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ABSTRACT: DNA methylation is one of the principal
epigenetic mechanisms that control gene expression in humans,
and its profiling provides critical information about health and
disease. Current profiling methods require chemical modifica-
tion of bases followed by sequencing, which is expensive and
time-consuming. Here, we report a direct and rapid determi-
nation of DNA methylation using an electric biosensor. The
device consists of a DNA-tweezer probe integrated on a
graphene field-effect transistor for label-free, highly sensitive,
and specific methylation profiling. The device performance was
evaluated with a target DNA that harbors a sequence of the
methylguanine-DNA methyltransferase, a promoter of glioblastoma multiforme, a lethal brain tumor. The results show that we
successfully profiled the methylated and nonmethylated forms at picomolar concentrations. Further, fluorescence kinetics and
molecular dynamics simulations revealed that the position of the methylation site(s), their proximity, and accessibility to the
toe-hold region of the tweezer probe are the primary determinants of the device performance.
KEYWORDS: DNA methylation, methylation profiling graphene field-effect transistor, DNA tweezers, Dirac voltage

Among the epigenetic regulatory mechanisms, cytosine
methylation is a major, long-term, and relatively stable
gene alteration causing inheritable traits.1,2 DNA

methylation is implicated3,4 in the normal development of
brain, learning, aging, as well as in the pathogenesis of
atherosclerosis, cancer, and others. Consequently, accurate
methylation profiling is increasingly recognized as an
important determinant in genetic screening for disease
predisposition and predicting individual response to treatment.
Current methylation profiling techniques rely on chemical
modification of DNA bases5 (e.g., oxidation,6 bisulfite
conversion,7 ferro-ferricyanide redox coupling,8 methylation-
specific digestion,6 antibody binding9), thus limited by their
chemical or enzymatic efficiency. Optical, electrochemical, and
electronic biosensors for detecting DNA methylation also have
several drawbacks10 as they still depend on chemical
modification of DNA,11 antibody conjugation,12 protein
activity,13−17 and chemical labeling.18,19 Moreover, such
techniques are often performed along with sequencing
methods that require expensive reagents, sophisticated
instrumentation, and highly trained personnel and are time-
consuming.20,21 Profiling by nanopore depends on methyl-
ation-specific ion current and complex data analysis, such as
hidden Markov models (HMMs),22,23 which require a large

number of DNA profiles to reduce the error rate.24 In
summary, in the current state of the art, there does not seem to
be a reliable DNA methylation profiling technology that does
not require base modification(s).
Here we report the development of a direct, label-free, lab-

on-chip device that enables sensitive and specific DNA
methylation profiling (DMP). The device consists of a DNA
tweezer probe (DTP),25 integrated with a graphene field-effect
transistor (GFET),26 which discriminates methylated vs
nonmethylated DNA targets at picomolar (pM) concen-
trations. The underlying sensing modalities are based on a
strand-specific displacement reaction followed by sensitive
surface charge detection. An electronic readout, through
monitoring the voltage shifts, yields insight into the configura-
tional modifications of target/DTP complexes and information
on the methylation profiling.
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We first discuss the principle of strand displacement reaction
in the DTP followed by the methylated DNA targets (MDT)
used in this study. Describe the targets through melting
temperature (Tm) and rate kinetics analyses. We then describe
the direct label-free profiling of nonmethylated DNA (NMD)
and MDT as well as between different [MDT]n (n is the
number of methyl cytosines) with a GFET sensor. Finally,
using molecular dynamics (MD) simulations, we provide
insights about the mechanics of the target−probe interactions
on the surface, which enable a better understanding of the
process and develop more sensitive GFET devices in the
future.

RESULTS AND DISCUSSION

DTP-GFET Sensor Preparation. A graphene-FET
(GFET) was configured by transferring a ∼2 mm × 2 mm
graphene film on to a silicon substrate. Silver epoxy was
applied on either side of the graphene to act as source and
drain electrode, and silicone paste was applied to insulate the
electrodes and create a reaction well over the graphene, as
shown in Figure 1A. A simple and more effective electrolyte
gating method was utilized with reduced voltage compared to
the back-gate approach.27,28 The DTP backbone was function-
alized with an amine group and immobilized on the graphene
surface. The DTP is used to drive strand-specific displacement,

Figure 1. (A) Schematic of the DNA tweezer probe conjugation to the GFET, indicating the source and drain electrodes. Silicone paste used
to insulate the electrodes and to create an electrolyte reservoir in the middle. (B) Schematic of strand displacement by NMD (top) and MDT
(bottom). The W and N in the probe refer to the weak and the normal strands, respectively. Time to reach half of the fluorescence maxima
(t1/2, in minutes) was used as a metric for the probe-target interaction. A longer t1/2 was observed for MDT compared to the NMD.

