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Integrated Biodetection
in a Nanoﬂuidic Device

ABSTRACT The sensing of enzymatic processes in volumes at or below the scale

of single cells is challenging but highly desirable in the study of biochemical
processes. Here we demonstrate a nanoﬂuidic device that combines an enzymatic
recognition element and electrochemical signal transduction within a six-femtoliter
volume. Our approach is based on localized immobilization of the enzyme tyrosinase
in a microfabricated nanogap electrochemical transducer. The enzymatic reaction
product quinone is localized in the conﬁned space of a nanochannel in which
eﬃcient redox cycling also takes place. Thus, the sensor allows the sensitive
detection of minute amounts of product molecules generated by the enzyme in real
time. This method is ideally suited for the study of ultra-small-volume systems such as the contents of individual biological cells or organelles.
KEYWORDS: biosensors . bionanoﬂuidic devices . electrochemistry . tyrosinase . nanobioanalytical systems

T

he interest in miniaturized bioanalytical systems based on micro- and
nanoﬂuidic devices15 as sensitive
and selective signal transduction elements
continues to mount. This has led to a wide
range of advances, from single-molecule
DNA sizing68 and size-deterministic particle sorting9 to restriction mapping10 and
single-molecule DNA sequencing.11,12 By
comparison, relatively little progress has
been made in miniaturizing electrochemical
biosensors, which typically rely on the reactivity of a biological component for speciﬁcity, to the nanoscale. This is mainly due
to the challenges of measuring the extremely low electrochemical currents generated by the activity of a minute number of
enzyme molecules.
We have previously reported on nanoﬂuidic electrochemical transducers13 as an
extension of classic thin-layer cells14 with
applications such as selective detection
of paracetamol15 and neurotransmitters16
and as downstream detection elements in
microscale analytical systems17 or even as
a detector of ultralow ﬂows in nanochannels.18,19 The capability of these nanogap devices to detect individual molecules
has also been demonstrated.20 Nanogap sensors exploit highly eﬃcient redox
RASSAEI ET AL.

cycling;namely, the repeated, successive
reduction and oxidation of target molecules;
to greatly amplify the faradaic signal from
a (redox-active) analyte. This high intrinsic
degree of ampliﬁcation oﬀers new opportunities for electrochemical sensors in which
the intrinsic signal level would otherwise be
too small for measurements. Moreover, these
sensors directly yield an electric current proportional to the analyte concentration. Thus,
the need for further signal transduction is
eliminated.
Here we introduce a bionanoﬂuidic sensing device in which all the elements of
molecular recognition, signal transduction,
and detection are integrated in a conﬁned,
femtoliter-scale reaction volume. The device consists of a microfabricated nanochannel in which are embedded both an
enzyme and detection electrodes in a nanogap conﬁguration. This geometry enables
redox cycling and allows the continuous, real-time detection of the zeptomole
(1021 mol) amounts of product molecules
generated by the enzymatic reaction.
An optical image of our microfabricated
device is shown in Figure 1a. It consists of
opposing planar microelectrodes separated
by a thin, liquid-ﬁlled channel. The active
region of the device consists of a volume
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Figure 1. Nanoﬂuidic bioelectrochemical detection. (a) Optical micrograph (top view) of a nanogap device. The active
detection region is deﬁned by the 10 μm  3 μm area in
which the two electrodes overlap. (b) Schematic principle of
operation of the electrochemical bionanoﬂuidic device:
Immobilized tyrosinase enzymatically transforms inactive
monophenolic substrate molecules into electrochemically
active o-quinones. These molecules subsequently undergo
redox cycling, yielding a highly ampliﬁed electrical current,
thus enabling sensitive detection and direct signal transduction (channel height z = 200 nm).

