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any of the most exciting recent

developments in enzymatic

studies have resulted from an in-
creasing ability to probe the internal dy-
namics of individual molecules. Most exist-
ing single-molecule techniques exploit
either fluorescence or mechanical transduc-
tion to couple to the enzyme molecule.” De-
veloping qualitatively new ways of probing
single-enzyme molecules would extend the
diversity of molecular species and phenom-
ena that can be studied at the single-
molecule level. We are particularly inter-
ested in redox enzymes, which catalyze
electron-transfer reactions. An ideal tool to
study these enzymes is protein film voltam-
metry (PFV),>? in which redox-active en-
zymes are immobilized on a suitable elec-
trode material so as to yield an electronic
contact between the active site of the pro-
tein and the electrode. The electrode poten-
tial is modulated, thus controlling the
chemistry of the active site, and the cata-
lytic activity of the enzyme is monitored by
detecting the electrical current flowing
through the electrode. PFV represents an in-
dispensable technique for studying the
mechanistic and kinetic properties of redox
enzymes. However, due to the relatively
large electrode dimensions used (typically
in the pm? to mm? range), PFV inevitably
probes the characteristics of large en-
sembles of enzyme molecules. Conse-
quently, it averages out variations resulting
from molecular conformational fluctuations
or attachment mode* as well as any slow
dynamics of individual molecules in the en-
semble. Overcoming these limitations re-
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ABSTRACT We have scaled down electrochemical assays of redox-active enzymes enabling us to study small

numbers of molecules. Our approach is based on lithographically fabricated Au nanoelectrodes with dimensions

down to ca. 70 X 70 nm?. We first present a detailed characterization of the electrodes using a combination of

scanning electron microscopy, cyclic voltammetry, and finite-element modeling. We then demonstrate the

viability of the approach by focusing on the highly active [NiFe]-hydrogenase from Allochromatium vinosum

immobilized on polymyxin-pretreated Au. Using this system, we successfully demonstrate a distinct catalytic

response from less than 50 enzyme molecules. These results strongly suggest the feasibility of using

bioelectrochemistry as a new tool for studying redox enzymes at the single-molecule level.
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quires scaling down PFV to the level of a
single-enzyme molecule, an experimental
challenge that has not been met to date.

Single-enzyme molecule voltammetry,
sketched in Figure 1, is conceptually simple
but presents several significant experimen-
tal hurdles. First, a suitable method must be
developed to immobilize the enzyme while
retaining catalytic activity. This is a require-
ment common to bulk PFV, but work at the
single-molecule level renders it even more
critical. Second, the measurement equip-
ment must be sufficiently sensitive to de-
tect the extremely small electrical currents
associated with the catalytic activity of a
single-enzyme molecule. Lastly, the back-
ground current from reactions not associ-
ated with catalytic activity of the enzyme
must be sufficiently suppressed to allow dis-
cerning the desired signal.

Here we demonstrate the scaling down
of PFV to a small number of enzyme mol-
ecules. Our approach is based on

See the accompanying Perspective by
Bard on p 2437.

*Address correspondence to
h.a.heering@chem.leidenuniv.nl,
s.g.lemay@tudelft.nl.

Received for review August 15, 2008
and accepted October 18, 2008.

Published online November 4, 2008.
10.1021/nn800518d CCC: $40.75

© 2008 American Chemical Society

SR
VOL.2 = NO. 12 = 2497-2504 = 2008 a@%{\)

2497



2498

(a) Sio, (d) ONO layer

b) Au wire i
electrode

ﬁh

Figure 2. Schematic representation of the process used for the fabri-
cation of micro- and nanosized Au electrodes. The electrodes are insu-
lated using either PMMA (a—c) or a dielectric layer consisting of SiO,/
Si;N,/SiO, (ONO layer, a, b, d—f).
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Figure 1. Schematic illustration depicting a single redox-
active enzyme molecule adhered to a nanosized electrode.
Modulation of the electrode potential (V) determines the
chemistry of the active site (circled), which is electronically
connected to the electrode by an electron-transfer chain of
prosthetic groups. The arrows illustrate the H, oxidation ac-
tivity of a single Av H,ase molecule (based on the structure
of Desulfovibrio gigas [NiFel-hydrogenase,'® which is highly
similar to that of Av H,ase)."*