Figure 2. Concentration-dependent melting temperature analysis: (A) NMD and MDT8; (B) MDT2 and MDT2a; and (C) MDT6 and
MDT6a. Kinetics of strand displacement and target hybridization: (D) NMD and MDT8; (E) MDT2, and MDT2a; and (F) MDT6 and
MDT6a.
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and detection of NMD and [MDT]n (Figure 1B), and the
GFET detects the charge modulation associated with strand
displacement. The DTP sequence used in the experiments,
indicating the weak (W), normal (N), and amine modified (N)
are listed in Table S1, and the NMD and [MDT]n targets and
configurations used in the experiments are listed in Table S2
(Supporting Information).
Probe−Target Interaction Energy Drives Strand

Displacement/Hybridization. During the strand displace-
ment reaction (Figure 1B), the incumbent W strand (weak
strand) in the DTP is displaced by the invader strand (target
strand) due to its higher affinity to the normal (N) strand. A
toe-hold-mediated strand displacement reaction is thermody-
namically favored and modifies the DTP.29 Melting temper-
ature (Tm) analysis provided insights into the energetics that
drives the target−DTP interaction. Tm of the DTP sensing part
(first 25 nucleotides from 5′ end of N and the corresponding
bases on 3′ end of W, NW25) at 3 μM was found to be ∼67.7
°C. Variation of Tm as a function of DNA concentration
plotted as 1/Tm (K−1) vs ln (C/4) M (Figure 2A−C) shows a
higher thermal stability of target−probe complex compared to
NW25. Tm for all tested targets (at 3 μM) was 10−13 °C
higher compared to NW25 (Figures 2A−C; Table S3
Supporting Information), while Tm among the targets
(NMD/[MDT]n) are relatively small (0.5−3 °C).
Local Nearest-Neighbor Energetics and Accessibility

Factors Determine Target Discrimination. .Thermal
analysis showed that Tm among the targets is only slightly
higher (0.5−3 °C) than NW25, suggesting the strand
displacement is thermodynamically less favorable. However,
strand displacement is primarily driven by the nearest-neighbor

energetics between the base pairs and their accessibility to
initiate the reaction at the toe-hold region.
We wondered whether real-time monitoring of strand

displacement kinetics would provide any insights. From the
fluorescence kinetics plots, the time to reach half of the
maximal fluorescence (t1/2) was determined (Figures 2D−F;
Figure S2 and Table S4 in the Supporting Information). NMD
targets rapidly displaced W strands with a t1/2 ∼ 10.5 min.
DNA methylation significantly slowed down the kinetics
(Figure 2D). Also, for a given number of methylations per
target, their position within the sequence, mainly, with respect
to the toe-hold region, determines the kinetics. If the
methylation site is located more toward the toe-hold region
(MDT2a and MDT2b, t1/2 = 32.7 and 27.8 min, respectively),
the reaction was much slower compared to the methylation
sites away from the toe-hold/toward the 5′ end (MDT2, t1/2 ∼
15.5 min, Figure 2E). For example, targets with six methylation
bases located close to the toe-hold region slowed down the
kinetics (MDT6a and MDT6b, t1/2 ∼ 44.7 and 33.1 min,
respectively) compared to targets with the same number of
methylation sites, but located away from toe-hold region
(MDT6, t1/2 ∼ 30.5 min, Figure 2F).
The fluorescence kinetics results suggest that steric

hindrance from methyl groups affects the structure and
accessibility of DNA bases for displacement/hybridization.
Also, methylated cytosines (mC) at the 3′ end (toe-hold
region) resulted in the longest t1/2 due to steric hindrance and
local energy barriers. Additionally, physicochemical changes
such as an increased DNA persistence length30 (due to the
methylation)31 and associated accessibility slow down normal
base-pairing kinetics.32 Under these circumstances, the nearest-