enclosed by the two overlapping electrodes. In this
report, we employ devices whose active volume has a
length of 10 μm, a width of 3 μm, and a height of
200 nm, corresponding to a volume of 6 femtoliters.
Because of the small electrode spacing, each product
molecule travels several thousand times per second
back and forth between the electrodes by diﬀusion.
Since charge is transferred between the electrodes in
each cycle, this redox cycling leads to a high ampliﬁcation of the detected electrical charge per molecule.
As a prototypical recognition element, we use the
protein tyrosinase, a copper-containing enzyme that is
responsible for catalyzing the synthesis of melanin as
well as other pigments. It is commonly used in electrochemical biosensors for the detection of phenolic
compounds.2125 Thus, it has found applications in food
inspection and medical diagnostics. Tyrosinase is able to
bind dioxygen and catalyze the ortho hydroxylation of
electrochemically inactive monophenols to electrochemically active o-diphenols (monooxygenase activity) as
well as the oxidation of o-diphenols to the corresponding electrochemically active o-quinones (catechol oxidase activity) according to the following reaction:

RASSAEI ET AL.

Figure 2. Enzyme immobilization. (a) Schematic illustration
of the main steps for immobilization of tyrosinase on gold
substrates. (b) Tapping mode AFM images of a macroscopic
template-stripped gold electrode showing the surface density of tyrosinase (i) before enzyme immobilization, (ii) after
1 h of immobilization, and (iii) after 3 h of immobilization.

The principle of operation of our bionanoﬂuidic
sensor is schematically illustrated in Figure 1b. When
the monophenolic substrate diﬀuses from the bulk
reservoir into the nanochannel, it is transformed by
the tyrosinase, which is bound homogeneously over
the surface of the electrodes, into the redox-active
enzymatic product, o-quinone. The latter is then detected electrochemically at the electrodes inside the
nanochannel by redox cycling following a two-electron
electrochemical reaction:
o-quinone þ 2e  þ 2Hþ / o-diphenol

(2)

RESULTS AND DISCUSSION
Enzyme Immobilization. A key step in realizing this
sensor is the immobilization of the enzyme tyrosinase
on the Au electrodes in the nanochannel while retaining its catalytic activity. For this purpose, we developed
a strategy based on addition of protected thiol groups
to the enzyme using a bifunctional linker, N-succinimidyl S-acetylthioacetate (SATA). This consists of two
consecutive steps, as sketched in Figure 2a. First, the
primary amines on tyrosinase react with the linker via a
nucleophilic attack to form an amide bond. Second,
hydroxylamine-hydrochloric acid is used to deprotect
the linker and generate a free thiol group, which is
reactive to gold surfaces.
In order to test this immobilization approach, the
thiol-functionalized tyrosinase was ﬁrst immobilized
on gold substrates prepared by template stripping to
yield a ﬂat surface.26 Figure 2b shows typical atomic
force microscopy (AFM) images of gold substrates
before and after the immobilization of tyrosinase.
Enzyme molecules are clearly visible on the gold
surface after immobilization as globular structures
that increase the roughness of the surface (from
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1.74 ( 0.02 nm to 1.83 ( 0.10 and 2.55 ( 0.09 nm after
1 and 3 h incubation, respectively). Figure 2b(ii) and (iii)
further show that the enzyme surface coverage increases as the immobilization time is prolonged from
1 h to 3 h.
Evaluation of Enzyme Activity. Having established the
tyrosinase immobilization procedure, we evaluated the
activity of the immobilized enzymes using electrochemical methods. As a first test, we studied the activity of
the enzyme for a substrate, 4-ethylcatechol, with a high
turnover rate of ∼8  102 s1 into 4-ethylquinone.2729
This high rate allows detecting the enzymatic product
using conventional voltammetry. This is in contrast to
monophenolic compounds, which are our ultimate
target, as they exhibit turnover rates of only 14 molecules per second per enzyme.30 We immobilized the
enzyme on a 1.6 mm diameter gold disk electrode and
performed cyclic voltammetry. Figure 3a shows typical
RASSAEI ET AL.
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Figure 3. Enzymatic activity of immobilized tyrosinase. (a)
Cyclic voltammograms (scan rate: 10 mV s1) for the reduction of 4-ethylquinone generated in a 2 mM solution of
4-ethylcatechol in 0.2 M phosphate buﬀer solution, pH =
6.8, for diﬀerent tyrosinase immobilization times on a
1.6 mm diameter gold electrode. (b) Cathodic peak charge
in (a) versus tyrosinase immobilization time. (c) Cyclic voltammograms (scan rate: 20 mV s1) for the reduction of
4-ethylquinone generated at a tyrosinase-modiﬁed gold
electrode of 3 mm diameter in a thin-layer cell from a
2 mM solution of 4-ethylphenol in a 0.2 M phosphate buﬀer
solution. The voltammograms are shown as a function of
phenol incubation time for a ﬁxed tyrosinase immobilization time of 2 h. (d) Cathodic peak charge in (c) versus
4-ethylphenol incubation time. (e) Cyclic voltammograms
(scan rate: 10 mV s1) for reduction of 4-ethylquinone under
the same conditions as in (c) for diﬀerent concentrations of
4-ethylphenol (phenol substrate incubation time of 30 min).
(f) Cathodic peak charge in (e) versus 4-ethylphenol concentrations. The solid line is a guide to the eye that follows
the functional form appropriate for MichaelisMenten
kinetics.

