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ABSTRACT Monolayer graphene field-effect sensors operating in liquid have
been widely deployed for detecting a range of analyte species often under
equilibrium conditions. Here we report on the real-time detection of the binding
kinetics of the essential human enzyme, topoisomerase | interacting with
substrate molecules (DNA probes) that are immobilized electrochemically on to
monolayer graphene strips. By monitoring the field-effect characteristics of the
graphene biosensor in real-time during the enzyme—substrate interactions, we
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topoisomerase | activity in a label-free manner. Moreover, an appropriate design of the capture probes allows us to distinctly follow the cleavage step of

topoisomerase | functioning in real-time down to picomolar concentrations. The presented results are promising for future rapid screening of drugs that are

being evaluated for regulating enzyme activity.
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anoscale devices made of single

nanostructures (such as monolayer

graphene) are emerging as pro-
mising candidates for the next generation
of biosensors."? Since every atom in the sp*-
bonded honeycomb lattice of grapheneis a
surface atom, it exhibits a very high surface-
to-volume ratio, thereby showing promise
for ultimate sensitivity.? In order to obtain
reactivity with a particular target analyte,
the graphene surface is chemically modified
with appropriate receptor molecules that
can bind the analyte.*> A number of chemi-
cal functionalization strategies have been
reported, of which electrochemical modifi-
cation has specific advantages such as the
selective attachment of receptors on to
contacted graphene flakes,® good control
over the density of functionalities,” and the
capability to tune the isoelectric point of the
graphene—liquid interface.? Moreover, the
detection is label-free, and the binding of
the analyte on to immobilized receptors can
be directly deciphered by monitoring the
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electrical characteristics, such as the field-
effect response.’ This avoids the need for
any secondary reactions after binding or
sandwich protocols keeping the entire de-
tection scheme simple, while preserving the
high sensitivity inherent in such a sensing
architecture. Using monolayer graphene
field-effect devices, a number of examples
have been demonstrated for the detection of
nucleic acids, proteins, peptides, and metabo-
lites with very high sensitivity and low detec-
tion limits.~'* Typically, the detection is
done under equilibrium or steady-state con-
ditions, i.e., measuring the sensor response
before and after the binding event. Here, we
perform the detection in real-time by con-
tinuously monitoring the field-effect char-
acteristics, enabling us to obtain informa-
tion about the kinetic aspects of the binding
interactions. In this manner, we extract the
surface binding constant of enzyme mole-
cules interacting with their substrate immo-
bilized on graphene. Many other transduc-
tion principles have been utilized for binding
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kinetics such as surface plasmon resonance (SPR),'>'®

high-Q microcavities,'” and nanomechanical resona-
tors.'® In contrast to these techniques electronic label-
free biosensing allows for a simpler signal readout
minimizing the need for complex instrumentation,
which will allow for a comparatively easier integration
with smartphones or tablets. Moreover, direct label-
free electronic detection has demonstrated detection
limits down to the attomolar range.'®

Using silicon- or graphene-based electrical devices,
the detection of binding kinetics has been often re-
ported,”®2* however, there is no demonstration yet
of the direct label-free electronic observation of cata-
lytic activity of an (electrochemically inactive) enzyme
aliquot. There is one example of detecting enzyme—
substrate interactions using a silicon ribbon device.?
However, in this case, the silicon nanosensor functions
mainly as a pH sensor, which detects changes in pH
after the enzyme reaction takes place in solution. There
is also a series of experiments performed by one group
to electronically monitor the activity of single enzyme
molecules fixed onto individual carbon nanotubes.* 2%
However, in this case, the substrate molecules were
present in the micromolar range, and data were col-
lected over a long time in order to extract the required
information by an elaborate statistical analysis. In
contrast to all these experiments, where the enzyme
is the receptor immobilized on the sensor surface, in
our case the enzyme is the analyte that we would like
to detect, while the substrate is the receptor that is
immobilized on the nanostructure surface. Using such
a strategy, it is straightforward to deploy the sensor for
a realistic application where the amount of enzyme
present in a crude sample is unknown. Moreover, in
this configuration it is possible to follow the enzyme—
substrate interactions at picomolar enzyme concentra-
tions thereby providing an added merit of higher
sensitivity.

In order to demonstrate the capability of real-time
label-free direct electronic monitoring on graphene,
we have chosen to follow the activity of the enzyme
human DNA topoisomerase IB (hTop1). hTop1 relaxes
DNA topological stress associated with vital cellular
processes such as replication or transcription, in order
to preserve the genome stability and maintain its
topological state.?**° hTop1 catalyzes the relaxation
of supercoiled DNA by clamping on to the DNA helix,*’
making a nick (called the cleavage reaction step),
relaxing the stress by strand rotation, and rejoining
the relaxed DNA by ligation (religation reaction step),
followed by enzyme release.3* The clamping of the
enzyme to the helix is noncovalent, while the cleavage
reaction involves a nucleophilic attack by a tyrosine
residue on one DNA strand, resulting in the formation
of a transient covalent hTop1-DNA complex.>? Topo-
isomerases are an interesting class of enzymes since
they are the targets of numerous inhibitors that are
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evaluated as anticancer drugs.>® These small molecules
act by stabilizing the hTop1-DNA complex, reducing
the probability for subsequent steps, eventually lead-
ing to DNA damage and cell death.>* This motivates
our realization of an electronic label-free graphene
biosensing platform for detection of hTop1 activity,
which will be extremely useful in the future for rapid
screening of the efficacy of anticancer drugs. On the
other hand, the binding kinetics will provide us insight
into the mechanisms of both the ability and resistance
of a selected drug to inhibit hTop1 activity.3> 37