Figure 3. Direct, label-free DNA methylation profiling with GFET sensor. Concentration-dependent discrimination of methylated targets by
Dirac voltage (VD) shift measurements for (A) NMD and (B) MDT8. The insets depict the regions close to the VD minimum. (C)
Concentration-dependent VD shift data for NMD and MDT8 (n = 3; P ≤ 0.05). (D) The time-dependent VD shift was analyzed at a 1 h
interval up to 6 h for NMD and MDT.
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neighbor energetics of adjoining base pairs determines the
overall kinetics. The spatial location, as well as the number of
mC, plays a vital role in the strand displacement kinetics. A
comprehensive understanding of these factors warrants a
detailed study that is beyond the scope of this current work.
However, a key finding is that for unbiased discrimination of
an MDT, the methylation sites should be closer to the toe-hold
region.
Methylated bases close to the toe-hold region could strongly

influence the charge screening from the electrolytes and the
substrate. The sensitivity relevant to a specific MDT moiety
was sought to monitor through field-effect transistors (FET),
which is exquisitely sensitive to charge-related modulations.
Label-Free Direct Methylation Profiling by Graphene

FET Device. The estimated physical length of 51 bp DTP is
∼17 nm, it is longer than the Debye length (λD of ∼1.7 nm at
30 mM buffer), yet less than the typical DNA persistence
length of 39 nm.33 Methylation increases the persistence length
of DNA,30 which may affect its orientation with the substrate
that may also influence the charge distribution close to the
surface where the DTP is anchored to the graphene surface. It
is expected that a GFET could monitor the DNA methylation
associated changes, and specific MDT moieties, more
sensitively than kinetic studies. Another advantage is that
such changes could be quickly monitored through electrical
current or potential variations in the FET.
An advantage of graphene is that the density of states (DOS)

is theoretically zero at particular energy and equivalent
voltage,34 correspondings to the Dirac point. Consequently,
any modulation around the Dirac point voltage (VD), say from
charge variations, would be subject to significant amplification.
However, in practice, there could be a finite DOS at the Dirac
point, due to impurities. For instance, ambient oxygen (also
from the underlying silicon oxide) would induce p-type charge
variations in the graphene and shift the VD of a nominal
graphene sheet to a positive value. However, the negative
charge in the DNA35 may compensate the VD shift. Moreover,
the inductive effect of the methyl groups36 on the mC would
further modulate the VD. It is known that DNA hybridization
causes a negative shift in VD; therefore, any change in DNA
hybridization can be detected in terms of VD shift.37 The
principle of our GFET sensor is based on the relative charge
modulation on the graphene surface by displacement of the
weak strand by target DNA and its hybridization-mediated
structural changes in the probe. We utilized this principle to

detect DNA methylation-mediated changes on the GFET
sensor.
Different concentrations of NMD changed VD proportion-

ately from −10 to −25 mV, which signifies the negative doping
effect through NMD hybridization with DTP and adsorption
on GFET (Figure 3A,C). The positive and negative slopes of
the Ids−Vg curves (in addition to multiple minima/related
Dirac points) are due to a charge transfer between the
graphene and the metal electrodes.38 This is also attributed to
different doping levels along the graphene, away or near the
contacts, for instance.39 There is always a net current at the
Dirac point voltage (VD), which arises from capacitance
contributions (from the double layer at the electrolyte−
graphene interface, the quantum capacitance of the graphene,
etc.), and a voltage scan rate (dV/dt) yields a conductance of
the order of ∼1 nS.
Moreover, typical hysteresis in the sweeps is below 10 mV,

less than the observed VD shifts in the experiments. The
hysteresis is systematic, typically in the same direction as the
voltage scan, that is, right (/left) shift to increasing
(/decreasing) voltages and does not add to the discussion
related to the discrimination between the NMD and MDT
moieties.
Generally, the GFET sensor response was reproducible over