cyclic voltammograms for the reduction of 4-ethylquinone generated in an enzymatic reaction at the electrode surface from a solution of 2 mM 4-ethylcatechol
in 0.2 M phosphate buffer (pH = 6.8) for a variety of
enzyme incubation times. The electrode potential was
swept from 0.2 V to 0.25 V versus Ag/AgCl and back.
A cathodic peak for reduction of 4-ethylquinone was
clearly observed with an onset at 0.14 V versus Ag/AgCl.
The current for the reduction of the 4-ethylquinone
product increases with longer enzyme immobilization
times. The charge under the cathodic peak current
corresponds to the amount of 4-ethylquinone produced
at the electrode surface. When plotting the charge
under the cathodic peak current versus the tyrosinase
immobilization time (Figure 3b), a linear behavior is
observed. This demonstrates that enzyme molecules
retain their catalytic activity after immobilization and
that the concentration of active enzymes on the surface
increases with the time of immobilization. This observation is consistent with the AFM measurements.
Monophenolase Activity. The monophenolase activity
of immobilized tyrosinase has an ∼50 times slower
turnover rate compared to its diphenolase activity. To
study this activity, we generated measurable amounts
of enzymatic product by prolonged incubation in a
closed volume. We used a 3 mm diameter gold disk
electrode that formed part of a conventional electrochemical thin-layer cell. The gold working electrode
was enclosed by a gasket of thickness 12.7 μm, yielding
a thin-layer cell volume of 9  1011 m3 (90 nL).
Tyrosinase was immobilized for 2 h on the electrode,
and the cell was then incubated with a solution of
2 mM 4-ethylphenol in 0.2 M phosphate buffer, pH =
6.8, for varied times ranging from 10 to 40 min. These
substrate incubation times allowed the enzyme to
generate larger amounts of product to be subsequently detected in a voltammetric sweep. Figure 3c
shows cyclic voltammograms for the reduction of
4-ethylquinone produced by the tyrosinase enzymatic
reaction following different 4-ethylphenol incubation times. Increasing the incubation time clearly increases the magnitude of the reduction current of
4-ethylquinone.
In a quantitative analysis, Figure 3d shows the
charge under the cathodic peak as a function of the
incubation time. This charge increases with incubation times of up to 30 min and then levels oﬀ. This
saturation indicates that almost all of the substrate
in the thin-layer cell in the vicinity of the electrode has
been turned over to the product 4-ethylquinone. For
a 30 min incubation time, the charge under the peak
is 7 μC. As each molecule of 4-ethylquinone contributes two electrons to the current and by assuming an
average turnover rate of ∼14 s1 per enzyme,30 we can
estimate the number of active immobilized enzymes
on the gold electrode to be ∼109. Considering that
tyrosinase has dimensions 4.0  5.5  6.0 nm3,31 this
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corresponds to an active enzyme surface coverage of
about 0.25%.
As a ﬁnal control, Figure 3e shows cyclic voltammograms for diﬀerent 4-ethylphenol substrate concentrations at a ﬁxed substrate incubation time of 30 min,
also obtained with the thin-layer cell. The cathodic
current for reduction of 4-ethylquinone increases with
increasing 4-ethylphenol concentration, showing that
the rate of conversion into 4-ethylquinone is the main
limiting factor. In Figure 3f the charge under the
cathodic peak for reduction of 4-ethylquinone versus
the substrate concentration is shown. This function
follows MichaelisMenten kinetics, represented by the
solid red line. This is expected since the integrated
charge is directly related to the turnover rate of the
enzyme; a more quantitative comparison is however
impossible here due to the poorly deﬁned mass transport within the thin-layer cell on these long time scales.
Enzymatic Phenol Detection in Nanochannels. Having established the viability of the experimental procedure
for immobilizing tyrosinase, we proceeded to measurements in the nanogap devices. For this purpose, tyrosinase was immobilized in the nanofluidic channel for
2 h by placing a reservoir containing the tyrosinase
solution onto the surface of the nanogap chip. The
nanochannel geometry does not limit the onedimensional diffusive transport of the enzyme to the
surface of the electrodes, considering that a protein of
the size of tyrosinase diffuses over a distance of 10 μm
within seconds.
Figure 4a shows cyclic voltammograms for the
tyrosinase-modiﬁed nanoﬂuidic sensors for a 0.2 M
phosphate buﬀer solution (background signal, red
lines) and in the presence of 0.5 mM 4-ethylphenol
(blue lines) obtained by sweeping the top electrode
while keeping the bottom electrode at a reducing
potential for quinone (0 V versus Ag/AgCl). While the
background signal is featureless, a clear sigmoidal
wave is observed at 0.3 V versus Ag/AgCl in the presence of phenol. This signal at the two electrodes is of
equal magnitude and of opposite sign, a key signature
of redox cycling. Moreover, at high overpotentials the
two signals clearly show anticorrelated current ﬂuctuations, which is a characteristic for redox cycling in
nanogap sensors caused by statistical ﬂuctuations of
the number of molecules.13 We therefore attribute this
wave to redox cycling of the 4-ethylquinone product
resulting from the monophenolase activity of tyrosinase on 4-ethylphenol. We emphasize an important
diﬀerence between this observation and that of
Figure 3c and e: in the conventional thin-layer cell
the measurement requires a long incubation time (due
to the low enzymatic turnover rate), during which the
product is accumulated. The incubation is then followed by a one-shot measurement. In the nanogap
sensor the presence of phenol results in an instantaneous steady-state current due to the sensitive