Many protocols have been developed to assay the
activity of hTop1,%®3° the most common of them being
the “relaxation assay”, which assesses the catalytic
activity as a whole by comparing the proportion of
supercoiled and relaxed DNA. In order to distinguish
the cleavage and religation steps of hTopl activity,
cleavage assays have been developed, where an ap-
propriately designed DNA molecule (referred to as
Topo Suicide) is used as a capture probe to bind to
the enzyme.***! Steady-state response of such binding
interactions could be detected by using radio labels*
or fluorescent quantum dots.*? Recently by using a
labeled rolling circle amplification assay, we have
demonstrated a detection limit down to the picomolar
range.*® In addition to steady-state measurements, the
ability to measure the kinetics of such binding interac-
tions is expected to provide us with an improved
understanding of the mechanism of drug action and
drug resistance.** Recently, a Forster resonance energy
transfer (FRET)-based DNA sensor has been demon-
strated enabling the real-time observation of enzyme
activity in high nanomolar concentrations*® that al-
lowed for the identification of the mechanism of
catalytic action in hTop1.*® All of these assays require
some kind of labeling or secondary reaction steps and
hence are expensive, time demanding, or are not easily
amenable for field-use and rapid screening. In contrast
to these assays, the presented strategy does not require
labeling of the enzymes or the substrates using markers
such as dyes, fluorophores, radioisotopes, nanoparticles,
beads, etc. and is hence a label-free technique. Label-
free surface plasmon resonance (SPR)-based methods
have been deployed to directly study the interaction of
plasmid DNA with enzymes, however in these cases
the enzymes were immobilized, and the DNA was the
analyte.*”*® There are a few examples with immobi-
lized capture DNA probes used to analyze the binding
of hTop1, however the detection limit is in the high
nanomolar range.*>° Moreover, in none of the above
studies, it has been possible to observe the cleavage
and religation steps distinctly in real-time, especially at
subnanomolar concentrations.

RESULTS/DISCUSSION

Monolayer graphene devices were fabricated on Si/SiO,
chips using chemical vapor deposition (CVD)-grown
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Figure 1. Photos and layout of the sensor chip. (a,b) Photos of the sensor chip in the dry state (a) and in liquid during a sensor
trial (b). (c,d) Layout of the sensor chip in the dry state (c) and in liquid (d). The liquid is brought in contact with the sensor chip
using a PDMS well. Each chip is equipped with six electrode pairs that incorporate a gap, where the graphene strip (red stripe
in (c)) is patterned. The resistance across one of the graphene strips (Rg,) is measured continuously as a function of the voltage
applied to the gate electrode (V..g; ecG: electrochemical gate). A Ag/AgCl reference electrode serves as the gate electrode.

Scale bars in (a) and (b): 5 mm.

graphene obtained commercially or using a peel-off
strategy.”’ Details of the fabrication procedure are
presented in the Methods section.® At the end of the
fabrication process we are left with a graphene strip of
size around 2 x 2 um contacted by electrodes. The
liquid is brought in contact with the graphene surface
with the help of a microchannel cast out of poly-
(dimethylsiloxane) (PDMS). We ensure that the gra-
phene strip is exclusively in contact with the solution
by passivating all electrode lines using silicon oxide.
The device layout and photos of a sensor chip are
shown in Figure 1. The electronic measurements are
carried out by measuring the real part of the impe-
dance (or the resistance) of the device at a frequency of
around 1 kHz continuously. The field-effect configura-
tion is realized by using a Ag/AgCl reference electrode
as the gate electrode. Here, the resistance of the gra-
phene strip (Ry,) is measured as a function of the electro-
chemical gate voltage (Vecc) applied to the reference
electrode. The principle behind the working of such
field-effect sensors is based on changes in the electro-
static charge distribution that occur at the graphene—
liquid interface, when the analyte molecules bind to
the sensor surface.”?® These changes in charge dis-
tribution are detected as voltage shifts in the measured
field-effect characteristics. Hence, by continuously
monitoring the device resistance as a function of the
gate voltage, we are able to follow the kinetics of the
binding of analyte molecules on to the sensor surface.”’