three cycles of testing, in any device. The error bars were
determined using the standard deviation of the response over
the testing cycles, assuming random errors. Moreover, the
“probe”, in the absence of a target NMD/MDT, served as an
internal reference to which the Dirac point voltage shift/s were
measured. However, when different GFET devices were used,
the electrical current differed by a factor of 2−3. A similar
experiment was performed with methylated DNA targets, and
the results show that GFET can discriminate MDT8 at a 10
pM to 10 nM range of concentrations (VD: −5 to −10 mV,
Figure 3B,C). The delayed ΔVD kinetics further confirms
methylation-mediated steric hindrance in strand displacement
reaction on the GFET surface (Figure 3D).
Label-free discrimination of NMD and MDT8 further

warrants a detailed analysis of the role of methylation sites
and their number on the VD shift. It will further broaden the
applicability of the GFET for discriminating against different
MDTn. We measured the MDT2n strands in three different
FETs, as indicated in Figure 4. We compared MDT2, MDT2a,
and MDT2b (which all have two mC groups at different
locations along the DNA chain, see Table S2 in Supporting
Information) with respect to the location of the VD. The VD

Figure 4. Comparison of the MDTn in three different GFETs. (A) MDT2, (B) MDT2a, and (C) MDT2b all have 2 mC groups at different
locations in the target strand (Table S2, Supporting Information). VD shifts to increasing positive voltages from MDT2 → MDT2a →
MDT2b.
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shifts for MDT2b (near toe-hold region) and MDT2 (away
from toe-hold) are −10 to −15 mV and −30 to −35 mV,
respectively.
VD shifts to increasingly positive voltages from MDT2 →

MDT2a → MDT2b, indicating the inductive effect of the
methyl groups. Such charge modulation from the methyl
groups would be further combined with the negative charge
from the DTP complex. Hence, the VD shifts are small and
need to be carefully calibrated. While the Ids for MDT2 (Figure
4A) and MDT2b (Figure 4C) are similar, the Ids for MDT2a is
higher by a factor of 2. The reason for this discrepancy is
unclear. We believe that referencing the target curves to the
“probe” can reduce such variation in the background current
and related errors. In many of our experiments, the magnitude
of Ids decreases with increasing target concentrations (Figure
S3, Supporting Information), which may be due to increased
binding to the graphene surface.
A similar trend was observed for targets with six methylation

sites (see target sequence in Table S2 in Supporting
Information). The less shift in VD of targets having a
methylcytosine closer to toe-hold region might be due to
target-DTP hybridization-mediated structural changes near the
toe-hold region. Figure S4 (Supporting Information) indicates
the time series evolution of the Dirac voltage and possible
methylation-mediated delay in the VD shift in the mC close to
the toe-hold region. The influence of mC location is less
apparent in the kinetics of MDT2 and MDT6 (Figure S4,
Supporting Information). While it seems that MDT6 has a
quicker change of ΔVD compared to MDT2, it is difficult to
rank their kinetics. For example, at 4 h, MDT6 is more
responsive, but not at 2 h. It would be pertinent to investigate
the possible mechanisms of this differential response of the
probe−target complex on the graphene surface through
computational simulation.
Molecular Dynamics Simulations of Target−Probe

Interaction. For a better understanding of the mechanics of

the target−probe interactions, which would enable insight into
the choice and interpretation of the MDTn results, a coarse-
grained model MD simulation was performed, with snapshots
from the modeling indicated in Figure 5.
The free duplex DNA, shown in Figure 5A, is considered as

a reference structure for the simulations. The root-mean-
square displacement (RMSD) of the duplex domains indicate
their rigidity with respect to the surface. The tilting angle
between the DNA duplex and the surface before and after the
target strand hybridization is shown in Figure 5B, indicating
that the target addition leads to a decrease in the tilting angle
and the probability distribution shifts more uniformly about
the mean, indicating a greater flexibility and comparatively
more significant perturbations at the end of the target strand
duplex domain (toward toe-hold region). For the target strand
duplex, the strand could only bend at the end of the domain,
while for the weak strand duplex, the deformation can be
accumulated at the single-strand, that is, at the toe-hold region,
between the duplex and the base bond on the surface as
indicated by the helix axis correlation in plot Figure 5C.
Consequently, with methylation in the target strand, which

increases the persistence length,31 deformation in the duplex
will be smaller. The strands would have a lower propensity to
stay in states that require sharp bending. The altered
physiochemical property of the probe−target complex and its
effect on strand displacement is reflected in the magnitude of
the observed VD shifts as well as in fluorescence kinetics.
The overall aim of this work was to probe local alterations

along the DNA chain, as may occur in methylated DNA and its
influence on strand displacement and hybridization. This was
sought to be done based on the tweezer probe interactions by
comparing nonmethylated against methylated DNA. Initial
studies with respect to the variation in Tm values were unable
to differentiate NMD and MDTs significantly, but indicated
that toe-hold-mediated displacement was thermodynamically
more stable compared to NW25. During the strand displace-