Figure 4. Phenol detection in nanogap devices. (a) Cyclic
voltammograms for 0.2 M phosphate buﬀer solution, pH =
6.8, in the absence (background, red) and presence of
0.5 mM 4-ethylphenol (blue). The top electrode was swept
at 10 mV s1, while the potential of the bottom electrode
was kept at a constant potential of 0 V versus Ag/AgCl (top
curves: oxidation current at top electrodes). (b) Chronoamperometric measurements (bottom electrode) for diﬀerent
concentrations of 4-ethylphenol. The potential of the bottom electrode is stepped between 0 and 0.5 V versus Ag/
AgCl every 50 s, while the potential of the top electrode is
kept at a constant potential of 0 V versus Ag/AgCl. Variation
in the resulting current reﬂects changes of the phenol
concentration within the 6 fL measurement volume. (c)
Corresponding chronoamperometric results for a 0.2 M
phosphate buﬀer solution with the same conditions as in
(b) but without tyrosinase. (The inset zooms in on the
current step.) (d) Concentration of 4-ethylquinone produced by the enzymatic reaction in the device versus the
concentration of the 4-ethylphenol substrate.

detection of the redox-active product. This current
can be followed in real time. In this steady state, each
enzyme molecule inside the nanochannel produces a
stream of product molecules at a given rate. Each
product molecule then undergoes redox cycling inside
the nanochannel, generating an ampliﬁed current until
its random diﬀusive trajectory brings it to an access
hole of the device, through which it exits into the
external reservoir.
In order to quantitatively investigate the electrochemical properties of the device, we performed
chronoamperometric experiments. For this purpose,
we biased the top electrode at a ﬁxed potential of 0 V
versus Ag/AgCl and stepped the potential of the
bottom electrode from 0 to 0.5 V versus Ag/AgCl for
50 s. This switching between the non-redox cycling
and redox cycling conditions allows compensating for
any residual drift or oﬀset in the measured signal.
Figure 4b shows the results obtained in this experiment for diﬀerent concentrations of 4-ethylphenol.
Each curve is an average of eight consecutive steps
so as to minimize the eﬀect of instrumental drift (see
Supporting Figure S1 for raw currenttime traces). The
short transient response32,33 toward the steady-state
current upon the current step to cycling conditions
is largely caused by the resistance-capacitance (RC)
charging time of the stepped electrode. The steady-state
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METHODS
Immobilization of Tyrosinase. An 8 mg amount of N-succinimidyl S-acetylthioacetate was dissolved in 500 μL of DMSO. Then
10 μL of this solution was added to a 1 mL solution of 60 μM
tyrosinase. The contents were mixed at room temperature. After

RASSAEI ET AL.

CONCLUSIONS
We have established a new functionality in electrochemical nanoﬂuidic devices by introducing molecular
recognition via an enzymatic system. This involved in
particular devising and validating a new protocol for
immobilization of tyrosinase at metal electrodes. The
result is a biosensing device that encapsulates both
recognition and signal transduction in a femtoliterscale volume. Here the lowest measured phenol concentration of 25 μM corresponds to only 150 zeptomoles of substrate molecules in the nanochannel
detection area and to only about 120 zeptomoles, or
70 000 molecules, of the quinone/catechol product.
Moreover, we can fully capitalize on the high signal
ampliﬁcation of the sensor, as it is not necessary to
accumulate product by prolonged incubation in spite
of the slow enzymatic turnover. Instead, the direct realtime detection of the enzymatic activity is possible,
also without the need for complex signal transduction,
as the molecules conveniently and directly generate a
current.
The use of an enzyme as recognition element is not
limited to tyrosinase. The only requirement is that the
redox properties (redox potential, electron transfer
kinetics) of the substrate molecule to be recognized
and the enzymatic product diﬀer suﬃciently to yield a
diﬀerence in electrochemical signal. This diﬀerential
response can be optimized by selection of electrode
potential windows. Modiﬁcation of the electrode surfaces and choice of metal can also be used as a
secondary molecular aﬃnity selection strategy. Such
strategies are commonly used for electrochemical
sensors. However, these often yield only partial selectivity. Adding a biological primary recognition element
will reduce the common electrochemical speciﬁcity
problem to a selection between only a few (ideally
two) molecular species from a complex mixture.
Our approach is particularly well suited for studying
small-volume samples. The volume of the device is
suﬃciently small to study the content of an individual
biological cell, ranging from large eukaryotic oocytes
to submicrometer bacteria. We further anticipate that
sensitivity can be greatly improved20 with further
optimization. By reducing the electrode spacing to
about 40 nm to boost signal strength and by reducing
the number of immobilized enzyme molecules
(currently ∼5000 active molecules), it will become
possible to electrochemically explore enzyme kinetics
at the single-molecule level.

