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CONSPECTUS

Biomolecular recognition is versatile, spe- - = N
cific, and high affinity, qualities that have |
motivated decades of research aimed at adapt- E
ing biomolecules into a general platform for
molecular sensing. Despite significant effort,
however, so-called “biosensors” have almost Nt & DNA :
entirely failed to achieve their potential as @T oH | oH
reagentless, real-time analytical devices; the ( | | | Regeneraﬁe | | |
only quantitative, reagentless biosensor to =

achieve commerdial success so far is the home

glucose monitor, employed by millions of

diabetics.

The fundamental stumbling block that has precluded more widespread success of biosensors is the failure of most bio-
molecules to produce an easily measured signal upon target binding. Antibodies, for example, do not change their shape
or dynamics when they bind their recognition partners, nor do they emit light or electrons upon binding. It has thus proven
difficult to transduce biomolecular binding events into a measurable output signal, particularly one that is not readily spoofed
by the binding of any of the many potentially interfering species in typical biological samples. Analytical approaches based
on biomolecular recognition are therefore mostly cumbersome, multistep processes relying on analyte separation and iso-
lation (such as Western blots, ELISA, and other immunochemical methods); these techniques have proven enormously use-
ful, but are limited almost exclusively to laboratory settings.

In this Account, we describe how we have refined a potentially general solution to the problem of signal detection in
biosensors, one that is based on the binding-induced “folding” of electrode-bound DNA probes. That is, we have devel-
oped a broad new class of biosensors that employ electrochemistry to monitor binding-induced changes in the rigidity of
a redox-tagged probe DNA that has been site-specifically attached to an interrogating electrode. These folding-based sen-
sors, which have been generalized to a wide range of specific protein, nucleic acid, and small-molecule targets, are rapid
(responding in seconds to minutes), sensitive (detecting sub-picomolar to micromolar concentrations), and reagentless. They
are also greater than 99% reusable, are supported on micrometer-scale electrodes, and are readily fabricated into densely
packed sensor arrays. Finally, and critically, their signaling is linked to a binding-specific change in the physics of the probe
DNA, and not simply to adsorption of the target onto the sensor head. Accordingly, they are selective enough to be employed
directly in blood, crude soil extracts, cell lysates, and other grossly contaminated clinical and environmental samples. Indeed,
we have recently demonstrated the ability to quantitatively monitor a specific small molecule in real-time directly in micro-
liters of flowing, unmodified blood serum.

Because of their sensitivity, substantial background suppression, and operational convenience, these folding-based bio-
sensors appear potentially well suited for electronic, on-chip applications in pathogen detection, proteomics, metabolom-
ics, and drug discovery.
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Introduction

Biomolecular recognition is second to none when it comes to
affinity, specificity, and breadth. As a result, analytical
approaches based on this phenomenon, including Western
blots, ELISAs, and other immunochemical methods, dominate
molecular pathology.' 2 These approaches, however, remain
cumbersome, multistep, laboratory-bound processes. Indeed,
the only commercially viable biosensing device (as opposed to
a process) on the market today is the glucose-oxidase-based
blood sugar sensor, first described in the 1960s*° before
coming into widespread use by diabetics across the globe.

A single, fundamental problem has largely thwarted the
development of effective, reagentless biosensors: most bio-
molecules do not produce any readily measurable signal upon
target binding. An antibody, for example, neither changes its
shape or dynamics nor emits light or electrons upon binding
its antigen. How, then, does one build a sensor based on bio-
logical recognition? A common approach in the field has, his-
torically, been to tie the recognition biomolecule to a surface
and then measure the change in refractive index (e.g., sur-
face plasmon resonance®”), mass (e.g., quartz crystal microbal-
anc®), steric bulk (e.g., static microcantilever,®'® impedance
spectroscopy'''?), or charge (e.g, field-effect-transistor-based
sensors'® %) that occurs when the target (typically a bulky,
charged macromolecule) is bound. Unfortunately, while sev-
eral of these adsorption-based methods, such as the surface-
plasmon resonance approach commercialized by Bia-
core,'>~ 17 have proven of utility in academic laboratories,
where high purity samples are the norm, they have also
proven easily foiled by false positives in complex contami-
nant-ridden “real” samples. Studies of human blood serum, for
example, have identified nearly 3000 distinct proteins to
date,'® and it is estimated that the 60—80 mg total protein
content of this material consists of up to 10 000 distinct
components.’?~2! Since these proteins also have mass,
charge, and so on, the nonspecific adsorption of any of them
is difficult or impossible to distinguish from the binding of the
authentic target [e.g., ref 12].

