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ABSTRACT: Solid-state nanopores are promising for label-free protein detection. The
large thickness, ranging from several tens of nanometers to micrometers and larger, of
solid-state nanopores prohibits atomic-scale scanning or interrogation of proteins. Here, a
single-atom thick graphene nanopore is shown to be highly capable of sensing and
discriminating between different subclasses of IgG antibodies despite their minor and
subtle variation in atomic structure. Extensive molecular dynamics (MD) simulations,
rigorous statistical analysis with a total aggregate simulation time of 2.7 μs, supervised
machine learning (ML), and classification techniques are employed to distinguish IgG2
from IgG3. The water flux and ionic current during IgG translocation reveal distinct
clusters for IgG subclasses facilitating an additional recognition mechanism. In addition,
the histogram of ionic current for each segment of IgG can provide high-resolution spatial
detection. Our results show that nanoporous graphene can be used to detect and
distinguish antibody subclasses with good accuracy.

Despite significant advances in the detection, separation,
and counting of single proteins with solid-state nano-

pores,1−5 atomically resolved scanning of the protein structure
remains a significant challenge. In most nanopore-based DNA
sequencing6−11 and single-molecule detection techniques,12

ionic current blockade and blockade duration are the primary
signatures associated with reading and scanning.6,13−15

Although these techniques are good enough for single-molecule
detection, they are not sophisticated enough to analyze and
detect fine structures, homologues, and mutagenesis.12 For
example, many subtle differences in antibody proteins,
specifically in Immunoglobin Gamma (IgG) subclasses, lie in
the number of amino acid compositions and disulfide bonds in
their hinge region. Reading and discriminating between these
minute structural differences require high-resolution, single-
atom thick nanopore technology. In addition to the thickness of
the nanopore, the ionic current blockade profile and the
chemistry of the nanopore are significant factors in defining the
resolution of the nanopore sensor. Biological nanopores16,17 are
too small (∼2 nm diameter pore) to study large molecules such
as natively folded proteins and antibodies.10,18,19 To-date, all
fabricated solid-state nanopores are so thick (e.g., the Si3N4
functionalized pore has a thickness of 5−10 nm) that they
completely envelope the whole protein.2,20 As a result, the ionic
current read by the nanopore sensor represents the single
protein as a whole.3,13 The thickness of these membranes
highly limits the potential to scan the spatial biological
degeneracies and structure of the proteins at the single-atom
level.10,12,19,21−23

Graphene is a robust, single-atom thick lattice of carbon
atoms with high electrical conductivity24 and mechanical
strength. The attractive properties of graphene can be exploited
for high-resolution, nanopore-based sequencing of single DNA

molecules.10,25−28 The small thickness (0.34 nm) of the
graphene membrane combined with the chemical inertness25

provides good spatial resolution/reading of the nucleic
acid.27,29,30 Graphene nanopores can also be easily config-
ured,28,31 resized,32,33 and anchored with biological
markers.23,34 The single-atom thick graphene nanopore can
read the DNA bases at atomic scale by taking advantage of the
ionic current blockade.35 Prior research has shown that
graphene can also be used to detect DNA bases in the
transverse direction by using quantum tunneling currents.36

Quantum conductance tunneling in the transverse direction of
graphene can detect the bases with good resolution.37−39

In this study, we investigate graphene nanopores for scanning
and detection of protein structures. Specifically, we focus on the
detection of IgG subclasses. Detection, counting, and
distinguishing IgG subclasses is of utmost importance in
immunocompetitive processes and immunology.40 In fact,
statistics of IgG subclasses in human serum are important
toward mapping the immune system of the body and the
attributed diseases. Perhaps, as a general concept, the proteome
is a better molecular signature of the health status of humans
than the genome; however, proteomic data are much more
difficult to acquire and analyze.37

In this work, we investigate different signals (Figure 1a) for
discrimination of IgG subclasses. By computing the ionic
current, the dwell time of the ionic current states, and the flux
of water molecules through a graphene nanopore for IgG2 and
IgG3 subclasses and clustering the ionic current−dwell time
and water flux−current data, we demonstrate that IgG
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subclasses are distinguishable. The supervised machine learning
(ML) algorithm is used to cluster the sensor data of current−
dwell time−water flux.
We performed extensive molecular dynamics (MD) simu-