lithographically fabricated nanoscale Au electrodes. By
virtue of their small surface area, nanoelectrodes lead
to reduced background Faraday currents, which greatly
facilitates detecting the activity of a small number of en-
zyme molecules. Additional advantages include de-
creased capacitance due to the decrease in electrode
surface area, fast establishment of a steady-state signal,
and enhanced mass transport to the electrode.>® For
these experiments, we have selected the [NiFe]-
hydrogenase from Allochromatium vinosum (Av H,ase).
This enzyme reversibly interconverts molecular hydro-
gen into protons and electrons. Its electrochemical sig-
nature has been extensively characterized,”® and its

PMMA

electrode

catalytic activity has been demonstrated to be of the
same order as that of a Pt catalyst."® Its estimated maxi-
mum turnover rate of ~1500 to 9000 s~ ' for H, oxida-
tion (at pH = 7 and 30 °C)"" is extremely high, corre-
sponding to a turnover current of ~0.5 to 3 fA per Av
H,ase molecule. We have recently reported a protocol
for studying Av H,ase PFV on Au by pretreating the sur-
face with the electrode modifier polymyxin (PM)."?
This allows for the subsequent immobilization of an ac-
tive submonolayer of Av H,ase, which exhibits a highly
stable characteristic electrocatalytic behavior. Here we
demonstrate PFV measurements on less than 50 Av
H,ase molecules immobilized on a nanoelectrode. Ex-
trapolation of the results and analysis presented here
suggest that single-enzyme molecule voltammetry is
feasible.

RESULTS AND DISCUSSION

Fabrication and Characterization of the Electrodes. Our ap-
proach for fabricating Au micro- and nanoelectrodes is
schematically depicted in Figure 2. Starting from a Si
substrate with 500 nm thermally grown SiO, (Figure 2a),
electron-beam (e-beam) lithography was used to pat-
tern a 30 nm thick Au wire (Figure 2b). This wire had a
central region with a nominal width ranging from 50
nm to 5 pm and a length of 300 pwm. Outside this cen-
tral region, the wire was 1 wm in width and extended to
macroscopic contact pads 7.5 mm away from the cen-
tral region. After patterning, the entire Au pattern was
insulated with a layer of PMMA. A second e-beam li-
thography step was then used to remove a narrow
trench in this passivation layer that intersected with
the narrow Au wire in a perpendicular orientation (Fig-
ure 2¢). This led to an exposed electrode with a rectan-
gular geometry, its length and width being defined by
the width of the trench in the PMMA and by the width
of the Au wire, respectively. A minimum PMMA thick-
ness of 300 nm was used (tunable to £10 nm) since
otherwise a large spread was found in the voltammet-
ric response for electrodes smaller than 500 X 500 nm?,
which we attribute to the formation of pinholes. As a fi-
nal step, an anisotropic O, plasma was used to clean
the electrode by removing any remaining resist or other
organic material from the exposed metal. Further de-
tails of the fabrication process are given in the Experi-
mental Section.

As an alternative to PMMA for passivation, we also
investigated the use of a dielectric layer obtained by
sputtering 10 nm SiO,/60 nm Si3N,/20 nm SiO, (ONO
layer, Figure 2d). PMMA was then spun unto the wafer,
and a narrow trench was lithographically defined in the
PMMA (Figure 2e). In a final step, this pattern was trans-
ferred to the ONO layer using reactive ion etching (Fig-
ure 2f). The PMMA remaining on the ONO layer after the
dry etch procedure could also be preserved as addi-
tional insulation.
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Both fabrication schemes yielded robust and repro-
ducible square Au micro- and nanoelectrodes with
nominal sizes ranging from 5 X 5 pm? to 100 X 100
nm? (using an ONO layer)'® or 50 X 50 nm? (relying
solely on PMMA). The insulating qualities of both lay-
ers were found to be comparable.

