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Handling and Sensing of Single Enzyme Molecules: From
Fluorescence Detection towards Nanoscale Electrical

Measurements

Klaus Mathwig,® Qijin Chi,” Serge G. Lemay,” and Liza Rassaei*

Classical methods to study single enzyme molecules have pro-
vided valuable information about the distribution of conforma-
tional heterogeneities, reaction mechanisms, and transients in
enzymatic reactions when individual molecules instead of an
averaging ensemble are studied. Here, we highlight major ad-
vances in all-electrical single enzyme studies with a focus on

1. Introduction

Single-molecule science and technology is an emerging area
aiming at studying individual physical, chemical, and biological
events (or processes) such as charge transport, enzyme cataly-
sis, and protein expression with potential applications in com-
putation and ultrasensitive analysis. The main motivation for
studying single-molecule events is to disclose new fundamen-
tal phenomena and properties of target systems, which other-
wise remain hidden in an ensemble of molecules. To unravel
single-molecule events, sophisticated tools and unique meth-
ods are needed, according to the specific nature of the target
systems or events.

Enzymes are biomolecular machines that dramatically speed
up chemical reactions within organisms. Understanding the
underlying mechanisms of enzymatic reactions is essential to
gain insight into their reactivity in cellular processes. One way
to obtain such insight is by studying the molecular behavior of
individual enzymes rather than an ensemble, because individu-
al enzymatic behavior is masked (or hidden) by averaging over
an ensemble™ as well as time-averaging in bulk experi-

[a] Dr. L. Rassaei
Laboratory of Organic Materials and Interfaces
Department of Chemical Engineering
Delft University of Technology
Julianalaan 136, 2628 BL Delft (The Netherlands)
E-mail: l.rassaei@tudelft.nl

Dr. K. Mathwig

Pharmaceutical Analysis

Groningen Research Institute of Pharmacy
University of Groningen

PO. Box 196, 9700 AD Groningen (The Netherlands)

Prof.Dr. Q. Chi

Department of Chemistry

Technical University of Denmark

2800 Kongens Lyngby (Denmark)

Prof.Dr. S. G. Lemay

MESA+ Institute for Nanotechnology

University of Twente

P.O. Box 217, 7500 AE Enschede (The Netherlands)

=

[c

[d

ChemPhysChem 2016, 17, 452 - 457 Wiley Online Library

452

recent micro- and nanofluidic tools, which offer new ways of
handling and studying small numbers of molecules or even
single enzyme molecules. We particularly emphasize nanoflui-
dic devices, which enable the integration of electrochemical
transduction and detection.

ments.”¥ Variations in the properties of an enzyme distribu-
tion mainly arise from individual dynamic enzyme fluctua-
tions™ or static and dynamic heterogeneities.** Real-time
studies have led to the discovery of transient intermediates,
understanding reaction mechanisms at the molecular level,
and providing detailed dynamical information.®

Today, a large toolkit is available for studying single biomole-
cules.”” We have obtained new insights into the functioning of
single enzyme molecules over the last 20 years by using highly
advanced tools such as optical tweezers,® magnetic tweez-
ers,” atomic force microscopy (AFM),'” and scanning tunnel-
ing microscopy (STM)." Currently, the most common tech-
niques to study single enzyme molecules rely on optical detec-
tion:"? a rise in a fluorescence signal is sensed, owing to either
fluorescent labels or markers attached to the molecule of inter-
est or fluorescent tracers that are dissolved within the matrix
under study. This leads to great sensitivity, as a single fluores-
cent molecule can emit thousands of photons.!"*

Current trends in the miniaturization of analytical devices
(e.g. micro-/nanofluidic devices) offer new ways of manipulat-
ing and sensing individual molecules or very small numbers of
molecules. These include fluidic transport of analytes, addition-
al electrical actuation, or confinement of the reaction/detection
space down to a volume comparable with that of a cell or an
organelle.