lations with NAMD 2.6.41 The visualization of a typical
simulation setup consisting of the protein, graphene nanopore,
water, and ions (∼700 000 atoms) is shown in Figure 1b. IgG,
which is a protein complex composed of four peptide chains,
contains two identical heavy chains and two identical light
chains arranged in a Y-shape (Figure 1c). The four subclasses of
IgG show more than 95% homology in the amino acid
sequences of the constant domains.42,43 The four IgG
subclasses show their most conspicuous differences in the
amino acid composition and structure of the “hinge region”,
which is part of the molecule containing disulfide bonds (in
cysteine residues) between the Y-heavy chains (Figure 1c). For
IgG2, we used the intact structure of anticanine lymphoma
monoclonal antibody (IgG2a with PDB code: 1IGT).44 For
IgG3, we reconstructed the hinge region (with 11 disulfide

bonds) based on the amino acid decomposition described in ref
45 (IgG2 and IgG3 structures are shown in Figure 1c). A pore
with a diameter of 10.0 nm was drilled in the center of a 20 nm
× 20 nm single-layer graphene. All graphene atoms were fixed
in space. Our initial studies show that a pore diameter of less
than 10 nm cleaves the IgG proteins. Initially, proteins were
placed at the mouth of the graphene nanopore where the
protein axis (z direction) is along the graphene pore axis
(Figure 1b). Proteins and graphene nanopores were submersed
in water and salt ionic solution. The ionic concentration of
NaCl was 0.5 M. We used the CHARMM27 force field46

parameters for all of the proteins, TIP3P water molecules,
graphene, and ions. The SHAKE algorithm was used to
maintain the rigidity of the water molecules. The periodic
boundary condition was applied in all three directions. The
cutoff distance for the Lennard−Jones interactions was 15 Å.
The long-range electrostatic interactions were computed by
using the particle mesh Ewald (PME) method.47 The time step
was selected to be 1 fs. For each simulation, energy

Figure 1. (a) Cartoon representation of a nanoporous graphene protein sensor and scanner. Ions (dark blue and yellow) are electrokinetically driven
through the pore by applying an electrical potential gradient. Proteins (here IgG2 and IgG3) are scanned and detected by ionic current and water
flux. (b) Simulation system consisting of IgG3 protein (red: light chains; violet: heavy chains; yellow: disulfide bonds in the hinge region), ions (pale
green), and graphene (green). (c) Comparison of the structural differences in IgG2 and IgG3. The most notable difference between IgG subclasses is
in the hinge regions with variable number of amino acids and disulfide bonds in cysteine residues. (d) Characteristic I−V curves of the graphene
nanopores with four different pore sizes.
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minimization was performed for 100 000 steps. Systems were
then equilibrated for 1 ns in an NPT ensemble at 1 atm
pressure and 300 K temperature. NPT simulation ensures that
the water concentration is equal to the bulk value of 1 g/cm3.
The simulation was then performed in the NVT ensemble. The
temperature was maintained at 300 K by applying the Nose-̀
Hoover thermostat with a time constant of 0.1 ps. Before
applying the electric field, equilibration for 2 ns was performed
in NVT. Production simulations were performed by applying an
external electric field in the z direction. The external electric
fields are reported in terms of a transmembrane voltage
difference V = ELz, where E is the electric field strength and Lz
is the length of the simulation system in the z direction.33 To
overcome computational limitations and gather more statistical
sampling, we applied two different uniform gravity fields on the
antibody molecules, resulting in an accelerated translocation
time. For the long time simulations (∼100 ns), a gravity of
0.0039 nm/ps2 was applied, whereas stronger gravities of
0.0293 ± 0.005 nm/ps2 (resulting in ∼25 ns long simulations)
were applied to collect enough statistics and construct the
signal histograms. For each subclass, we ran 50 simulations (in
total 100 simulations for IgG2 and IgG3, for 25 ns each,

resulting in an aggregate simulation time of 2.5 μs) with
different initial orientations of IgG to account for different
possible translocations in experiments (see the Supporting
Information for the orientations used). We monitored the time-
dependent ionic current, I(t), in the pore. We computed the
ionic current through the nanopore by using the definition of

current, I = dq/dt, as = ∑ δ
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the sum is for all of the ions, δt is chosen to be 5 ps, zi and qi are
the z coordinate and charge of ion i, and n is the total number
of ions, respectively. The dwell time is simply the duration of a
specific current level due to the translocation of a molecule
through the nanopore. We computed the time-dependent flux
of water through the graphene nanopore by counting the net
amount of water molecules transported through the pore every
0.25 ns.48 The supervised ML (k-means algorithm)49 used in
clustering analysis was performed using Origin (OriginLab,
Northampton, MA) software. In the k-means algorithm, a set of
n observations (x1, x2, ..., xj, ..., xn) are assigned to a set of k
clusters (c1, c2, ..., ci, ..., ck) such that the within-cluster sum of
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is minimized, where ci̅ is the center

of the ith cluster.
The I−V curves for different size nanopores in graphene, in

the absence of the protein, show an Ohmic behavior (Figure
1d). The conductance (G) is computed to be 9.91, 15.2, 45.3,
and 51.11 nS for the 2, 3, 9, and 10 nm diameter pores,
respectively. These conductance values are comparable to the
experimental conductance values (conductance of ∼55 nS for 8
± 1 nm pores) for graphene nanopores of similar sizes.25 In
addition, the conductance values from the simulations are in
good agreement with the values predicted by the model
developed by Wananu et al.50 (see the Supporting Informa-
tion).
We performed two very slow translocations of IgG2 and

IgG3 to observe the ionic current trace as a function of time.