Figure 5. (A) Snapshots of a simulation showing the dynamics of DNA probe-target interaction on the surface. (B) Violin plot of distribution
of the tilting angle between the duplex domains and the graphene surface. The width of each stick indicates the probability density of each of
the angles. The means of two weak duplex domains without target hybridization [Weak1 and Weak2, in (A), left side] are found to be 68.37°
and 67.34°, respectively. With the hybridized target, the target and weak duplex domains [(A), right side] are 64.44° and 65.71° (p ≤ 0.001),
respectively. (C) The correlation of the helix axis for the two duplex domains and free dsDNA after the target strand is added to the system.
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ment reaction, the incumbent weak (W) strand, and the
invading target strand, exchanges base pairs with the normal
(N) strand by an unbiased random walk. Subsequently, toe-
hold-mediated strand displacement reaction is thermodynami-
cally favored and ultimately displaces the incumbent weak
strand.29 The results show that methylcytosine at the 3′ end
(toe-hold region) takes the longest t1/2 due to the energy
barrier. Here, the steric hindrance at the beginning of the
reaction with the methylated strand slows down the strand
displacement rate. In addition, physicochemical changes such
as an increase in the persistence length and electronic
properties of DNA and associated accessibility factors may
interfere with normal base-pairing kinetics.32 Under these
circumstances, the nearest-neighbor energetics determines
base-pairing and its kinetics. The measured t1/2 of each target
DNA revealed that the position of mC, number, and nearest-
neighbor interaction energies play a vital role in the strand
displacement kinetics.
It can also be inferred that a higher melting temperature

(Tm), a measure of interaction energy, between the active sites
of DTP-targets reflects to some extent the strand displace-
ment/hybridization reaction of methylated and nonmethylated
targets. The inclusion of inosines and ssDNA (the toe-hold
region) is a key strategy for the high-efficiency and specificity
of DTP. The altered physicochemical property of the probe-
target complex and its effect on strand displacement is reflected
in the change of kinetics of fluorescence analysis.
Subsequent investigations with the GFET sensor differ-

entiated methylated targets with excellent sensitivity even at
pM concentrations when the methylation site(s) is/are located
near the toe-hold region. Related investigations confirmed that
the presence of the methyl group toward the toe-hold region
also caused a time delay in strand displacement with a
relatively larger t1/2 and small Dirac point voltage shift (Figure
3A−C).

CONCLUSIONS

Our DTP-GFET-based methodology can address some of the
critical bottlenecks in DNA methylation profiling, including
direct label-free detection with relative simplicity, high
sensitivity and specificity, and portability. Since epigenetic
reprogramming happens at the early embryonic stage (around
blastocyst) and in primordial germ cells, presently used
techniques need large amounts of sample, which is not
possible. Generally, traditional methods for methylation
detection such as disulfide conversion,40,41 enzymatic diges-
tion,42,43 antibody binding44,45 are robust and relatively
sensitive; however, they are severely limited by high cost and
typical requirements such as large amounts of sample, multiple
steps of preprocessing, etc. The proposed biosensor-based
DNA methylation technology seeks to advance detection
modalities through the development of a portable, sensitive
biosensor while using a small amount of sample (see a
comparison to extant methodologies46−49 in Table S5 of the
Supporting Information). The underlying principles are based
on strand displacement reaction and subsequent differential
structural configuration of NMD and MDTn on GFET and do
not require traditional processing.
The proposed technique has the potential to detect

intermediate states of DNA demethylation like 5-hydroxyme-
thylcytosine and 5-formylcytosine that are difficult to detect
with current techniques. The DTP-based target recognition

could offer possibilities for detecting such state variations, with
significant implications in epigenetics research.