Figure 3 shows scanning electron microscopy (SEM)
images of Au electrodes of different sizes. In these im-
ages, the horizontal lines correspond to the Au wire,
whereas the vertical lines correspond to the trenches
in the insulating PMMA layer. To estimate the actual
electrode dimensions, the electrodes were exposed un-
der ambient conditions to a solution containing 2.4
mM 1,1'-ferrocenedimethanol (Fc(MeOH),) as redox
mediator and 25 mM NH,NO; as supporting electro-
lyte. The solution was contained in a PDMS cell with a
circular opening (radius ~ 75 pm) at its bottom which
was pressed against the surface of the wafer containing
the electrode using a micromanipulator. Because of
the small currents involved, a two-electrode configura-
tion (without an auxiliary electrode) was appropriate.
The fabricated electrode, contacted via one of the mac-
roscopic contact pads, was used as working electrode
while the reference and auxiliary terminals of the poten-
tiostat were connected to a Ag/AgCl/3 M NaCl refer-
ence electrode (+215 mV versus NHE) inserted at the
top of the PDMS cell. The results of these cyclic voltam-
metry measurements are also shown in Figure 3. A sig-
moidal response with the expected mass-transport-
limited current plateau at high potential® and the
correct half-wave potential for Fc(MeOH), (+0.24 V vs
Ag/AgCl/3 M NaCl) were observed. The Nernstian shape
of these curves reflects the fast electron transfer kinet-
ics at the electrode surface. The small capacitive back-
ground current measured for the 100 X 100 and 50 X
50 nm? electrodes (both ~0.6 pA at 10 mV s~ ') is prom-
ising for their use in detecting the small currents asso-
ciated with catalysis by a small number of enzyme
molecules.

Modeling of Mass Transport. The value at which the cur-
rent saturates at high potentials, the so-called diffusion-
limited current /.., is governed by diffusion of Fc-
(MeOH), to the electrode. For a micro- or nanoelectrode
in contact with bulk solution, the general steady-state
expression for I, is given by’

lim = NFDACy, (M
where n is the number of electrons involved in the elec-
trochemical reaction, AC the difference between the Fc-
(MeOH), concentration in the bulk and at the elec-
trode surface (in this case, AC is equal to the bulk
concentration, 2.4 mM), D the diffusion coefficient of Fc-
(MeOH), (6.4 X 107" m? s "),"® and x is a factor that
depends solely on the geometry and size of the elec-
trode. For example, a microdisk electrode has x = 4R
with R the electrode radius.”
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Figure 3. SEM images of fabricated Au electrodes (insulated by a 300 nm

thick PMMA layer) and their corresponding electrochemical response when

subjected to a solution containing 2.4 mM Fc(MeOH), and 25 mM NH,NO;: (a)

5 X 5 um?; (b) 500 X 500 nm?; (c) 100 X 100 nm?; and (d) 50 X 50 nm?. Scan

speed in all cases 10 mV s™",

For the fabricated electrodes in Figure 3, which
have a known geometry, the parameter x was deter-
mined by numerically solving the diffusion equation.
The geometry model employed for these calculations
is shown in Figure 4a; further details of the calculation
method are given in the Experimental Section. A repre-
sentative result for the concentration profile is shown
in Figure 4b in which the radial diffusion pattern, re-
stricted by the side walls of the trench, can be clearly
distinguished. The computed values for x are summa-
rized in Table 1, together with the corresponding limit-
ing currents /.., and the experimentally determined val-
ues of I;.,,. All theoretical values are corrected for the
finite simulation volume as discussed in the Experimen-
tal Section. An average of 50 electrodes was fabricated
for each electrode size, all yielding similar results.