Figure 2. Time-dependent ionic current of (a) IgG2 (b) IgG3
translocation through a pristine 10 nm diameter graphene nanopore.
The blue dashed line represents I0 (graphene nanopore ionic current
for the same applied bias (V = 180 mV) without protein
translocation). The trace and moving averaged ionic currents are
presented in black and red, respectively.

Figure 3. Snapshots of conformational changes and translocation
history of IgG3 through a graphene nanopore (yellow color in the
hinge region represents the disulfide bonds); similar snapshots for
IgG2 are presented in the Supporting Information.
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The slow translocations mimic the experimental conditions to
the extent possible, and they also provide better statistics. The
complete translocation of IgG2 and IgG3 through the graphene
nanopore took 91 and 111 ns, respectively (Figure 2a,b). The
current traces reveal distinguishable features, such as the dwell
time corresponding to the length of the hinge region, during
the translocation of IgG2 and IgG3 through the 10 nm
diameter graphene nanopore (Figure 2a,b). The ionic currents
are on the order of ∼9 nA, which are consistent with
experimental results.1 In the time-dependent ionic current
plots, the molecular features of the protein are reflected in the
ionic current fluctuations as the protein translocates through
the nanopore. I0 represents the statistically averaged ionic
current for the graphene nanopore, which is 8.82 nA, in the
absence of protein, for an applied potential of V = 180 mV
(dashed line in Figure 2a,b). As the IgG protein translocates,
FC blocks the pore to a large extent (Figure 2a,b). When FC
translocates through the pore, the averaged ionic current of FC
drops to 4.5−5.5 nA (0.51I0−0.62I0). After FC has trans-

located, the hinge region crosses the nanopore. A significant
current recovery is observed during hinge translocation, with
hinge current blockade durations of ∼17 and ∼28 ns for IgG2
and IgG3, respectively. The approximate translocation time for
each hinge disulfide bridge is 2.54 ns (computed for the 11-
IgG3-cystine translocation). On the basis of our calculations, on
average, the hinge region ionic current is 0.93I0. The
combination of translocation time and ionic current of the
hinge region can be used to discriminate between IgG
subclasses as the minor structural differences in the subclasses
lie within the hinge region and the number of disulfide bonds.
Another striking difference between IgG2 and IgG3 ionic
current signatures is associated with the FAB current. IgG2
FABs translocate separately, while IgG3 FABs translocate
together and simultaneously through the pore. In Figure 3,
snapshots of IgG3 translocation and the conformational
changes due to its interaction with graphene show the
simultaneous translocation of FABs (see the Supporting
Information for the comparison of the conformational changes

Figure 4. (a) Ionic current histogram of FAB IgG2, FAB IgG3, FC (both IgG2 and IgG3), the hinge region (both IgG2 and IgG3), and a pristine
graphene pore. The width of the bars is 0.5 nA, and the height of the bars denotes the number of times an ionic current range has been observed. (b)
Histogram of dwell times of IgG2 and IgG3 antibody proteins. The width of the bars is 0.1 ns, and the height of the bars denotes the number of
times a dwell time range has been observed. (c) Clustering of ionic current versus dwell time data for IgG2 and IgG3. (d) Clustering of water flux
versus ionic current data for IgG2 and IgG3.
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of IgG2 and IgG3 during translocation). Figure 2a shows a
current recovery between FAB1 and FAB2 translocation for
IgG2 (at t = 65 ns), while Figure 2b shows no current recovery
for IgG3 FABs translocation.
Figure 2 only presents the signals for one translocation event.