As part of these developments, new tools and methods to
disclose information at the single-enzyme level are emerging.
Here, we first summarize some of the major breakthroughs
that have led to significant advances in classical single-mole-
cule enzyme studies. Then, we highlight several recent devel-
opments in micro- and nanodevices, which allow the study
and handling of few or even single enzyme molecules in a con-
fined reaction space.
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2. Previous Major Advances in Fluorescence-
Based Single-Enzyme Studies

Ground-breaking research in the study of single enzyme mole-
cules™ ™ was pioneered by Rotman, dating back to 1961. His
approach was based on the intrinsic amplification of enzymatic
reactions by accumulating products from many turnovers of
a single enzyme molecule. 3-p-Galactosidase molecules were
distributed into separate microdroplet containers, in which
their products could accumulate. In such an approach, the
enzyme molecules were randomly distributed, and the number
of molecules in the microdroplets followed a Poisson distribu-
tion so that some microdroplets contained only a single
enzyme molecule. Then, a fluorogenic substrate, 6-hydroxy-
fluoran-13-b-galactopyranoside, was introduced to the micro-
droplets, and the activity of 3-p-galactosidase molecules was
assayed through the fluorescence of products accumulated in
the microdroplets.

This pioneering work had a significant impact on the field
and has since then inspired many fruitful studies. In this
regard, one noteworthy example is the discovery of static het-
erogeneity in the activity of enzyme molecules by Xue and
Yeung thirty-five years later in 1995." Their finding was based
on enzyme lactate dehydrogenase, which catalyzes the conver-
sion of lactate and pyruvate through simultaneous reduction
of the non-fluorescent coenzyme NAD* to fluorescent NADH.
A similar approach to the Rotman method was used for signal
amplification, that is, the fluorescent product (NADH in this
case) was accumulated, but instead of confining the enzyme
molecules in microdroplets, they were placed in capillaries. Af-
terwards, the slow diffusion of NADH to create zones around
each enzyme molecule was measured. As NADH electrophor-
esed through the detection volume, peaks were recorded and
the area of the peaks was related to the activity of the corre-
sponding enzyme, indicating that different enzyme molecules
displayed varying activities.

Three years later, Xie and co-workers gained additional in-
sight into the dynamic heterogeneity of enzymes by develop-
ing a method to measure single-enzyme kinetics in real time,
which unraveled the static and dynamic disorders of reaction
rates.’! Cholesterol oxidase was selected as a model enzyme
and immobilized in an agarose gel. The fluorescence properties
of the enzyme cofactor flavin adenine dinucleotide (FAD),
which is fluorescent in its oxidized form but non-fluorescent in
its reduced form, were monitored. The on/off cycle in FAD
fluorescence was followed by observing the differences in fluo-
rescent properties of the oxidized and reduced forms in each
reaction cycle. In this way, the time for one complete turnover,
as well as the duration of individual states, was determined.

In 2006, in another example of pioneering work, the mecha-
nism of a single enzyme molecule was studied by monitoring
catalytic turnovers of -galactosidase. Here, the photon burst
of each product molecule was measured from its fluorogenic
substrate, resorufin-p-galactopyranoside."” The product of this
enzymatic reaction, fluorescent resorufin, was constantly gen-
erated and then diffused away from the probed volume. When
a similar experiment was carried out for the enzyme ensemble,
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an excellent agreement between the single molecule data and
the ensemble data was found, elucidating that the Michaelis-
Menten kinetics model still holds for single-molecule enzymatic
reactions. However, it was discovered that the enzymatic rate
constant at the single-molecule level broadly fluctuates.