The larger electrodes show good agreement be-
tween the calculated and measured values of /;,,,
whereas for electrodes smaller than 500 nm, these val-
ues start to differ. This indicates that the smaller elec-
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Figure 4. (a) Hemispherical geometry used for theoretical modeling of I;;,,, at a 50 X 50 X 30 nm? electrode, located at the
bottom of a 300 nm deep trench. (b) Concentration profile for Fc(MeOH), obtained by solving the diffusion equation in the
geometry depicted in (a). One quarter of the volume of part (a) is shown. The color code indicates the increasing Fc(MeOH),
concentration, from C = 0 mM at the electrode surface (dark blue) to C = 2.4 mM in bulk solution (dark red). (c) Modeling
of the degree of mass transport limitation expected for H, oxidation by Av H,ase at ideal Au disk electrodes (black symbols)
and the fabricated Au electrodes from Table 1 (red symbols) as a function of electrode size for two different values of [H,]g.
For disk electrodes, the value R of the abscissa represents the electrode radius. For fabricated Au electrodes, R is taken as
1/4/2 times the length of one side. These curves correspond to a fractional enzymatic surface coverage of 6 = 0.1. The lines

are guides to the eye.

trodes are somewhat larger than designed. For the
smallest electrodes in Table 1, the measured value of
lim combined with finite-element modeling suggests
that the actual dimensions are closer to 130 X 130 and
70 X 70 nm? (assuming equal deviations in length and
width). We expect that this discrepancy is due to the
trench width deviating somewhat from the designed
value. This is suggested by the representative SEM im-
age of a 500 X 500 nm? electrode in Figure 3b and may
be caused by a combination of the e-beam edge pro-
file and the O, plasma cleaning of the electrode liberat-
ing additional Au. For electrodes of sizes =100 X 100
nm?, additional broadening of the Au in the lift-off pro-
cedure may also contribute.

An important consideration in PFV is that mass
transport of substrate to the enzyme molecules should
not be rate limiting, as this may distort the observed ki-
netics. This is particularly challenging when working
with enzymes with a high turnover rate such as Av
H,ase, for which H, oxidation is often limited by mass
transport of H, to the electrode.'® An estimate of the
mass transport limitation that may occur can be ob-
tained by equating the rate of transport of substrate to
the electrode with the catalytic turnover of the pro-
tein. For the case of H, oxidation'” by Av H,ase, the fol-
lowing equation (derived in the Supporting Informa-
tion) holds in the steady state:

Hyl,
Hls

L AO Kmax
*DANAH 15 1+ Ky, / TH,],

)

Here [H,]o/[H,]g is the steady-state ratio of the H, con-
centration at the electrode surface ([H.],) and in the
bulk ([H,]g), which gives a direct indication of any mass
transport limitation. This ratio is unity in the absence
of such a limitation and tends toward zero with increas-
ingly limiting mass transport. A is the surface area of
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the electrode (taking into account the specific elec-
trode geometry), A, the area of the adsorbed protein
(38.5 nm? as estimated from the crystallographic di-
mensions'®), 0 the fractional enzymatic coverage of the
electrode surface, N, Avogadro’s number, D the diffu-
sion coefficient of H, (4.8 X 1072 m? s "), k, ... the
maximum turnover number of the protein (upper esti-
mate 9000 s~ '),"" and K,, the Michaelis—Menten con-
stant for H, oxidation by Av H,ase (8 X 10~ mol
m—3)_11

The calculated value of [H,]o/[H,]; is plotted in Fig-
ure 4c as a function of the electrode radius R for an en-
zymatic surface coverage of 6 = 0.1, using either [H,]g
= 0.8 mol m~3 (corresponding to measurements per-
formed under a headspace of 100% H,) or [H,]; = 0.024
mol m~2 (corresponding to 3% H, in Ar as used in pre-
vious studies).'? To illustrate the behavior of [H,]/[H,]5
for a wide range of electrode sizes, the results are plot-
ted for hypothetical Au disk electrodes (black symbols).
The simulated data for our actual electrode geometry
are also shown, for which x was evaluated numerically.
The results for both electrode types are similar. At a
fixed [H,]z concentration, an increase in the electrode
size leads to a decrease of [H,], as diffusion becomes in-
sufficient to keep up with the surface reaction. For an
atmosphere containing 3% H, in Ar, there appears a sig-
nificant discrepancy between [H.,], and [H.,]; for elec-