Given that the field of marketable biosensors is so nascent,
it is informative to explore the principles underlying the suc-
cess of the single commercially viable, quantitative biosen-
sor on the market to date: the home glucose meter. Key to its
success is the fact that, unlike most biomolecules, this sen-
sor’s recognition element, glucose oxidase, produces a readily
measurable response when it binds its target. Specifically, when
it binds (and chemically transforms) its target, the enzyme pro-
duces hydrogen peroxide, which is then detected electrochem-

Folding-Based Electrochemical Biosensors Lubin and Plaxco

ically. That is, nature has given us a gift with this protein: it has
produced a mechanism that transduces target binding into a
specific, readily detected output not easily spoofed by the non-
specific adsorption of other materials to the sensor surface.
This observation lies at the heart of the approach we have
taken to the design of biosensors. Namely, the key develop-
ment will be the identification of mechanisms linking biomo-
lecular recognition with large-scale physical changes which, in
turn, can be transduced into specific output signals.

Some biomolecules fold only upon binding their comple-
mentary target, thus linking recognition with an enormous
change in conformation and dynamics [e.g., refs 22 and 23].
For example, single-stranded DNA is unfolded (flexible,
dynamic, and fully solvated) in the absence of its “target” (its
complementary strand) but “folds” into a rigid, well-structured
double helix upon hybridization. More generally, it appears
that most any single-domain protein or nucleic acid can be re-
engineered such that it adopts its native conformations only
upon recognizing its binding partner.2*> That is, because bio-
molecular folding is generally cooperative, it is easy to iden-
tify mutations that push the folding equilibrium heavily toward
unfolding. Even largely unfolded mutants, however, still sam-
ple the native state, and, as only the native state binds the tar-
get, the presence of the target rapidly drives the equilibrium
back to this state. That these equilibrium-unfolded biomol-
ecules couple recognition with the least subtle of all possible
conformational changes (folding itself) suggests that this effect
can serve as a robust and general signal transduction
mechanism.

From Signal Transduction to Biosensor:
E-DNA

Signal transduction alone, however, does not make a biosen-
sor: the binding event must also be transduced to an output
signal that can be detected unambiguously against the back-
ground arising from any other molecules (interferants) likely
in the sample. To this end, a number of optical reporters of
binding-induced folding have been reported, [e.g., refs
24—33]. For example, Kramer, a pioneer in this field, has
developed fluorescent reporters that have been widely used
to detect the binding (hybridization) induced “unfolding” of
stem-loop DNA structures, commonly known as “molecular
beacons”.?'! Likewise, we and others have demonstrated opti-
cal reporters for the binding-induced folding of polypeptides,
proteins, and nucleic acid aptamers.%>~2” From PNA-peptide
chimera beacons to protein molecular switches to RNA
aptamer beacons, these optical sensors detect targets rang-
ing from antibodies to small molecules in the laboratory.
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FIGURE 1. The first E-DNA sensor comprised a redox-tagged stem-loop DNA attached to an interrogating electrode.>* In the absence of
target, the redox tag is held in proximity to the electrode, ensuring efficient electron transfer (eT) and a large, readily detectable faradaic
current. Upon hybridization with a target, the redox tag is removed from the electrode, impeding the signaling current.

Unfortunately, however, fluorescent and strongly absorbing
interferants are common in clinical and environmental sam-
ples, which, in practice, reduces the utility of such optical
approaches in “real-world” settings [e.g., ref 28]. Electroactive
interferants, in contrast, are relatively rare, suggesting that
electrochemical approaches to monitoring binding-induced
folding might be of broader utility. This idea, binding-induced
biomolecular folding monitored electrochemically, has been
the dominant focus of our research program.