3. Nano-/Microstructuring for Studying and
Handling Single Enzymes

In earlier classical single-enzyme studies, individual molecules
were either confined in microdroplets or immobilized on
a solid surface.™'® Although these approaches continue to be
crucial in single-biomolecule studies, recent advances in nano-
technology have allowed us to steadily fabricate smaller fea-
tures toward molecular dimensions. We are now at the edge
of using nanofabricated devices"? to directly study and manip-
ulate individual molecules. Most notable devices are nanopore
devices, which have been reviewed extensively.?>?? In this sec-
tion, we focus on different micro- and nanodevices offering
new ways of fluidic handling as well as electrical and electro-
chemical handling and sensing for studying enzymatic process-
es. These tools provide new platforms to study biochemical re-
actions in geometric confinement. The results can be utilized,
for example, to design, functionalize, and program bionanode-
vices such as nanobiosensors and microbiopower devices.

3.1. Fluidic Handling

Most early classical methods have a common setback, that is,
the number of active enzyme molecules is only statistically de-
termined, but not actively controlled. Moreover, an elaborate
immobilization process is often required. Although a vast
single-molecule toolkit now exists, which allows techniques to
be tailored toward specific types of molecules for localizing
and imaging,” several approaches have been developed to ef-
fectively control transport and/or reactions of biomolecules in
solutions confined in microfluidic or nanofluidic devices.”®

Inspired by the Rotman study™ Eijkel etal. developed
a method based on microdroplets to measure the kinetic activ-
ity of individual enzyme molecules. Here, a nano-/microfluidic
hybrid device® offered the advantage of accurate control
over the generation of highly monodispersed aqueous drop-
lets, which are ideally suited as containers for single enzyme
molecules, owing to their ultrasmall volume. Single B-glucosi-
dase molecules were trapped in femtoliter droplets generated
by the nanofluidic device. The activity of single enzymes was
studied in the presence of a fluorescein-B-p-glucopyranoside
substrate by monitoring the accumulation of fluorescein (as
product) in the droplets by fluorescence microscopy.

Noji and co-workers improved the microdroplet method to
significantly speed up single-enzyme detection in droplets.”
They used microfabricated hydrophilic SiO, patterns to gener-
ate a large ordered array of uniform microdroplets in oil to op-
tically detect single molecules (3-galactosidase). This approach
was further scaled up to count single enzymes immobilized on
beads in an array of 10° microdroplets in parallel.”” Figure 1
compares various microdroplet-based methods schematically.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Comparison of three different microdroplet methods used for studying single enzymes. A) Original experiment of dispersed microdroplets with cap-
tured enzymes. Reproduced with permission from Ref. [14]. Copyright (1961) National Academy of Sciences. B) Schematic diagram of nanofluidic generation
of monodisperse nanodroplets. Reproduced with permission from Ref. [24]. Copyright (2013) Royal Society of Chemistry. D) Microscopy image of a section of
a large array of 1 million microdroplets. Reproduced with permission from Ref. [25]. Copyright (2012) Royal Society of Chemistry.

In a different pioneering experiment for nanofluidic con-
trol® of the reaction of small numbers of enzymes, Kitamori
and co-workers employed branched nanochannels and pres-
sure-driven flow to mix the substrate Tokyo-Green—f-galacto-
side and the enzyme P-galactosidase (see Figure 2A).?% Here,

Vx+

Vy-

Figure 2. Scheme showing fluidic control of molecular transport.

A) Branched nanofluidic channel for enzymatic reactions.”® The substrate
(red) and enzyme (green) react at the intersection of two nanochannels, and
the reaction product (yellow) is subsequently detected either optically®® or
electrochemically.*” B) An ABEL trap®" for handling single molecules in solu-
tion. A feedback loop is used, in which the position of a molecule is deter-
mined optically and it is pushed towards the center between electrodes by
using electrophoretic forces.