TABLE 1. Calculated versus Experimental Values for I;,,
(Mask Thickness 300 nm)

electrode size [nm?] X [m] lim [PA] Jim [PA]
(design) (calculated) (calculated) (experimental)
5000 X< 5000 110X 1072 1640 1680 = 19
500 X 500 8.59 X 1077 127 1314

100 X 100 130X 1077 19 26+2

50 X 50 6.02X10°¢ 8.9 13*2
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trodes larger than 100 nm. Under an at-
mosphere of 100% H,, however, this
discrepancy is much less dramatic, as lid
shown for a large electrode size of R = 1

pm, where the difference between [H,],
and [H,]; is still smaller than 1%. Since PDMS cell

our experimental setup allows us to work [
under 100% H, and to tune the fabri- zggter:)de
cated electrode size down to ~70 X 70
nm?, we do not expect mass transport to
be an important limitation in our mea-
surements. Moreover, these calculations
using 6 = 0.1 represent a somewhat con-
servative estimate of the limitations im-
posed by H, mass transport since we
have previously shown that the immobi-
lization of Av H,ase on Au by pretreat-
ment of the Au surface with PM yields a maximum en-
zymatic surface coverage of electrochemically active
molecules of 5.5%."2

Protein Film Voltammetry. Having established the fabri-
cation of stable Au nanoelectrodes and having shown
the ability to prevent any detrimental mass transfer
limitations in our specific electrode geometry, we pro-
ceeded to perform PFV using this system. Because the
active site of Av H,ase is quickly transformed to an inac-
tive state by the presence of both reducing equiva-
lents and O,,” measurements had to be performed un-
der strict exclusion of O,. For this purpose, the wafer
containing the Au electrode together with a gas-
permeable PDMS cell to hold the solution was sealed in-
side a Perspex gas-flow cell, as illustrated in Figure 5a.
An opening in the bottom of the PDMS liquid cell al-
lowed fluid to make contact with the electrode, and
oxygen-tight tubing (PEEK) permitted delivering solu-
tion to the bottom of the PDMS cell in close vicinity to
the working electrode. A second tube removed any
waste from the top of the fluid volume. The electrode
was contacted via a spring-loaded pin which made con-
tact with one of the macroscopic Au pads situated on
the wafer. A reference electrode (Ag/AgCl/3 M NaCl)
passed through the lid of the Perspex gas cell and made
direct contact with the fluid in the PDMS fluid cell. Fig-
ure 5b shows the sealed Perspex cell with all liquid, gas,
and electrical connections established. A gas mixing
system allowed the measurements to be performed un-
der an atmosphere of N,, Ar, H,, or any mixture thereof.
The headspace of the cell was flushed with the re-
quired gaseous mixture until the diminishing O, reduc-
tion signal at low potential stabilized, enabled by the
gas-permeable nature of the PDMS cell. For Ar and N,
the time needed for complete O, removal was deter-
mined in a separate experiment to be ~90 min (see the
Supporting Information).

We initially performed PFV on macroscopic Av H,ase
samples. Au surfaces were prepared by e-beam evapo-
ration of 2 nm Cr followed by 200 nm Au onto freshly
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Figure 5. (a) Schematic representation and (b) photograph of a home-built Perspex cell
used for performing electrochemical measurements under strict exclusion of O,.

cleaved mica. The Au was then pretreated with PM by
applying a 10 g L™ " solution to the wafer for 30 min,
rinsing with water, and drying in a stream of dry N,. A
PDMS cell was subsequently attached to the wafer,
thereby defining the working electrode area by the
size of the circular opening at the bottom of the PDMS
cell (radius ~ 75 wm). After filling with buffer solution
(50 mM MES buffer and 100 mM NaCl at pH = 5.7), the
cell was mounted inside the Perspex gas-flow cell. A pH
of 5.7 was selected since the proton-reduction activity
is close to its optimal value®® while oxidative inhibition
is slow.?"?2 After sealing the gas-flow cell, Ar was
flushed into its headspace for 2 h to remove O,; 250
wL of solution (corresponding to the full volume of the
PDMS cell) containing Av H,ase in buffer was then in-
jected close to the working electrode. The applied Av
H,ase concentration (typically 250 nM) far exceeded the
K, of 35 nM for Av H,ase binding to PM-coated Au."* A
lag time of 90 min was usually observed during which a
small trace of O, introduced during sample injection
disappeared and the catalytic signal of Av H,ase grew
to its full amplitude.?® The Supporting Information
shows cyclic voltammograms for these reference ex-
periments, indicating that, under the experimental cir-
cumstances, Av H,ase forms an active submonolayer on
PM-pretreated Au. Stable catalytic behavior was ob-
served over a period of days (without continuous po-
tential cycling).