The first electrochemical biosensor based on binding-in-
duced folding was developed in 2003 by Chunhai Fan, then
a postdoc in our group. As proof of principle, he immobilized
one end of a stem-loop DNA onto a gold electrode via a ter-
minal thiol modification (forming a self-assembled monolayer)
with the other end bearing a redox-reporting ferrocene3*3> to
create an electrochemical DNA (E-DNA) sensor analogous to
the optical stem-loop molecular beacons of Kramer.! In the
absence of target, the stem structure of the probe DNA holds
the redox tag in proximity to the electrode, producing a large
faradaic current. Hybridization to a complementary oligonucle-
otide removes the redox tag from proximity to the electrode,
significantly decreasing this current and supporting the ready
detection of specific DNA sequences (Figure 1). Given the
potential advantages of electrochemical detection (which we
detail below), and the close analogy between E-DNA sensors
and molecular beacons, it is perhaps not surprising that, within
less than a year, several other groups reported them indepen-
dently reported similar sensors,?®3” and in the years since
numerous other authors have described their fabrication, char-
acterization, optimization, and applications.>®

The E-DNA platform exhibits a number of potentially
appealing attributes.>*~*2 First, it achieves sub-nanomolar
detection limits, discriminates between at least modestly mis-
matched targets, and responds rapidly (equilibration half-lives
of between <1 and 30 min for targets of 17 to 100
bases).>**3~4> Second, because E-DNA signaling is associ-
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ated with a ligand-induced change in the conformation and
dynamics of the DNA probe and not simply absorption of the
target to the sensor, the approach is quite impervious to com-
plex “real” sample conditions and performs well even when
challenged directly in multicomponent, contaminant-ridden
samples such as blood serum, saliva, urine, foodstuffs, and soil
suspensions (Figure 2).*4~4° Third, because the E-DNA probe
is strongly chemi-adsorbed onto its electrode, the approach is
reagentless and readily reusable (we recover >99% of our sig-
nal after a simple, aqueous wash*#). Finally, because E-DNA is
electrochemical, it is both scalable (we regularly employ
micrometer-scale electrodes) and amenable to parallelization
and device integration.*”48

Sensor Optimization and the Mechanism of
E-DNA Sensing

In the years since the inception of E-DNA, we have character-
ized a number of fabrication and operational parameters in an
attempt to improve the signaling, reproducibility, and shelf life
of the platform. Specifically, we have monitored the effects of
varying probe length,*° the nature of the coadsorbate form-
ing the self-assembled monolayer,**>°~>2 the density with
which the probe DNAs are packed on the sensor and the elec-
trochemical method employed> on E-DNA performance and
have achieved significant improvements in sensor gain and
shelf life. These efforts have also shed light on the platform’s
signaling mechanism. Specifically, studies of the effects of
probe packing density demonstrate that when the mean spac-
ing between probes is less than their length (~10'2 probe
molecules/cm?) the signal change upon hybridization improves
with increasing probe density, presumably as crowding effects
between the neighboring probe-target duplexes minimize
electron transfer from the bound state and thus increase the
observed signal change (Figure 3). This suggests, in turn, that
E-DNA signaling arises due to binding-linked changes in the
efficiency with which the terminal redox tag strikes the elec-
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FIGURE 2. E-DNA sensors are rapid, selective, and readily reusable.*> (Top) For example, an E-DNA sensor specifically responds to target
even in the presence of 50 000x excess genomic DNA and when deployed directly in complex “dirty” samples such as clinical materials, soil
suspensions, and foodstuffs. (Bottom) E-DNA sensors equilibrate within minutes and are regenerated via a simple, 30 s wash with deionized

water.
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FIGURE 3. The signal gain of E-DNA sensotrs is a function of the density with which the probe DNAs are packed onto the electrode
surface.>® Specifically, signaling improves with increasing probe density, presumably because crowding between neighboring probe-target
duplexes minimizes electron transfer from the bound state, resulting in increased signal change upon hybridization.

trode (i.e., with collision dynamics) and not to the binding-
induced conformational change per se.>*