ARTICLE

redox-cycling current increases with increasing substrate concentration, as expected and desired for a
real-time amperometric sensor.
Control experiments were carried out to further
verify that the observed catalytic response is indeed
caused by the presence of tyrosinase in the nanochannel and not due to catalytic properties of the gold
electrodes. Figure 4c shows the results of chronoamperometry performed under the same conditions as in
Figure 4b but in the absence of tyrosinase on the
electrodes. The observed current is much lower than
the redox cycling current and is independent of substrate concentration, unambiguously proving that the
current observed in the presence of the enzyme is
caused solely by the catalytic activity of tyrosinase.
In order to calibrate the amount of quinone produced in the nanochannel for each concentration, we
recorded the redox-cycling current as a function of the
4-ethylcatechol concentration (Supporting Figure S2).
This allows converting the current values observed in
the amperometric experiments into corresponding
product concentrations. Figure 4d shows the concentration of 4-ethylquinone produced by the enzymatic reaction as a function of 4-ethylphenol concentration. The generated signal depends linearly on
the 4-ethylphenol concentration at low concentrations, but saturates around 1 mM of 4-ethylphenol.
This is consistent with the observed dependence
of the enzymatic turnover rate on the concentration of 4-ethylphenol following MichaelisMenten
kinetics.30 These data further show that the enzyme
remains active during measurements conducted over
the course of 36 h involving multiple changes of
sample solution.
The concentration of the quinone/catechol redox
couple in the nanoﬂuidic channel results from the
balance between two opposing rates: the rate of
production of quinone, which is set by the active
enzyme density and turnover rate, and the rate at
which the product molecules exit the nanogap by
diﬀusion. The fact that the quinone product concentration is much smaller than that of the phenol substrate indicates that mass transport very eﬀectively
withdraws product molecules from the device. Conversely, this also shows that mass transport of phenol
into the nanogap is not a limiting factor on the overall
turnover rate. The activity of the enzyme itself therefore dominates the observed signal, the optimal scenario for any biosensor.

30 min, the reaction mixture was added to a dextran desalting
column to remove unreacted reagents. To proceed further,
SATA-modified enzymes were mixed with 100 μL of deacetylation solution (a mixture of 0.5 M hydroxylamine and 25 mM
EDTA) for 2 h at room temperature. The content was
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Supporting Information Available: Chemical reagents, raw
currenttime traces for phenol detection in the nanochannel,
calibration of quinone in the nanochannel. This material is
available free of charge via the Internet at http://pubs.acs.org.