After establishing the viability of the experimental
procedure, similar measurements were performed us-
ing fabricated 5 X 5 um? electrodes (Figure 6). Under
Ar, in the absence of H, (Figure 6a), a sigmoidal-type
proton reduction wave was obtained accompanied by
the peak-shaped reoxidation of the accumulated H,
(the latter only at very low scan rates). This behavior is
very similar to that found for Av H,ase immobilized on
a stationary edge-plane graphite (EPG) electrode.” ~®
Without the enzyme, no such response was obtained.
After switching to an atmosphere of 100% H, (Figure
6b), the proton reduction wave was suppressed, as
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Figure 6. PFV of Av H,ase immobilized on 5 x 5 pm? fabricated Au elec-
trodes (insulated by 300 nm PMMA), pretreated 30 min with 30 gL~' PM. Un-
der an (a) Ar and (b) 100% H, atmosphere, the characteristic electrochemi-
cal response of Av H,ase is detected. Panels (c) and (d) show the derivatives
of the current measured in (a) and (b), respectively, indicating the correct
electrochemical half-wave potentials for catalysis by Av H,ase under the ap-
plied conditions. The Av H,ase concentration was 200 nM. The buffer con-
tained 50 mM MES buffer and 100 mM NaCl, pH = 5.7. Scan speeds were (a)
1.5mVs~"and (b) 15mVs™".

expected,” " and a sigmoidal oxidation wave domi-
nated the voltammogram.

The proton reduction and H, oxidation waves exhib-
ited residual slopes at high overpotential, which was
observed in all of our Av H,ase PFV measurements. This
feature has also been reported on EPG and has been as-
cribed to dispersion in the interfacial electron transfer
rates due to a distribution of tunneling distances result-
ing from different molecular orientations.* Since we
are working at pH = 5.7, the turnover currents mea-
sured for H* reduction and H, oxidation are compa-
rable,?® which confirms that the enzymatic coverage is
not significantly altered during the 15 min required to
equilibrate the 100% H, atmosphere. The observed
catalytic activity for H, oxidation can be related to the
enzymatic surface coverage using a maximum turnover
rate"’ of 1500 to 9000 s '; for a 5 X 5 um? electrode,
this yields an active Av H,ase coverage between 6 and
1%,%* respectively, consistent with the maximum cover-
age (~5.5%) deduced from atomic force microscopy
data.'? The midpoint potentials found for H" reduc-
tion and H, oxidation lie above the theoretical H*/H,
value (E = —0.55 V at pH = 5.7) and agree with previ-
ous results on macroscopic electrodes.'?

Detecting Av H,ase activity at nanoelectrodes
proved much more difficult. Following each experi-
ment, the electrodes were often found to be heavily
damaged or destroyed. This was especially pronounced
for the smallest electrode sizes. Testing with different
supporting electrolytes revealed that the damage was
caused by CI~, which we did not anticipate based on
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Figure 7. PFV of Av H,ase immobilized on a 100 X 100 nm?
(design value) fabricated Au electrode, pretreated 30 min
with 30 g L™" PM. The electrode was insulated with an ONO
layer. (a) Curves recorded with only buffer (black) and after
the introduction of 250 pL of 500 nM H,ase in buffer (red).
(b) Difference between the red and the black curves from (a).
The buffer contained 50 mM MES buffer and 100 mM NacCl,
pH = 5.7. Scan speed: 1.5 mV s~ ", The light gray lines repre-
sent the raw data, while the red lines are the same data
smoothed over a window of 2 s.

the negative potentials employed. Unfortunately, as
we have clearly shown previously,'? the presence of
CI™ in solution is imperative for obtaining Av H,ase ac-
tivity although the reason for this effect remains un-
known. Electrodes fabricated with an ONO layer as insu-
lating material proved more resilient to exposure to
Cl™. This is possibly a result of residual contamination
from the fabrication process helping to protect the elec-
trodes (but still enabling PM attachment).