METHODS
Fabrication of Graphene FET Chip. Several graphene FET were

prepared by transferring a ∼2 × 2 mm size graphene film on to a
silicon substrate. The film was annealed at 400 °C for 2 h under
hydrogen/argon atmosphere to remove organic impurities. Silver
epoxy was applied at two ends of the graphene to serve as the source
and drain electrodes, and a silicone rubber was used to insulate source
and drain electrodes as well as to create an aqueous reaction chamber
for strand displacement reaction in the middle (Figure 1A).25 The
measurements were all done with a constant Vds of ∼30 mV. The gate
was applied to the electrolyte and regulated its potential (see Figure
1). Consequently, there was always an Ids. Typical gate leakage was of
the order of nA, and orders of magnitude were below the typical Ids.
The electrolyte gate voltage range (∼1 V in 30 mM buffer solution)
used for Vg is in accord with previous electrolyte gating measurements
on graphene.27

Design of DTP for Target Discrimination. A DTP of 51 bp
long comprising a weak strand (W) and a normal strand (N) was
designed. There is a nine base long noncomplementary region called a
toe-hold present in the middle of the N strand that prevents
hybridization with W and provides the point of attack (strand
displacement/hybridization in tandem) for the target strand. Further,
the W strand was engineered to have six inosines (I) substituted for
guanine (between 1 and 21 base positions) that pairs weakly with
cytosine, in N strand (Table S1 in Supporting Information). This
substitution lowers NW interaction affinity and favors strand
displacement by a target with a better affinity (higher interaction
energy). The DTP backbone is functionalized with an amine group to
immobilize on the graphene surface of the GFET.

For fluorescence detection of strand displacement, Texas red (TR)
and black hole quencher (BHQ2) were tagged at the 5′ and 3′ ends of
W and N strands, respectively. The DTP strands were suspended in
Tris-HCl buffer supplemented with 2 mM MgCl2 (pH 7.4). The
strands were annealed in a thermocycler, and target displacement
kinetics was monitored by fluorescence (Ex/Em: 590/620 nm)50 in a
plate reader at RT (Tecan Infinite 200 M).

DTP Immobilization on GFET. 50 μL of pyrenebutyric acid N-
hydroxysuccinimide ester (PBASE, 5 mM) was deposited on
graphene and incubated at room temperature for 1 h followed by a
rinse with DMF and DI water.25,51 Amine-functionalized DTP (1
μM) (IDT, Inc.) was immobilized on the graphene surface through
PBASE conjugation by incubating it for 2 h at room temperature. The
unreacted PBASE was passivated with 50 μL ethanolamine (100 mM)
and further rinsed with Tris buffer.

Methylated DNA Targets. A 25 nucleotide-long DNA sequence
that shares 20 nucleotides of methyl guanine methyl transferase
(MGMT) promotor in glioblastoma multiforme52 was chosen as the
target (IDT, Inc.). Strands having a different number of methylation
sites and positions were designed (Table S2), for example, MDT2,
MDT2a, and MDT2b contain two; MDT6, MDT6a, and MDT6b
contains six; MDT8 contains eight methylcytosines, and non-
methylated DNA (NMD) target used as a control strand (see
Table S2 in Supporting Information for a catalog of all the tested
samples and configurations).

Melting Temperature Characterization of DNA Tweezer
Probe−Target interaction. The DTP-target (NMD and MDTs)
interaction energies were characterized by melting temperature (Tm)
analysis with SYBR green fluorescence in a thermocycler. The Tm
value of active part of DTP and DNA target was determined by
annealing N strand (full length 51 NT) with a target strand (25 NT).
Similarly, Tm of DTP and W strand (25 NT from 5′ end) (NW25)
was determined for comparison and predicted the likelihood of
reaction possibilities. Different concentrations (50, 150, 400, 1000,
and 3000 nM) of hybridized probe and target were melted in a
thermocycler, and the results were plotted as the natural log of molar
concentration (C) to the inverse of respective melting temperatures
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(Tm) (Figure 2A−C and Figure S1 in the Supporting Information).20