More simulations were performed to gather better statistics of
the signals for each segment of IgGs. Fifty distinct and
complete translocation simulations were carried out for each
antibody by considering different orientations (see the
Supporting Information for snapshots of the orientations of
antibody with respect to graphene) and gravities (0.0293 ±
0.005 nm/ps2). The histograms of the ionic currents are
reported separately for the FAB, FC, and the hinge region
(Figure 4a). The histogram is constructed based on the average
ionic current of the FC, FAB, and hinge region during the
translocation of both antibodies. Because IgG3 FABs trans-
locate together, we reported the ionic current of IgG2 and IgG3
separately. The pristine graphene nanopore ionic current,
without any protein, is 8.82 nA for a diameter of 10 nm and
bias of 180 mV (the gray bar in Figure 4a). The hinge ionic
current histogram has a peak at 7.5 nA with an average of 7.34
nA. The hinge has the highest current among all of the

segments of the antibody due to its minimal pore blockage. The
FC, FAB (IgG2), and FAB (IgG3) ionic currents have peaks of
5.5, 4.5, and 3.5 nA (with an average of 5.46, 4.51, and 3.57
nA), respectively. The IgG3 FAB has lower ionic current
compared to that of IgG2 FAB due to the double FAB blockage
of the pore by IgG3.
The dwell time associated with the entire translocation of

each antibody is reported for 25 simulations (per antibody
subclass; in total 50 simulations) where the gravity is held
constant at 0.0293 nm/ps2 (Figure 4b). The gravity is held
constant in all of the simulations to ensure fair comparison of
dwell times. The dwell times of IgG3 and IgG2 are clearly
different (Figure 4b). The peak to peak dwell time difference is
6 ns (Figure 4b). This gap increases as the applied gravity
decreases, which is evident in the total translocation time of the
long ∼100 ns trajectories (Figure 2a,b).
The total ionic current (the averaged current for the entire

translocation), dwell time, and water flux associated with each
translocation are fed into the k-means clustering model. The
signals selected for feature extraction are (ionic current, dwell
time) and (ionic current, water flux). Fifty data points that are a
mixture of both IgG2 and IgG3 averaged features were used.
For the ionic current−dwell time feature, the k-means
algorithm found two clusters with 100% accuracy (Figure 4c).
The data are well clustered into two distinguishable groups with
centroid coordinates of (5.29, 14.56) and (5.7, 22.81) for IgG2
and IgG3, respectively. The population of each cluster is 25
data points, which is exactly the number of simulations for IgG2
and IgG3 simulations. In practice, ML analysis becomes
important when the dwell times of antibodies overlay each
other. In the other clustering, water flux and ionic currents were
used as features. The scattered mean cluster plot of the water
flux−total ionic current showed relatively distinctive clusters
with centroid coordinates of (5.29, 109.22) and (5.7, 191.99)
for IgG2 and IgG3, respectively (Figure 4d). In the water flux−
ionic current clustering, 2 out of 25 data points of IgG2 were
clustered as IgG3 and one IgG2 data point was read as IgG3 by
the k-means algorithm (94% accuracy). It should be mentioned
that more data will help to train a better model for
distinguishing using ML.
To compare the performance of a graphene nanopore with a

solid-state nanopore (Si3N4),
1,2,21 we translocated IgG2

through a solid-state nanopore (Figure 5a) with a diameter of
10 nm (the same diameter as that of the graphene nanopore)
and an applied potential difference of V = 180 mV (see
simulation details in the Supporting Information). The length
of the solid-state nanopore was 10 nm. Because the architecture
of the Si3N4 pore is of the converging−diverging conical
channel and the constriction regions of the Si3N4 and graphene
nanopores are similar in diameter (10 nm), the dwell times of
both nanopores are expected to be in the same range. In fact,
the protein does not experience high frictional resistance in the
entrance and exit regions of the Si3N4 nanopore. During the
translocation of IgG2, the solid-state nanopore envelopes the
entire protein, mixing the currents from different fragments of
IgGs. We observed a flat, indistinguishable current during
translocation of IgG2 (Figure 5b). Thus, many structural details
of IgGs are missed with a solid-state nanopore (compare Figure
5b with Figure 2a). Our finding is consistent with the
experimental results of a pristine solid-state nanopore being
unable to discriminate between IgG subclasses.1,2

In summary, we used graphene nanopores for protein
detection using ionic current, dwell time, and water flux

Figure 5. (a) Simulation setup for IgG2 translocation through a Si3N4
nanopore. (b) Time-dependent ionic current for IgG2 translocation
through a Si3N4 solid-state nanopore. The trace and moving averaged
ionic currents are shown in black and red, respectively.
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measurements. A total aggregate of 2.7 μs of simulation time
was performed for systems with the number of atoms as high as
0.6 million. Each segment of the antibody is shown to be
distinguishable by ionic current provided that enough trans-
location events are available. Using ML and k-means clustering,
the ionic current−dwell time and water flux−ionic current
feature plots generate clusters with far apart centroids. The
comparison of a single-atom thick graphene nanopore with a
solid-state nanopore (Si3N4) reveals that IgG subclasses can not
be discriminated with such thick nanopores. A combination of
these signals (ionic current and water flux) can greatly
contribute to high-precision detection and discrimination
between IgGs.
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