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subsequently added to a dextran desalting column to purify the
SATA-modified enzyme from the hydroxylamine in deacetylation solution. After collection, the modified protein with a free
thiol group was ready to be immobilized on the gold surface.
Device Fabrication. Nanofluidic sensors were fabricated as
described previously,19,32 except that Au instead of Pt electrodes were deposited. In brief, on a 100 mm Si wafer isolated with
500 nm thick thermally grown SiO2, a 20 nm thick gold bottom
electrode, a 200 nm Cr sacrificial layer, and a 100 nm thick gold
top electrode were sequentially deposited by electron-beam
evaporation and patterned using a lift-off process based on a
positive photoresist (OIR 907-17, Arch Chemicals). The thickness
of the Cr layer determined the nominal height of the channel.
Afterward, a passivation layer consisting of 90 nm/325 nm/
90 nm thick SiO2/SiN/SiO2 was deposited by plasma-enhanced
chemical vapor deposition. The high temperature employed in
this process (300 °C) caused roughing of the Au/Cr interface.
Access holes were then etched through the passivation layer
using reactive ion etcher, reaching the Cr sacrificial layer. Finally,
the sacrificial layer was etched by wet Cr etchant at room
temperature, creating a nanochannel. A reservoir in polydimethylsiloxane was placed onto the chip to connect the
nanochannel with solutions containing tyrosinase and phenol.
Electrical Measurements. Conventional electrochemical experiments were performed in a three-electrode cell system using a
CHI832 bipotentiostat. A conventional electrochemical microscale thin-layer cell with a 3 mm diameter gold disc electrode and a spacer gasket thickness of 12.7 μm was obtained
from BASi. Amperometric experiments in the thin-layer cell
employed the same measurement system but with a second
working electrode (three four-electrode configuration). Lowcurrent measurements in nanogap devices were carried out
using a three-electrode system (no counter electrode is used
due to the extremely low currents at the reference electrode)
consisting of two Keithley 6430 subfemtoamp remote source
meters, used both as voltage sources to bias the electrode
potentials and as current-detection elements. A 3 M Ag/AgCl
electrode (BASi) was used as reference electrode. All the
experiments were carried out at 20 ( 2 °C. AFM measurements
were carried out using a DI AFM Nanoscope Dimension 3100 in
tapping mode.
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A.	
  Chemical	
  reagents	
  
Chemicals	
   were	
   obtained	
   commercially	
   in	
   analytical	
   grade	
   and	
   used	
   without	
   further	
  
purification.	
   Mushroom	
   tyrosinase	
   (1818	
   unit/mg)	
   was	
   purchased	
   from	
   Sigma-‐Aldrich	
   in	
  
powder	
  form.	
  The	
  powder	
  was	
  dissolved	
  into	
  a	
  stock	
  concentration	
  of	
  10	
  µM	
  and	
  was	
  stored	
  
at	
   –80°C.	
   Phosphoric	
   acid	
   85%,	
   and	
   potassium	
   hydroxide	
   were	
   obtained	
   from	
   Sigma-‐Aldrich.	
  