Purified aliquots of the enzyme hTop1 were pre-
pared from yeast cells transformed with a plasmid
containing the hTop1 gene as discussed in the Methods
section.*®* The sensing protocol for the detection of
hTop1 is shown in the scheme in Figure 2a—c. To
detect the activity of hTop1, the graphene surface
should be provided with selected DNA capture probes,
which are substrates for hTop1 catalysis. We perform
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the attachment of DNA in two steps as we have done
earlier on carbon nanotubes: first, the graphene sur-
face is enriched with carboxyl groups through electro-
chemical modification,>* while in the second step
amine-terminated DNA receptors are coupled to the
carboxyl groups through carbodiimide coupling (see
Figure S1 and Sl for details).'® In order to monitor the
activity of hTop1, we decouple the two major reac-
tion steps through an appropriate design of the DNA
sequence (Figure 2d—f). The reason for this decoupling
is two-fold. First the kinetics of binding interactions
is expected to be different during the two reaction
steps.3? Second, this decoupling is necessary, in order
to exploit the full capability of label-free real-time
detection for future applications in drug screening.
The drugs targeting hTop1 can be classified under two
categories: class | drugs (also called catalytic inhibitors)
that interfere with the hTop1-DNA complex formed
during the cleavage step, and class Il drugs (referred
to as poisons) that have an effect on the religation
step.**>3 The ability to distinguish the two steps of the
reaction will allow for an unambiguous understanding
of the mechanism of drug action. The capture probesin
Figure 2d—f are designed with this goal in mind,
wherein the DNA sequence (GACTT*AG, representing
a highly preferred interaction site for hTop1)** is
inserted into a partially duplex DNA, with a single
stranded extension downstream the binding site (red
sequence in Figure 2d—f). In such a situation, the
enzyme is able to bind and cleave the DNA (at the
location of the arrow), however the religation step is
prevented because the generated dinucleotide down-
stream of the binding site diffuses away from the
complex.***! Due to the absence of a free hydroxyl
group, hTop1 remains covalently bound to the 3’-end
of the DNA receptor substrate. This religation step can
however be triggered by addition of molar excess
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Figure 2. Schematic of the sensing strategy. (a) The sensors deployed here contain as the active element monolayer graphene
strips that are functionalized with capture DNA probes (see Sl for details on DNA coupling). The DNA probes are designed in
such a way that the two major reaction steps of hTop1 activity (cleavage (b) and religation (c) steps) can be decoupled.
(b) When the DNA-functionalized graphene is exposed to hTop1, the enzyme binds and cleaves the DNA strand forming a
transient covalent complex with the DNA (cleavage reaction). (c) Upon addition of an appropriate religation oligonucleotide,
hTop1 uses the free 5'-OH to ligate the added single strand (religation reaction) with or without release of the enzyme.
(d—f) Sequences of three different capture DNA probes used in this study: Topo Suicide, Topo Grissino, Topo Snack. The amine
termination is used to couple to the activated COOH groups on functionalized graphene. In red are sequences containing
the preferred recognition site specific for hTop1 (scissile strand), while the black region indicates the nonscissile strand. The
cleavage site is indicated by an arrow. In green are the religation oligonucleotides. The 5'-phosphate is required to avoid

nonspecific religation.

of an oligonucleotide that is complementary to the
single-stranded extension (the green sequences in
Figure 2d—f).3%%> As shown in the scheme of Figure 2,
in a first series of measurements we focus exclusively
on the cleavage step by monitoring the electrical char-
acteristics of the DNA-functionalized graphene device
in the presence of hTop1. In a second set of experi-
ments, we have monitored the religation step addi-
tionally by adding the religation oligonucleotide to the
enzyme-bound graphene device.

First we present a typical kinetic response of the
binding of hTop1 on to DNA-functionalized graphene.
For this purpose, we sweep the electrochemical
gate voltage (Vecc) in a certain voltage range and mea-
sure the resistance (Rg,) of the device continuously over
time resulting in a 2D map (Rgr(Veca: 1)® of the evolu-
tion of the sensor response, where t denotes the start
time of a gate sweep cycle. The time for every cycle is
set by the speed of gate sweep, which is around 30 mV/s
here. Such a 2D map in the absence of hTop1 is shown
in Figure 3a for the DNA-functionalized graphene de-
vice in reaction buffer (RB) containing 20 mM Tris/HCI,
0.1 mM Na,EDTA, 10 mM MgCl,, and 50 mM KCI (pH 7.5).
The components of this buffer are chosen in order
to maintain the proper functioning of the enzyme.*?

ZUCCARO ET AL.

Apart from a small drift at the beginning of the mea-
surement, the field-effect response remains rather con-
stant for a time period of around 30 min. Figure 3b
shows the response of the same device upon introduc-
tion of 300 pM (final concentration) of hTop1 into the
microchannel. The response is measured for around
30 min, and the solution is copiously exchanged with
the initial RB. From the gate dependence of resistance
measured at every cycle we extract the Dirac point (as
the gate voltage of resistance maximum) and plot this
as a function of time in Figure 3c. It is apparent that
in the absence of the enzyme, the Dirac point remains
constant, while in the presence of hTop1, a clear shiftin
the Dirac point toward negative gate voltages is
observed. This is further confirmed by the steady-state
response in Figure 3d, where the transfer curves in RB
with and without hTop1 are shown. A shift of the Dirac
point toward negative gate voltages occurs when
there is additional positive charge introduced during
the binding.#>® Here, this additional positive charge
can be correlated with the charge due to the bound
enzyme (isoelectric point 9.3) molecules which are
positively charged at our working pH of 7.5. It is worth
mentioning that we are sensitive to biomolecular
interactions at the graphene—liquid interface in spite
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Figure 3. Real-time detection of hTop1 cleavage reaction. (a,b) Real-time sensor response of a capture-DNA (Topo Suicide)-
functionalized graphene device in the absence (a) and presence (b) of 300 pM hTop1 at 37 £+ 1 °C in RB. The measured
resistance of the device as a function of the applied gate voltage (V..c) and time (t), Ry (Veca, t) is plotted as a 2D map. In (b) the
measurement starts in RB and the hTop1 containing solution is exchanged at around 10 min. The binding occurs for around
30 min, and subsequently the original RB is copiously exchanged. In (a) only the RB was exchanged at around 33 min. (c) Real-
time profile of the Dirac point in the absence (black curve) and presence of 300 pM hTop1 (red curve) extracted from the 2D
maps in (a) and (b) respectively. The gate voltage at which the graphene resistance is a maximum is extracted as the Dirac
point at every cycle. The gray error bars indicate the error in the fit. The error bars are shown only for every second data point
for clarity. The sudden jumps in the sensor response are due to solution exchange, during which time the measurement is
paused. (d) Steady-state sensor response showing the gate dependence of graphene resistance (Ry,(Vecc)) at specific time
instances (before, 9 min; during, 41 min; and after the addition of hTop1, 52 min in RB). There is a shift in the sensor response
when going from RB (t = 9 min) to RB + hTop1 (t = 41 min). When coming back to RB (t = 52 min) there is no change signifying