Two additional lines of evidence support the “collision effi-
ciency model” of E-DNA signaling. First, both our group and
that of Inouye have observed that gain of E-DNA sensors can

be tuned by varying the frequency at which the potential is
modulated in alternating current or square wave
voltammetry.>3~>> Second, E-DNA sensors fabricated using
single-stranded, linear probes also support efficient E-DNA sig-
naling, presumably because the flexible, single-stranded state
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FIGURE 4. This “signal-on” E-DNA architecture, based on a target-induced strand displacement mechanism, achieves sub-picomolar
detection limits.>” In this mechanism, sensor target binding displaces a flexible, single-stranded element modified with a redox tag. This, in
turn, strikes the electrode, generating a large increase in faradaic current.

also supports efficient collisions.>®>> Indeed, because target
binding no longer competes with the unfavorable energy of
breaking the stem, the gain of linear probe sensors is
improved relative to the equivalent stem-loop architecture.*®

Increasing Signal Gain: From Signal-off to
Signal-on Architectures

A limitation of the first E-DNA architecture is that it is a “signal-
off” sensor in which target recognition is signaled by the loss
of an initially high current. A drawback is that this limits sig-
nal gain: one can never suppress more than 100% of the orig-
inal current. Conversely, “sighal-on” sensors, in theory, can
approach enormous signal gain as the background observed
in the absence of target is pushed toward zero. (By analogy
fluorescence spectroscopy, a low-background “signal-on” tech-
nology, is much more sensitive than absorbance spectroscopy,
which is “signal-off”). Thus motivated we, and others, have
explored several signal-on E-DNA architectures.>®>°

The first signal-on E-DNA sensor design, described by
Immoos et al., consisted of a DNA—polyethylene glycol—DNA
triblock probe immobilized onto an electrode and labeled at
its distal terminus with a redox reporter.>® Hybridization with
a target that is complementary to both of the flanking DNA
elements brings the labeled end of the probe into proximity
with the electrode, increasing electron transfer. This design
results in 600% gain and a detection limit of ~200 pM.>® In
an effort to improve on this, we developed a second signal-on
sensor via a strand displacement mechanism in which target
binding displaces a flexible, single-stranded element modi-
fied with a redox tag. Upon target binding, the redox mole-
cule at the terminus of the displaced strand generates up to
a 700% increase in faradaic current, supporting detection
down to sub-picomolar target concentrations®” (Figure 4). A
complication of the strand-displacement strategy, however, is
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that the labeled probe, which is the probe that is partially dis-
placed upon target binding, is only held onto the sensor via
hybridization with the surface attached strand and thus the
stability and reusability of this sensor is poor. In response, we
have more recently described a construct comprising a sin-
gle DNA chain that, in the absence of target, adopts a double-
stem-loop pseudoknot structure that holds the redox tag away
from the surface.>®>° Target binding disrupts the pseudoknot,
liberating a flexible, single-stranded element that more readily
collides with the electrode surface and produces a strong sig-
nal increase.

The Detection of Non-Nucleic Acid Targets

The above studies suggest that the only requisite for E-DNA
signaling is that binding alters the flexibility of the signaling
probe. This, in turn, suggests that the approach can be
expanded to the detection of other targets provided they
specifically bind to our probe and, in turn, alter its collision
dynamics. To this end, Yi Xiao in our laboratory introduced
aptamers, DNA or RNA sequences selected in vitro for spe-
cific and high affinity binding to a given target molecule,®°~52
into the E-DNA platform.®® Critically, aptamers can be re-en-
gineered such that they only fold upon target binding, thus
coupling recognition with the type of large-scale change in
flexibility required to generate an E-DNA-like signal [e.g., refs
64—67].

The first of these electrochemical, aptamer-based (E-AB)
sensors utilized a 31-base probe that binds the enzyme
thrombin.®468=7% Following on the E-DNA platform, we
labeled the 3” terminus of this probe with a redox label and
attached its 5" terminus to a gold electrode (Figure 5). This sys-
tem produces a readily measurable decrease in faradaic cur-
rent upon binding as little as 20 nM thrombin and is selective
enough to deploy directly in blood serum.”" This first E-AB
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FIGURE 5. The first electrochemical, aptamer-based (E-AB) sensor comprised a redox-tagged DNA aptamer directed against the blood-
clotting enzyme thrombin.”" Thrombin binding reduces the current from the redox tag, readily signaling the presence of the target.
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FIGURE 6. A signal-on E-AB sensor based on the strand-displacement mechanism and directed against the protein thrombin achieves a 10-
fold increase in signal gain over its signal-off counterpart (Figure 5) and, in turn, a 7-fold increase in sensitivity.”>

sensor, however, was signal-off and low gain. In an effort to
convert it into a higher-gain, signal-on sensor, Xiao later
employed a strand-displacement mechanism analogous to the
equivalent signal-on E-DNA sensor (Figure 6). This new sen-
sor yielded a ~300% increase in signal at saturating target
and a detection limit of just 3 nM.”2