Stock	
  solutions	
  of	
  the	
  phenolic	
  substrates	
  were	
  prepared	
  in	
  0.2	
  M	
  sodium	
  phosphate	
  buffer	
  
solutions	
   (pH	
  =	
  6.7).	
   SATA	
   linker	
   (N-‐hydroxysuccinimide	
   (NHS)	
   esters	
   of	
   S-‐acetylthioacetic)	
  
was	
  purchased	
  from	
  Thermo	
  Fisher	
  Scientific.	
  Deionized	
  and	
  filtered	
  water	
  of	
  resistivity	
  not	
  
less	
  than	
  18	
  MΩ	
  cm	
  was	
  produced	
  by	
  a	
  Milli-‐Q	
  Advantage	
  ultrapure	
  water	
  system.	
  	
  
	
  
	
  
B.	
  Chronoamperometric	
  phenol	
  detection	
  in	
  	
  the	
  nanochannel	
  

	
  
Supporting	
   Figure	
   S1.	
   Phenol	
   detection	
   in	
   a	
   nanogap	
   device.	
   Raw	
   chronoamperometric	
  
measurements	
  for	
  a	
  4-‐ethyl	
  phenol	
  concentration	
  of	
  200	
  µM	
  are	
  shown.	
  The	
  potential	
  of	
  the	
  
bottom	
  electrode	
  (blue)	
  is	
  stepped	
  between	
  0	
  V	
  and	
  0.5	
  V	
  vs.	
  Ag/AgCl	
  every	
  50	
  s	
  while	
  the	
  
potential	
  of	
  the	
  top	
  electrode	
  (red)	
  is	
  kept	
  at	
  a	
  constant	
  potential	
  of	
  0	
  V	
  vs.	
  Ag/AgCl.	
  After	
  
the	
   potential	
   step,	
   the	
   current	
   reaches	
   steady	
   state	
   in	
   0.7	
   s	
   (90%	
   of	
   steady	
   state	
   current).	
  
This	
  time	
  response	
  is	
  caused	
  by	
  the	
  RC	
  charging	
  time	
  of	
  the	
  stepped	
  electrode	
  (including	
  a	
  
significant	
   contribution	
   from	
   the	
   SiO2/SiN/SiO2	
   passivation	
   layer	
   covering	
   the	
   on-‐chip	
  
connection	
  wires)	
  in	
  combination	
  with	
  the	
  instrumental	
  time	
  response	
  of	
  the	
  bipotentiostat.	
  
1	
  

	
  
C.	
  Calibration	
  of	
  quinone	
  in	
  the	
  nanochannel	
  

Supporting	
  Figure	
  S2.	
  Calibration	
  plots.	
  (a)	
  Redox-‐cycling	
  current	
  recorded	
  for	
  a	
  range	
  of	
  4-‐
ethyl	
   catechol	
   concentrations	
   in	
   a	
   nanofluidic	
   device.	
   (Each	
   catechol	
   molecule	
   turns	
   into	
  
quinone	
   for	
   50%	
   of	
   the	
   time	
   during	
   redox	
   cycling	
   in	
   the	
   nanochannel.)	
   (b)	
   Redox-‐cycling	
  
current	
   in	
   the	
   nanochannel	
   as	
   a	
   function	
   of	
   4-‐ethyl	
   phenol	
   concentration.	
   The	
   current	
   is	
  
generated	
   by	
   cycling	
   of	
   the	
   catechol/quinone	
   redox	
   couple	
   produced	
   in	
   the	
   nanochannel	
  
due	
  to	
  the	
  enzymatic	
  reaction.	
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