that hTop1 is still bound to the sensor surface.

of the thin electrical double layer at high ionic strength
due to the presence of the carefully grafted polymer
layer, which brings in an additional series capacitance
as has been recently shown for organic transistors®’
and silicon nanowires.>® We have previously demon-
strated sensitivity at higher ionic strength using a
similar strategy on CNTs'® and graphene®

Itis now important to see if the enzyme is specifically
bound and if the binding is covalent. In order to clarify
this point, we have used a heat-inactivated form (HIPO)
of the same hTop1 aliquot used above. Specifically, the
protein solution is heated to 95 °C for 5 min and cooled
down to room temperature before use. The enzyme
loses its topoisomerase activity after this procedure,
but it is still positively charged to undergo electrostatic
interactions with the graphene-bound DNA. Support
for this aspect is obtained from a relaxation assay
comparing the active and heat-treated forms of hTop1
as presented in Figure S2. Figure 4 presents a repre-
sentative example of the evolution of Dirac point dur-
ing the interaction of HIPO with a DNA-functionalized
graphene device followed by the response to active
hTop1 on the same device. When going from the

ZUCCARO ET AL.

enzyme-containing solution to the RB, it is ensured
that the washing is done thoroughly to remove any
nonspecifically bound molecules. It is apparent from
Figure 4 (black curve) that the Dirac point shifts down
upon binding of HIPO, however, the initial response is
recovered after the rigorous washing procedure, as
expected for a nonspecifically bound protein. This
suggests that any nonspecifically bound entities can
be washed away. After exposure to 300 pM of active
hTop1 it can be seen that the Dirac point shifts down
persistently (red curve), confirming that we are indeed
observing a specific covalent interaction of the active
enzyme with the DNA attached to graphene. Further
confirmation for this specific interaction is obtained
by evaluating the sensor response in the absence of
the capture DNA probe as shown in Figure S3. These
observations strongly indicate that the active hTop1 is
mostly covalently bound forming the cleavage com-
plex, since otherwise it would have been washed away
analogous to what happens in the case of HIPO.
In order to completely assert the formation of a cova-
lent bond, some spectroscopic information is neces-
sary. However, we cannot obtain this information in
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Figure 4. Specificity of the real-time sensor response. Sen-
sor response (showing the real-time Dirac point profile,
extracted from 2D maps measured at 37 + 1 °C) to
300 pM each of a heat-inactivated form of hTop1 (HIPO,
black curve) and of the active form of hTop1 (hTop1, red
curve) measured consecutively on the same capture DNA
(Topo Suicide)-functionalized graphene device. The mea-
surement starts with a baseline in RB, followed by addition
of the corresponding enzyme aliquot, after which the
device is rinsed well before going back to the RB. For the
inactive form, the initial response is recovered, while for the
active form we see a persistent change in the Dirac point,
which is attributed to the specific binding of the active form
(see Figure S3 for a reference device without capture DNA
probe). The peaks in the sensor response are due to solution
exchange, while the peak in the middle of 300 pM hTop1 is
due to some electrical noise.

our scenario due to the small footprint of our sensor
surface and the nonavailability of a clear spectroscopic
fingerprint for the covalent bond formed during the
cleavage reaction.