the lateral and vertical confinement to several 100 nm ensured
immediate mixing and triggered the reaction directly at the in-
tersection of two nanochannels with well-controlled flow
speed. The fluorescence of the product Tokyo-Green was de-
tected downstream in the nanochannel. The kinetic parameters
of the reaction were obtained, and the enzyme reaction rates
were found to be significantly enhanced in comparison with
the same reaction occurred in bulk solutions, most likely aris-
ing from higher proton activities contributed by surface inter-
actions. Recently, the same group used pressure-driven flow to
study immunochemical reactions between antigens and anti-
bodies immobilized in the nanochannel.”” The devices have
the advantage of achieving a virtually 100% capture rate,
owing to the efficient nanoscale confinement.
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3.2. Electrical Handling/Actuation

Although the generation and handling of micro-/nanofluidic
droplets enable improved studies of molecules trapped within
them, a different and more direct way of handling single mole-
cules, in addition to the more established toolkit, is to confine
them in a space, not by the walls of a nanochannel or droplet,
but by overcoming their random diffusion through an anti-
Brownian electrokinetic (ABEL) trap.®" In such a device, the po-
sition of a single molecule can be monitored precisely in a mi-
crofluidic channel by using fluorescence microscopy, and elec-
trokinetic forces actuated by electrodes are used to push mole-
cules back into the center of the device. Thus, feedback actua-
tion effectively overcomes Brownian motion (see Figure 2B).
Although it is a very demanding experimental technique,®? an
ABEL trap enables the confinement of a molecule in solution
to a volume much smaller than typical nanochannel dimen-
sions. The technique was also used to study individual redox
events of a single enzyme in solution.®® Here, the catalytic re-
duction of nitrite by a trapped blue copper nitrite reductase (a
multicenter metalloenzyme) was optically monitored by
changes in the fluorescence energy transfer in a labeled
enzyme molecule.

Microelectrodes located in nanofluidic devices can also be
used, not just for electrokinetic transport, but also to control
the redox state of enzyme molecules. The Bohn group em-
ployed zero-mode waveguides to study single FAD coenzyme
molecules immobilized on gold electrodes in an array of nano-
devices through pyrroloquinoline quinone linker.2¥ Here the
gold electrodes play two roles: they confine the optical field in
the zero-mode waveguides and they function as the electro-
chemical working electrode. In this way, it was possible to con-
trol the single-molecule blinking dynamics of FAD by control-
ling the bias potential at a gold electrode and, thus, the oxida-
tion state of FAD.

The same group recently applied the same detection
method of electrochemical actuation and fluorescence readout
to study molecules in solution diffusing in and out of nano-
pores .
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3.3. All-Electrical/Electrochemical Sensing

Next to optical detection, other novel attractive methods have
been emerging to monitor and manipulate single enzyme mol-
ecules. One promising approach relies on electrical detection.
Although these techniques have not reached the level of opti-
cal sensing in terms of versatility and sensitivity, electrical de-
tection often offers additional advantages of further miniaturi-
zation and integration.

Over the past decade, scanning probe microscopies (SPM)
have offered unique means to study single molecules electron-
ically. Specifically, the combination of scanning tunneling mi-
croscopy (STM) or atomic force microscopy (AFM) with electro-
chemical measurements has allowed the study of single-mole-
cule events of biological or related macromolecules in situ in
chemical or/and electrochemical environments.***? Figure 3

Tip
Enzyme @
Conducting
electrode

Figure 3. Schematic illustration of the STM-based technique, measuring the
electronic properties of protein electron-transfer and/or enzyme (electro)ca-
talysis reactions at the single-molecule level (not drawn to scale; S: sub-
strate, P: product). For simplicity, we omitted a counter electrode and a refer-
ence electrode.

conceptually illustrates an STM-based measurement of elec-
tronic change in an enzymatic (electro)catalytic reaction. Here,
individual enzyme molecules are confined in a nanogap be-
tween the working electrode and the STM tip. This configura-
tion enables an enhanced measurement resolution down to
the single-molecule level. Direct molecular imaging, scanning
tunneling spectroscopy, and break-junction techniques can all
be exploited for the in situ monitoring of single-molecule elec-
tronic actions. The approach has been attempted for a wide
range of proteins or/and enzymes from heme proteins’ and
blue copper proteins™ to iron-sulfur proteins.*' In addition,
electrochemical AFM has offered the possibility to quantify the
physical or conformational changes of enzyme molecules
during their enzymatic actions.®”

In other electrical detection schemes, the activity or the ki-
netics of enzymatic reactions, which yield redox-active prod-
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ucts, can be monitored by electron exchange (oxidation or re-
duction) at an appropriate electrode bias voltage.

