ns of simulation. The desorption free energies of the Head and End orientations were
obtained via a single work curve obtained by performing a
single SMD with the initial atomic coordinates extracted from
the 150th ns of the simulation.
AFM imaging
The experiments were performed by amplitude modulation
atomic force microscopy (AM-AFM)68 using a Cypher AFM
(Asylum Research, Oxford Instruments). For the experiments
in water, we have used cantilevers (biolever fast, Olympus) with
a force constant, driving frequency and quality factor of 100
pN nm−1, 307.60 kHz, and 1.4, respectively. The free and set
point amplitudes were 3.8 nm and 2.8 nm. For the experiments in air, we have used cantilevers (Supersharp silicon tips,
Nanosensors) with a force constant, driving frequency and
quality factor of 35 N m−1, 310 kHz, and 280. The free and set
point amplitudes were 8 nm and 7.5 nm.
Graphene
Graphene layers were generated by repeatedly cleaving Kitsh
graphite with adhesive tape. The graphene flakes adhered to
the tape were transferred by a applying a gentle mechanical
contact between the tape and a freshly cleaved piece of mica.69
Antibodies
The antibodies were purchased from Sigma Aldrich ( product
id. A6029). They were prepared from a concentrated solution
and then diluted 1 : 500 to 1 : 1000 times and deposited over
the graphene substrate for 20 s; the sample was rinsed with
water. The deposition protocol is identical for air and water
experiments. For the experiments performed in air, once the
antibodies have been deposited, the sample is dried by
blowing dry nitrogen and imaged in air.
Single molecule force spectroscopy
Single molecule force spectroscopy experiments were performed at room temperature with a JPK Nanowizard III microscope (JPK Instruments, Germany). Triangular silicon nitride
cantilevers with a nominal spring constant of 0.02 N m−1 and
resonant frequency of 2 kHz were used. The force constant and
quality factor are determined by using the thermal noise
method.70,71 At the end of each experiment, the optical lever
sensitivity was calibrated by acquiring deflection versus distance curves on a hard surface (mica). Typically 100 deflection
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versus distance curves were acquired and the sensitivity of the
photodiode was calculated as the mean value of the slope of
the deflection curve measured in the repulsive region. The
force was calculated by using Hooke’s law, (Δz is the cantilever
deflection, k is the cantilever force constant). The maximum
force was maintained below 250 pN to avoid any irreversible
damage to the molecules bound to the tip apex. For each functionalized tip, several force maps covering 1 μm × 1 μm regions
of the sample (32 × 32 data points) were acquired. In each
force curve, the tip was approached and retracted 100 nm from
the sample at a speed of 200 nm s−1 and it was kept in contact
with the sample for 0.5 s to facilitate the formation of antibody–antigen complexes.
Tip functionalization
PBS, 3-aminopropyl-triethoxysilane (APTES), sulphuric acid
and ethanol were purchased from Sigma Aldrich (Madrid,
Spain). The NHS-PEG24-Mal heterobifunctional linker and the
sulfhydryl addition kit containing: SATA (N-succinimidylS-acetylthioacetate), hydroxylamine–HCl, conjugation buﬀer
stock (10×) and dimethylformamide were purchased from
Thermo Fisher Scientific (Madrid, Spain). Monoclonal antimurine IL-4 (antibody) and recombinant murine IL-4 (antigen)
were purchased from Biovision (San Francisco, USA).
The antigen was attached to the AFM tip via a heterobifunctional flexible spacer, as described previously.58 Briefly, triangular silicon nitride cantilevers (OTR4, Brucker, Santa
Barbara) were first cleaned by immersion in a solution of
0.25 M sulphuric acid–9.8 M hydrogen peroxide 4 : 1 v/v for
30 minutes. After rinsing with ultrapure water, the cantilevers
were immersed into a solution of APTES–water–ethanol
5 : 5 : 90 v/v for 30 minutes. The resulting amino-functionalized
tips were then rinsed with ultrapure water and ethanol, dried
with nitrogen gas and stored in a dry atmosphere.
The next step involved the addition of free sulfhydryl
groups to the IL-4 antigen. To do so, a 10-fold molar excess of
an 8.65 mM SATA solution in DMF was added to the antigen
solution and the reaction was incubated for 30 minutes at
room temperature. To de-protect the latent sulfhydryl groups,
2.5 μl of a 50 mg ml−1 hydroxylamine–HCl in conjugation
buﬀer stock solution (10×) was added to the SATA-modified
antigen solution and the mixture was incubated for 2 hours at
room temperature. The PEG linker in 10-fold molar excess was
coupled to the modified antigen molecule by incubation at
4 °C overnight. Finally, the amino-functionalized AFM tips
were immersed in the PEG-antigen solution for 2 hours at
room temperature. The tips were rinsed with PBS 0.01 M and
stored in a Petri dish at 4 °C until further use.
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