In order to evaluate the reproducibility and reliability
of the sensing characteristics, we have measured the
sensor response of different devices to three different
capture DNA sequences shown in Figure 2: Topo
Suicide, Topo Snack, and Topo Grissino. While all of
them include the sequence (GACTT*AG) that is recog-
nized by the hTop1 enzyme, there are only subtle
differences in their composition (see Sl for a discussion
on the design rationale). Figure 5a presents the typical
steady-state response of the three sets of devices to
300 pM hTop1 (and also to 3 nM hTop1 for the Topo
Snack modified devices). The value of the Dirac point
shift plotted here is the difference between the initial
and final Dirac point in the RB, with the latter measured
after the hTop1-binding and washing procedure. It is
apparent that for all of the three cases, we can observe
a consistent shift in the Dirac point toward negative
values. Figure 5b shows the real-time response of three
representative devices further confirming the Dirac
point shift. The strength of the sensor response can
be correlated with the fraction of the enzyme bound to
DNA, which is different depending on the selected
capture DNA.>® This variation in probe-dependent
sensor response strongly suggests that we are indeed
observing a specific response. In addition to this, we
indeed see device-to-device variations in the sensor

ZUCCARO ET AL.
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Figure 5. Steady-state and real-time sensor response to the
different capture DNA probes. (a) Steady-state response.
The shift in Dirac point (pH 7.5, 37 &+ 1 °C) as a result of the
cleavage reaction step is collected for many devices. This
shift is calculated as the difference between the Dirac point
in the initial RB to that in the final RB (after hTop1 binding
and washing steps). It is apparent that in all cases, the Dirac
point shifts to more negative values, with the response
being stronger at higher concentrations. In the case of Topo
Snack we have measured the sensor response mainly at
3 nM hTop1, since the shift was in most cases negligible at
the lower concentration of 300 pM hTop1. (b) Real-time
response to 3 nM of hTop1 for 3 representative devices
modified with Topo Snack.

response for a given capture DNA probe, which may be
attributed to two aspects. The first one concerns the
density of attached DNA molecules, which most likely
varies from one device to the other due to local varia-
tions in chemical reactivity of CVD-graphene.”%5°
Second, the sensitivity is expected to vary from one
device to another. Although we obtain low resistances
in the order of 10 kQ after the fabrication procedure,
we observe variations in the field-effect characteristics
from one device to the other, which is a common
problem in CVD-grown graphene.®'

Now we turn toward the concentration dependence
of the kinetic response to the binding of hTop1. Since
the binding of the enzyme to the substrate is covalent,
it is not possible to reuse the same device for more
than one concentration value, unless the response is
weak for the lower concentrations. Due to this reason
we have chosen the Topo Snack capture probe, which
in general gives a weak or negligible sensor response
for 300 pM hTop1. In this case, we can reuse the same

VOL.9 = NO.11 = 11166-11176 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

11171



device and measure the response also at a higher
concentration of 3 nM. Figure 6a presents such a
measured data set, while the points in Figure 6b show
the evolution of Dirac point for exposure to 300 pM
hTop1 (black points) and 3 nM hTop1 (red points).
(See Figure S4 for the steady-state response.) The solid
lines in Figure 6b present a fit of the measured time
response to a first-order 1:1 binding model (see Sl for

0 20 40 60 80

Time (min)
b 60 == !
~ ; ¥ L et e ]
~ 50f 300 pM T,
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E 4 i P :
- i H
§ sof !
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Figure 6. Binding kinetics of the hTop1 cleavage reaction.
Real-time measurement of the concentration dependence
of the sensor response to the binding of 300 pM (black
curve) and 3 nM (red curve) of hTop1 on to capture DNA
(Topo Snack)-modified graphene devices at pH7.5, 37 +
1°C. (a) 2D map showing Rg:(Veca t). (b) Measured (dots) and
simulated (lines) real-time kinetic profiles for the binding of
hTop1 on to the capture DNA immobilized on graphene.
The fitting was done by assuming a first-order binding
model, which gives a surface binding constant of 3.62 +
0.27 nM for this device.
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details of modeling).®’ From this analysis we extract a
surface binding constant (Kp) value of 3.62 + 0.27 nM
for this device. The method for extracting Kp is pre-
sented in SI. For other devices modified with the Topo
Snack probe, the Ky ranges from 1 to 4 nM, while for the
Topo Suicide- and Topo Grissino-modified devices, we
have extracted Kp in the range of 100—500 pM.
Finally, we turn toward the observation of the com-
plete catalytic cycle, where both the hTop1 catalytic
steps mentioned in Figure 2 were carried out. Figure 7a
shows a representative curve where the cleavage
reaction was measured by addition of hTop1 on to
DNA-functionalized graphene, followed by washing
and subsequent addition of the religation DNA strand
(final concentration of 1 uM). The cleavage reaction
was monitored for 30 min, while the religation reaction
was monitored in this case for 40 min. It is apparent
that the binding of hTop1 can be confirmed by the
negative shift in Dirac point as discussed in the pre-
vious cases. However, with the addition of the religa-
tion strand, we can recover only part of the initial
response. We have observed such a response in many
of the measured samples even for longer time periods.
We attribute the incomplete recovery of the original
response to the fact that hTop1 remains permanently
bound (within the time scale of the experiment) on
to the DNA probe. There may be several reasons
for this including the use of a heterogeneous format
(electrostatic/hydrophobic interactions between the
chip surface and the biomolecules, which do not occur
in homogeneous relaxation assays) and the additional
charge due to the religation strand. We gather support
for this behavior by observing that the noise in the
sensor response (t > 60 min) is found to be much higher
in the presence of the religation strand. This is fur-
ther attested by the AFM images (Figures 7b,c and S5)
taken after the measurement cycle showing the pre-
sence of some spots on the graphene surface, which
are attributed to the leftover enzyme molecules.