By using a mixing principle similar to the nanochannel junc-
tion shown in Figure 1A, Xia and co-workers developed an
electrochemical amperometric detection method for enzymatic
reactions in branched nanochannels.*®*’ Glucose and glucose
oxidase were mixed in a nanochannel Y-junction. Electrochemi-
cal oxidation of the by-product H,O, in enzymatic reactions
was detected by using an ultramicroelectrode positioned at
the nanochannel outlet. Here, a relatively large number of mol-
ecules reacted in the nanochannel, and a single-molecule de-
tection level has not yet been achieved. Nonetheless, target
molecules were handled and their catalytic reactions were trig-
gered in a confined nanospace. We believe that the number of
enzyme and substrate molecules can be drastically reduced in
the future by further reducing the nanochannel cross-section
size. In a further step, the same group enriched glucose ox-
idase in an integrated micro-/nanofluidic pre-concentration
device and studied its reaction kinetics by amperometric sens-
ing.*” Homogeneous enzymatic reactions occurred when glu-
cose was electrokinetically transported to interact with enzyme
molecules, and the by-product (H,0,) was detected by using
an ultramicroelectrode located at the nanochannel outlet.

In general, electrical detection might not be as sensitive as
optical sensing, because the inherent noise of electrical ampli-
fiers used in signal transduction does not allow the direct re-
cording of only a few or a single electron(s) transferred at an
electrode (following, for example, enzymatic activity). By using
state-of-the-art electrical amplifiers at room temperature, the
smallest detectable current needs to be significantly higher
than 1 fA,“8 which corresponds to (in excess of) 10000 elec-
trons transferred per second. As a consequence, it appears
that we could not foresee direct electrical monitoring of
a single enzymatic reaction in the near future without a dra-
matic improvement in intrinsic amplification. However, Hoeben
et al.*” have recently offered a pathway toward electrical de-
tection of single-molecule enzyme activity. In their approach,
[NiFe]-hydrogenase molecules were immobilized on the sur-
face of a gold nanoelectrode. The enzyme molecules exhibit
a very high catalytic turnover rate reaching 1500- 9000 s ',
enabling a 2e~ electrooxidation of each dihydrogen molecule
into two protons. Thus, each enzyme can generate an impres-
sively high electrochemical current, and less than 50 active
enzyme molecules were needed. This study has shed light on
the feasibility of electrical detection in enzymatic reactions of
single molecules.

More recently, we have implemented a different approach of
intrinsically amplified detection in a nanofluidic device through
the integration of elements for enzymatic recognition, detec-
tion, and electrochemical signal transduction within a 6 fL
volume." Here, we locally immobilized tyrosinase through
a thiol bond into a microfabricated electrochemical nanogap
transducer and used redox cycling to amplify the electrochemi-
cal signal of redox-active product molecules (see Figure 4). Ty-
rosinase turned over electrochemically inactive monophenol
into the electroactive couple catechol/quinone with a rate of
approximately 14 s~'.%? By biasing one electrode at an oxida-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Schematic diagram of enzymatic biodetection through direct elec-
tron transfer. Tyrosinase enzyme molecules immobilized in a nanochannel
with a height of about 200 nm generate electrochemically active redox
products (quinone). They catalyze inactive phenols at a rate of approximate-
ly 14 s7'. The generated quinone/catechol couple subsequently undergoes
redox cycling (ca. 50 ps shuttling time) between the Au electrodes embed-
ded in the floor and the ceiling of the channel, thus leading to a highly am-
plified current per enzyme molecule. Reprinted with permission from