Using ONO devices, we were able to measure dis-
tinct Av H,ase activity on a 100 X 100 nm? (nominal
value) electrode, as shown in Figure 7. The clear sigmoi-
dal reduction wave is followed by the peak-shaped re-
oxidation of the H, produced at low potentials and is
strongly reminiscent of Av H,ase PFV on macroscopic
electrodes. The shape of the voltammogram resembles
our data for macroscopic electrodes, suggesting that it
still represents an average over a heterogeneous en-
zyme molecule population. On the basis of the ob-
served turnover current of 22 fA, we estimate that the
cyclic voltammogram is composed of the contributions
of ~8 to 46 enzyme molecules (based on k., = 9000
to 1500 s, respectively).?*?® To our knowledge, this
represents by far the smallest number of enzyme mol-
ecules to have been detected in PFV to date.

CONCLUSIONS

We have developed highly sensitive electro-
chemical instrumentation aimed at performing
single-enzyme molecule electrochemistry on nano-
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electrodes. Despite limits imposed by the instability
of the electrodes to the chemical environment
specifically required for Av H,ase on PM-pretreated
Au electrodes, we were able to perform PFV on me-
soscopic samples down to less than 50 enzyme mol-

EXPERIMENTAL SECTION

Materials. Reagents were purchased from Acros or Aldrich
and were used without further purification. Polymyxin B sulfate
(PM) was purchased from Sigma (product P1004, predominantly
decapeptide B1, CssHggN;50,502H,5S0,). PM solutions were
stored at —20 °C and generally used for 1 month. Av H,ase was
isolated and purified from Allochromatium vinosum and opti-
mally activated by 30 min incubation under 100% H, at 50 °C.%°
MES (2-(N-morpholino)ethanesulfonic acid) buffer (purchased
from Sigma) was titrated with NaOH to pH = 5.7. Deionized wa-
ter (18 MQ cm Milli-Q, Millipore) was used to prepare all solu-
tions and for rinsing samples and electrodes. The reference elec-
trode was a Ag/AgCl/3 M NaCl electrode (BAS RE-5B), +215 mV
versus NHE.

Modeling. The expected diffusion-limited current /;,,, was de-
termined by solving the diffusion equation using a finite-
element package (COMSOL) and realistic, three-dimensional ge-
ometry models for our devices. The simulation volume encom-
passed the electrode, the trench on the surface, and a hemi-
spherically shaped region of bulk solution centered on the
electrode and with radius Ry,.,,. The mesh on the electrode sur-
face was generally taken as 1/100 of the length of one side. As
boundary conditions, the Fc(MeOH), concentrations at the elec-
trode surface, Cy, and on the outer hemispherical boundary, Cg,
were taken as 0 and 2.4 mM, respectively. The value of the
diffusion-limited current obtained in this way, /iy uncorrectedy S
exact in the limit R, — % but is overestimated by ~1% for the
values of R, that we employed. A corrected value /corrected)
was obtained using

Ilim
_ (uncorrected)
Ilim(corrected) - II a 3)
i ted)
14+ im(uncorrectec

27R, o FDCy

as discussed in the Supporting Information (all symbols are as in
the main text).