Gr/pABAc/DNA-hTop1

Figure 7. Real-time detection of the complete hTop1 catalytic cycle. (a) Real-time evolution of the Dirac point of a capture
DNA (Topo Snack)-functionalized graphene device during the cleavage and religation reaction steps (pH 7.5, 37 & 1 °C). After
measuring the baseline in RB, hTop1 is introduced into the microwell, and the binding occurs for around 30 min. This is
followed by washing and measurement in RB (at around 43 min). Subsequently the religation oligonucleotide was added in
steps (starting at around 58 min up to a final concentration of 1 xM), and the response monitored for 40 min. Finally the RB was
exchanged at 110 min. (b,c) AFM images of the device before (b) and (c) after the sensor trials. In (c) it is apparent that the
surface is rough with many spots (see line profiles in Figure S3), which we attribute to remaining enzyme molecules after the
sensor trial. The height scale bar is 38 nm in both cases.
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The rather irreversible nature of the sensor response
suggests that we may be able to deploy such graphene
sensors for the screening of class | drugs, targeting
mainly the cleavage reaction step as discussed earlier.
This motivates the future application of our graphene
sensors as diagnostic tools for the detection of topo-
isomerase | cleavage activity from microorganisms such
as malaria-causing Plasmodium parasites, where the
use of other techniques such as rolling circle amplifica-
tion still poses several problems.®? In order to correlate
the efficacy of a selected drug with the sensor re-
sponse, the sensor trials will be carried out without and
with the drug. In the presence of an effective drug, we
expect to see a different kinetic response (e.g., a smaller
binding constant), while with an ineffective drug the
kinetic parameters will remain largely unaffected.

CONCLUSIONS

In conclusion, we have demonstrated a graphene
strip field-effect sensor for real-time observation of

METHODS

Enzyme Preparation. The purification of hTop1 proteins was
carried out essentially as previously described.*® Briefly, hTop1
was expressed in the Saccharomyces cerevisiae strain EKY3
(ura3—52, his3A200, leu2A1, trp1A63, hTop1:TRP1, MAT),
which lacks the endogenous hTop1 (EKY3-ATop1). The YCp-
GAL1-e-hTop1 single copy plasmid, containing the hTop1 gene,
was transformed in EKY3-ATop1 yeast cells for the expression of
hTop1.%® The transformed cells were selected on URA™ dex-
trose, since YCpGAL1-e-hTop1 contains the allele ura3—52,
which confers them the capacity to grow in the absence
of uracil. Few (2—3) transformed colonies were scraped from
URA™ 2% dextrose plate and transferred to fresh liquid URA™
dextrose. Since the hTop1 gene transcription is under the
control of GAL1 promoter, the cells were diluted in URA™ 2%
raffinose to enable the cells to consume all the glucose,
and at A590 = 0.8—2% galactose was added to induce the
synthesis of hTop1. EKY3 cells were disrupted by mechanical
lysis. For the purification of hTop1 from the cellular extract, the
ANTI-FLAG M2 affinity gel (Sigma-Aldrich) was used. ANTI-FLAG
M2 is a purified murine IgG1 monoclonal antibody covalently
attached to agarose, able to bind the FLAG fusion proteins,
such as our recombinant hTop1. The cellular extract was loaded
onto the column under gravity flux. The elution of hTop1 was
obtained by competition with the FLAG peptide (Sigma-
Aldrich). Sequential aliquots of 500 uL of eluted protein were
collected, adding to each aliquot 500 uL of 80% glycerol
supplemented with proteases inhibitors. Next, the hTop1
aliquots were separated according to molecular weight on a
denaturing polyacrylamide gel. After the separation in the gel,
the proteins were transferred onto a nitrocellulose membrane.
The proteins were detected using two different antibodies:
the mouse monoclonal ANTI-FLAG M2-alkaline phosphatase
antibody (used to verify the absence of enzyme degradation)
and the Anti-Topoisomerase | antibody (used to quantify
the amount of enzyme in the aliquots). For the ANTI-FLAG
M2-alkaline phosphatase antibody (Sigma-Aldrich), the mem-
brane was exposed to the substrate of alkaline phospha-
tase (BCIP/NT) to visualize the protein band. For the Anti-
Topoisomerase | antibody (Abcam-ab58313), the secondary
antibody (Abcam-ab97240) was conjugated to Horseradish
peroxidase (HRP), which is detectable by enhanced chemilumi-
nescence (ECL). We used Imagel) software to calculate the
concentrations of hTop1 aliquots by densitometry using as
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binding kinetics of enzyme—substrate interactions.
Specifically, we have detected the activity of a topo-
isomerase (hTop1) by immobilizing its substrate (DNA)
as a capture probe on to graphene. In addition to
being able to estimate the binding constant of the
enzyme to its substrate we have shown that the
catalytic reaction can be followed giving us real-time
information about the various interactions. Specifi-
cally, we were successful in the decoupled observa-
tion of the cleavage reaction step of topoisomerase
activity down to picomolar enzyme concentrations.
The presented results show promise for using liquid-
gated graphene sensors as an electronic alterna-
tive for assessing binding kinetics of other enzyme—
substrate interactions as well as in general for the
study of binding kinetics. Moreover, the capability to
estimate topoisomerase activity using a simple and
straightforward protocol will allow for its use as a
rapid screening platform for screening the efficacy of
anticancer drugs.