All the Tm values reported at 3 μM of sample concentration as a mean
± standard deviation (SD) and n = 3 (as in Table S3 of the
Supporting Information).
Fluorescence Analysis of DNA Strand Displacement

Kinetics. Target hybridization with DTP was inferred through W
strand displacement-mediated fluorescence. Ten nM of DTP was
mixed with 1 μM of a target strand in a 100 μL volume. Displacement
of W by a target leads to the separation of TR from the quencher
BHQ giving rise to an increase in fluorescence. This time series
evolution of fluorescence provides the kinetics of a strand displace-
ment reaction (Figure 2D−F and Figure S2 in Supporting
Information), and the data were collected at 1 min intervals for up
to 3 h (time to reach stable fluorescence). Normalized data averaged
from three independent experiments are reported as (t1/2) the time to
reach half of the stable fluorescence. The data were normalized using
the following equation:

F
F F

F F
t min

max min
=

−
− (1)

where F is the normalized fluorescence, Ft is the fluorescence at time
(t), Fmin is the fluorescence minima (background fluorescence at time
t = 0), and Fmax is the fluorescence maxima (stable fluorescence at the
end of 3 h).
Target Hybridization on the GFET Sensor. The strand

displacement reactions were carried out with targets (NMD and
MDT) at different concentrations, ranging from 10 pM to 10 nM in
50 μL of reaction volume. The sample was localized within the sample
reservoir on the GFET sensor and incubated for 6 h. The unbound
targets were rinsed off with Tris buffer before making the
measurements. A time series evolution of the Dirac voltage shift
provides the kinetics of strand displacement reaction (Figure 3D), and
the data were collected at 1 h intervals for up to 6 h (time to reach
stable Dirac shift). The normalized Dirac voltage (VD) shift (

V V V
V VD

t F

o F
Δ = −

− ), where Vt is the value of the VD at a given time (t), Vo

is the initial value of the VD at the start of the experiment/recording,
and VF is the value of the VD after 6 h. The reservoir was covered
using a small lid to avoid evaporation of liquid for 6 h. The points
were connected as a guide to the eye.
Electrical Measurements. Source−drain current (Ids) was

recorded as a function of applied gate voltage (Vg) in the range of
−0.5 to 1.0 V. A silver wire immersed in the reaction chamber buffer
(2 mM MgCl2/30 mM Tris buffer) acted as a gate electrode. Drain−
source current (Ids) was measured at an assigned Vds. The effect of
different target concentrations on I−V characteristics was studied in
terms of a shift in Dirac point voltage (ΔVD) of GFET. All of the
obtained results were reliable and reproducible, with respect to
systematic error metrics.
MD Simulation of DTP−Target Interaction. The MD

simulation was performed using a recently developed coarse-grained
model, oxDNA.29 We used probe sequences similar to the ones used
in experiments but without inosine, as the standard force field
corresponding to inosine is not available in oxDNA. For the
simulation of the strand displacement reaction, target sequences
similar to NMD were used. The main objective was to understand the
spatial orientation of the duplex regions of DTP before and after
hybridization with the target strand. As the exact changes introduced
by methyl groups on the structure of dsDNA are not well-known, we
set up our simulation from the perspective of geometry changes in the
toe-hold region and its corresponding effects on angular change of
duplex regions to the horizontal surface. For the equilibration of DTP
before hybridization with the target, we intentionally created base
mismatches in the toe-hold region, effectively making the toe-hold
region single-stranded and flexible. Then, in order to simulate the
hybridization aspect, the target sequence (NMD) without any
mismatches in the toe-hold region was allowed to interact with
DTP. The simulation time step was set at 15.15 fs in a 303 ns long
simulation, and it was performed under constant temperature (300 K)
with sequence dependency.53 Distribution of orientation angles (DTP

to the graphene surface) with and without the target was created by
sampling 1000 snapshots through the course of the simulation and
visualized through violin plots. The ion concentration was set to 150
mM Na+, as oxDNA is not parametrized with Mg2+. Since our main
focus was understanding the geometrical aspects of dsDNA, we
simplified the graphene side of the problem by approximating it with a
repulsive potential wall. The base conjugation was modeled by a
strong harmonic potential with force constant of 571 pN/nm2. This
strong restraint represents the strong binding affinity between
modified DNA strands and graphene.
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