Fabrication of the Electrodes. Si wafers with 500 nm SiO, were
cleaned in nitric acid (5 min ultrasound), rinsed in acetone (1
min), rinsed with iso-propanol (IPA), and dried in a stream of dry
N,. A first e-beam step was performed using 950 K PMMA (3%
in anisole) spun for 1 min at 3000 rpm, yielding a PMMA layer
with a thickness of 150 nm. This layer was prebaked at 175 °C for
10 min. After development of the written pattern with IPA/H,O
7:3 (60 s) and IPA (stopper, 30 s) and drying in a stream of dry N,
1 nm Cr (or, alternatively, 2 nm Ti) and 30 nm Au were evapo-
rated onto the pattern by electron beam evaporation at 107
mbar using a low evaporation rate of 0.2 A s~". When the insu-
lating material consisted of SiO,/SisN,/SiO, (ONO layer), an addi-
tional 0.5 nm Cr layer was evaporated on top of the Au as a stick-
ing layer. Lift-off was achieved by immersing the patterned
wafers in hot acetone (55 °C) for 30 min and subsequent use of
ultrasound (40 kHz) for a maximum of 10 s. The samples were
then rinsed with IPA and dried in a stream of dry N,. Longer ex-
posure to ultrasound severely damaged the resulting Au lines,
especially for line widths below 500 nm. When using only PMMA
as an insulating material, 950 K PMMA (6% in anisole) was spun
for 1 min at 6000 rpm, yielding a PMMA layer with a thickness of
360 nm. This layer was prebaked at 175 °C for at least 2 h. When
using an ONO layer as insulating material, after the lift-off proce-
dure, 10 nm SiO,, 60 nm Si;N,, and 20 nm SiO, were sputtered
onto the Au pattern at 1 mTorr. Subsequently, 950 K PMMA
(7% in anisole) was spun for 1 min at 3000 rpm, yielding a PMMA
layer with a thickness of 650 nm, which was prebaked at 175 °C
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ecules. This methodology is applicable to other re-
dox enzymes with high catalytic activity so long as
they can be immobilized on Au surfaces. We envision
that single-enzyme molecule electrochemistry will
become possible in the near future.

for 10 min. In both approaches, the second e-beam step liber-
ated the macroscopic contact pads and the electrode. When us-
ing only PMMA, this was achieved through development of the
written pattern with IPA/H,0 7:3 (60 s) and IPA (stopper, 30 s)
and drying in a stream of dry N,. For ONO layer devices, similar
development and drying steps were used, followed by anisotro-
pic reactive ion etching (RIE) using CHF5/O, (50 sccm CHF;, 2.5
sccm O,, 7 wbar, 50 W). The etch end point was determined us-
ing optical interference detection, and a 20% overetch was gen-
erally used since etching the trench was much slower than liber-
ating the macroscopic contact pads, where the etch process
was monitored (etch rates: SiO, and SisN, = 12 nm min ™', Au
=5nmmin~ ', and PMMA = 30 nm min~"). The electrodes were
finally cleaned by employing an anisotropic O, plasma (20 sccm
O,, 3 pbar, 50 W, 30 s) during which ~60 nm PMMA was re-
moved (etch rate PMMA = 120 nm min ™).

Electronics for Electrochemical Measurements. All measurements
were carried out in a two-electrode configuration. For PFV mea-
surements on macroscopic electrodes, a commercial poten-
tiostat (model CHI832B, CH Instruments) was used. For measure-
ments on micro- and nanoelectrodes, custom-built electronics
were employed. The current at the working electrode was de-
tected using a current—voltage (/V) converter consisting of an
operation amplifier in the inverting configuration with a gain of
either 10° or 10"" V/A. The voltage output of the IV converter was
further amplified by a factor 10 or 100 using a separate voltage
postamplifier stage. Both the /V converter and the postamplifier
were powered by chemical batteries and were situated inside a
Faraday cage that also housed the electrochemical cell. This sys-
tem exhibited 2 fA total rms noise and a bandwidth of 3 Hz for
a typical load in our experiments. The amplified signal was
routed to an input on an ADwin-Gold DAC/ADC interface (Jager
Computergesteuerte Messtechnik, Germany) located outside the
Faraday cage. The ADwin-Gold was also used to apply a poten-
tial to the reference electrode with respect to the working elec-
trode. All ADC inputs and DAC outputs were filtered using first-
order low-pass filters with a cutoff frequency of 30 Hz, as well as
w-filters to eliminate logic-frequency interference. The ADwin-
Gold was connected to a computer via a USB interface and con-
trolled using in-house LABview software.
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