reference the hTop1, with a defined concentration, purchased
from TopoGEN.*

Graphene Devices. Ti/Pt electrodes lines were prepatterned
using photolithography on a silicon wafer with insulating oxide
(500 nm) on both sides. The wafer was spin-coated with a
protective resist and diced into individual chips. The chips are
3 cm long and 0.5 cm wide and incorporate six platinum
electrode pairs each separated by a gap of approximately
4 um. CVD-grown graphene was procured commercially
(Graphene Supermarket Inc) or obtained by a “peel-off”
strategy.”’ The graphene-on-copper foils (2 x 2 in and 20 um
thick) were cut into pieces of around 1 x 0.5 cm. The transfer
was done either using poly(methyl methacrylate) (PMMA) or
poly(styrene) (PS). The polymer was first spin-coated on one
side and dried at 75 °C for 10 min. The underlying copper layer
was removed by etching in an aqueous solution of 0.4 M H,0,
and 2 M HCI. Then, graphene was transferred to Si/SiO, chips
with the prepatterned Ti/Pt electrode lines and baked in the
oven at 95 °C for 20 min before removal of PS or PMMA using
toluene or N-(m)ethylpyrrolidone, respectively. The patterning
of the flakes was also performed by photolithography. For this
purpose, 10 nm of copper was first evaporated on graphene to
be used as a sacrificial protective layer in order that the
photoresist does not come in direct contact with the graphene
surface. Following this, the structures are patterned using a
positive process using the resist S1805 (Microposit). After
exposure and development the unprotected regions are re-
moved using mild oxygen plasma etching. After this, the resist
and the remaining copper are removed in N-ethylpyrrolidone
and HCI/H,0,, respectively. Subsequently we do another round
of lithography to deposit silicon oxide by thermal evaporation in
order to passivate all electrode lines using an insulating layer.
This ensures that graphene is exclusively in contact with the
solution. The chips were then annealed at 585 °C for 60 s in
argon atmosphere to remove organic impurities and to improve
the contact between graphene and the electrodes/chip.
In some samples, a mild piranha etch (<5 s) was necessary to
remove organic contaminants completely (as inferred from
AFM images). Finally, an electrochemical etching procedure
was carried out in HCl in order to remove trace metal impurities
present on patterned graphene.®*