Ref. [51]. Copyright (2014) American Chemical Society.

reference =
electrode

tyrosmase
Au electrode

tion potential and the other electrode at a reduction potential,
each product molecule repeatedly exchanged electrons by
redox cycling, as it cycled by diffusion between the electrodes.
The diffusive travelling time across the 200 nm gap between
electrodes is significantly shorter than 1 ms, leading to a highly
amplified current signal. In this example, the analyte was con-
fined to a 6 fL volume. With a relatively large electrode area of
10x 3 um?, about 5000 enzyme molecules in the nanodevice
were needed for electrocatalytic detection. In the nanospace
confinement, the enzymatic reaction still followed the classic
Michaelis—Menten kinetics model. We could, thus, hope that
further optimization and improvement of this approach would
enable electrochemical studies of single enzyme molecules in
the near future.

We have also demonstrated that nanogap devices are sensi-
tive enough to detect a single redox-active molecule.”™ How-
ever, their extension to study single enzyme molecules requires
that the number of active enzymes in the device is drastically
reduced. This reduction could be achieved either by reducing
the enzyme concentration or decreasing the enzyme incuba-
tion time in the device, or even by the combination of both
approaches. However, reaching a single-enzyme-molecule level
in the device still remains a challenge. This goal could be real-
ized either by using appropriate inhibitors, which irreversibly
deactivate the enzyme over time, or by applying a highly neg-
ative electrochemical potential that reduces the number of
thiol-gold bonds through reduction desorption and, conse-
quently, releasing most enzyme molecules from the electrode
surfaces. Either of these approaches can be electrically moni-
tored by recording the current drop per enzyme molecule that
is deactivated or leaves the device. For tyrosinase, with a turn-
over rate of approximately 14 s7', the production of 14 electro-
active molecules per second leads to a comparatively large
current signal drop per enzyme (a current in excess of about
100 fA if the products undergo redox cycling for 1 s before dif-
fusion out of the device). Therefore, in such a configuration,
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the activity of a single enzyme molecule can be monitored by
detecting a larger number of redox-active product molecules.
Effectively reducing the number of enzyme molecules in
a nanochannel requires not only a dramatic dilution of enzyme
concentration in the nanochannel, but also a substantial mini-
mization of the nanochannel volume and the electrode area
(e.g. by employing electron-beam lithography with sub-10 nm
resolution for the definition of these structures).

Electrically detecting a single biocatalytic event will be far
more challenging (even if several enzyme molecules are active)
than detecting a single active enzyme.

4. Conclusions and Outlook

New technologies are emerging, which offer novel pathways
for studying single-molecule enzymatic reactions, largely
owing to advances in nanotechnology and microfabrication.
Nanoscale devices, such as nanofluidic channels, enable the
confinement and handling of few enzyme molecules in an ex-
tremely small volume. When these devices are coupled with
electrochemical transduction, we can devise many new ways
to handle and manipulate biomolecules. Although the ambi-
tion towards all-electrical studies of enzymes at the single-mol-
ecule level are not yet fulfilled by current nanodevices, increas-
ingly promising steps have taken place. Future progress
should be directed not just at pushing the limits of sensitivity
(or the smallest number of detected analytes), but also toward
more robust immobilization methods as well as fluidic and
electrical handling of (single) enzyme molecules. In the future,
advanced molecular handling and microstructured devices in
which biochemical processes are monitored electrochemically
will provide unprecedented insights into bioreactions at the
single-molecule level in confined volumes. At the ultimate
level of sensitivity, they might lead to a nanobiosensor that
ideally combines the reliable sensing of single molecules or
single chemical reactions (enzymatic or immunological reac-
tions or DNA sensing) with all-electrical signal transduction ele-
ments integrated into one device.
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