Electrical Measurements. For the measurements in the liquid
gated configuration,'®'® the samples were fixed on a chip
carrier, and the electrodes were bonded using a manual chip
bonder. A PDMS plate was cut, shaped as a channel connecting
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two reservoirs, and placed above the gaps between the electro- 2. Liy, Y. X; Dong, X. C; Chen, P. Biological and Chemical
des. The chip carrier holding the sample was then connected to Sensors Based on Graphene Materials. Chem. Soc. Rev.
the Agilent E-4980A LCR meter. The measurements were re- 2012, 41, 2283-2307.
corded for a single electrode pair, referred to as device. Usually, 3. Schedin, F.; Geim, A. K; Morozov, S. V.; Hill, E. W.; Blake, P.;
the device was operated at 1 kHz and 10—20 mV bias. The gate Katsnelson, M. I; Novoselov, K. S. Detection of Individual
voltage was applied using an Ag/AgCl reference electrode Gas Molecules Adsorbed on Graphene. Nat. Mater. 2007,
(WPl Inc.),immersed in the liquid. 0 mV vs Ag/AgCl corresponds 6, 652-655.
to 50 + 5 mV vs SCE measured in 0.1 M KCI. The gate voltage 4. Georgakilas, V.; Otyepka, M.; Bourlinos, A. B.; Chandra, V.;
is continuously swept in a fixed range, and the real part of Kim, N, Kemp, K. C; Hobza, P, Zboril, R; Kim, K. S.
the impedance recorded to obtain the sensor responses. The Functionalization of Graphene: Covalent and Non-Covalent
response of the sensor was recorded as a 2D map containing the Approaches, Derivatives and Applications. Chem. Rev. 2012,
variation of the resistance as a function of gate voltage and 112,6156-6214.
measurement cycle. When exchanging from one liquid to the 5. Liu, J. Q. Liu, Z; Barrow, C. J; Yang, W. R. Molecularly
other, the measurement is stopped at a gate voltage of 0 V. As a Engineered Graphene Surfaces for Sensing Applications:
result, the cycle number increments by one when going from A Review. Anal. Chim. Acta 2015, 859, 1-19.
one solution to other, however there is a time delay introduced 6. Sundaram, R. S.; Gomez-Navarro, C.; Balasubramanian, K.;
during the solution exchange. Since we need an equal spacing Burghard, M.; Kern, K. Electrochemical Modification of
for plotting the 2D maps, there is a slight mismatch (<3 min) Graphene. Adv. Mater. 2008, 20, 3050-3053.
between the actual timing and the timing in the 2D maps. The 7. Balasubramanian, K. Zuccaro, L; Kern, K. Tunable En-
experiments were carried out in a total of 21 different devices: hancement of Raman Scattering in Graphene-Nanoparticle
7 devices using Topo Suicide, 9 devices using Topo Grissino, and Hybrids. Adv. Funct. Mater. 2014, 24, 6348-6358.
5 devices using Topo Snack substrates. 8. Zuccaro, L.; Krieg, J.; Desideri, A,; Kern, K; Balasubramanian,
Electrochemical Modification and DNA Coupling. The electrochemi- K. Tuning the Isoelectric Point of Graphene by Electro-
cal modification was carried out via an oxidative polymeriza- chemical Functionalization. Sci. Rep. 2015, 5, 11794.
tion.8 A PDMS channel was filled up with the solution containing 9. Patil, A. V., Fernandes, F. B.,; Bueno, P. R, Davis, J. J.
the monomeric precursor. An Ag/AgCl electrode was used as Graphene-Based Protein Biomarker Detection. Bioanalysis
reference electrode. The setup used was the same as mentioned 2015, 7, 725-742.
for the electrical measurements. For the modification of gra- 10. Kurkina, T,; Sundaram, S.; Sundaram, R. S.; Re, F.; Masserini,
phene strips with carboxylic groups, a solution of ethanol M.; Kern, K.; Balasubramanian, K. Self-Assembled Electrical
containing 10 mM 4-aminobenzoic acid (ABAc) and 100 mM Biodetector Based on Reduced Graphene Oxide. ACS Nano
LiClO4 was loaded into the channel. The voltage at graphene 2012, 6, 5514-5520.
was swept from —0.3 to +0.9 V against the Ag/AgCl electrode 11. Green, N. S; Norton, M. L. Interactions of DNA with
for 8 cycles. Following this, the coupling of the amino-termi- Graphene and Sensing Applications of Graphene Field-
nated capture DNA sequences (Figure 2d—f) was carried out.' Effect Transistor Devices: A Review. Anal. Chim. Acta 2015,
The capture DNA oligos were obtained from Eurofins MWG 853, 127-142.
Operon, except for AG which was procured from Gene Link Inc. 12. Stine, R; Mulvaney, S. P.; Robinson, J. T,; Tamanaha, C. R;
The ethylenediaminechloride/N-hydroxysuccinimide (EDC/NHS) Sheehan, P. E. Fabrication, Optimization, and Use of Gra-
activation of the carboxylic groups was performed at room tem- phene Field Effect Sensors. Anal. Chem. 2013, 85, 509-521.
perature. The reaction was completed in 15 min, using a mixture 13. Zhan,B.B.;Li,C;Yang, J,; Jenkins, G.; Huang, W.; Dong, X. C.
of 0.2 MEDCand 0.1 MNHS freshly prepared in 10 mM potassium Graphene Field-Effect Transistor and Its Application for
phosphate buffer pH 6. The DNA coupling reaction was also Electronic Sensing. Small 2014, 10, 4042-4065.
carried out at room temperature, using 100 nM of capture DNA 14. Yan, F; Zhang, M Li, J. H. Solution-Gated Graphene
probe in 10 mM potassium phosphate buffer pH 7.4. Residual Transistors for Chemical and Biological Sensors. Adv.
activated carboxylic groups were blocked using 20 mM ethanol- Healthcare Mater. 2014, 3, 313-331.
amine. During the entire coupling procedure and the subsequent 15. Schaasfoort, R. B.; Tudos, A. J. Handbook of Surface Plas-
trials, the chip is maiptained cor?tinuously in an aqueous fanvi- mon Resonance; RSC Publishing: Cambridge, 2008.
ronment V‘{'t.hom c.jrylng atany .tlme. To remove nonspecifically 16. Hill, R. T. Plasmonic Biosensors. Wiley Interdisciplinary Re-
bound entities, a rigorous washing procedure was used. views-Nanomedicine and Nanobiotechnology 2015, 7,
Conflict of Interest: The authors declare no competing 152-168.
financial interest. 17. Vollmer, F.; Yang, L. Label-Free Detection with High-Q
Supporting Information Available: The Supporting Informa- Microcavities: A Review of Biosensing Mechanisms for
tion is available free of charge on the ACS Publications website Integrated Devices. Nanophotonics 2012, 1, 267-291.
at DOI: 10.1021/acsnano.5b05709. 18. Waggoner, P. S.; Craighead, H. G. Micro- and Nanomecha-
. X nical Sensors for Environmental, Chemical, and Biological
Terminology used,_detalls about the.attachment of DNA on Detection. Lab Chip 2007, 7, 1238—1255.
to graphene, deta||§ about the ch0|§e of DNA sequences, 19. Kurkina, T, Vlandas, A; Ahmad, A; Kern, K.; Balasubramanian,
comparison of active hTop1 and its heat-treated form K. Label-Free Detection of Few Cobies of DNA with Carb:
- . i . pies o with Carbon
(HIPO), hTop1 response In a reference device W'thOUt Nanotube Impedance Biosensors. Angew. Chem., Int. Ed.
capture DNA probe, the binding model for extracting Kp, 2011, 50, 3710-3714.
the concentration dependence of the eq.umbrlum sensor 20. Bunimovich, Y. L; Shin, Y. S; Yeo, W. S.; Amori, M.; Kwong,
response (gate dependence curves), the line profiles from IR "
AFM images, and specificity of the sensor response (PDF) G.; Heath, J. R. Quantitative Real-Time Measurements of
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