As was the case with our earlier E-DNA sensor, other
reports quickly followed. For example, just a few months
after our publication, O’Sullivan and co-workers described
a sensor based on a similar aptamer sequence in which
they observed an increase in faradaic current upon throm-
bin binding and a detection limit of 500 pM.”>”* Since
then, other E-AB sensors have been reported against a wide
range of targets [e.g., refs 75—84]. Employing a cocaine-
binding aptamer, for example, we developed an E-AB sen-
sor that can detect low micromolar concentrations of this
target directly in blood serum and other complex sample
matrices.”>”® Indeed, because the on- and off-rates for
cocaine binding are rapid, this sensor supports real-time
detection directly in flowing, undiluted blood serum (Fig-
ure 7).”7 O'Sullivan and co-workers then exploited the
observation that the thrombin-binding aptamer also folds in

the presence of potassium to detect this important ion,”®
and we reported an E-AB sensor directed against the pro-
tein platelet-derived growth factor that achieves a 50 pM
detection limit directly in blood serum.”® More recently still,
Qu and co-workers have developed an E-AB sensor directed
against carbon nanotubes®® and Kim and co-workers
described a mercury sensor with a detection limit of 100
nM.8" Expanding the approach by employing RNA, rather
than DNA, aptamers, Gothelf and co-workers have devel-
oped a sensor for the asthma drug theophylline®? that
achieves nanomolar detection limits in buffer®? and a
somewhat lower sensitivity in diluted, RNase-inhibited
serum. 8384

All of the above sensors utilize probes that are contiguous
strands attached to the interrogating electrode. However, in an
approach similar to our strand-displacement E-AB sensor, sev-
eral groups have used binding-induced folding to completely
displace an aptamer from an electrode-bound complemen-
tary strand®® (or a complementary strand from an electrode-
bound aptamer®®) to generate a faradaic signal and detect
ATP. Likewise, we have utilized the strand cleaving ability of
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FIGURE 7. Small molecule E-AB sensors support real-time detection even in complex sample matrices, such as blood serum. The cocaine E-AB
sensor, for example, supports real-time detection of cocaine directly in undiluted blood serum as it flows through a submicroliter chamber.”” The
letter designations on the external leads denote the “reference” (R), “counter” (C), and “working” (W) electrodes to which they are attached.
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FIGURE 8. Utilizing double-stranded DNA as a support scaffold for a small molecule receptor, we have fabricated E-DNA-like sensors for the
detection of protein—small-molecule interactions.®® Shown, for example, is the detection of low nanomolar concentrations of antibodies

against the drug digoxigenin.

a lead-dependent DNAzyme to detect parts per billion lead
directly in soil extracts.?”

The Detection of DNA Binding Proteins

E-AB sensors expanded our approach to the detection of spe-
cific proteins and small molecules, but aptamers are not the
only oligonucleotides that bind nonoligonucleotide targets. For
example, while on sabbatical in our laboratory, Francesco Ricci
of the University of Rome, Tor Vergata employed double-
stranded or single-stranded DNA probes to detect several spe-
cific double- and single-stranded binding proteins at
concentrations as low as 2 nM.28 Sensors employing single-
stranded DNA probes, for example, supported the detection of
endogenous single-strand binding activity in minutes, directly
in crude cellular extracts.®®

Non-Nucleotide Recognition Elements

While the E-DNA/E-AB platform is versatile, for several years
it remained limited to analytes that bind nucleic acids. Rec-
ognizing this, Ricci and Cash in our group set out to expand
the approach by appending a small molecule recognition ele-
ment onto a double-stranded DNA probe that acts as a phys-
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ical scaffold (Figure 8).%9 In the absence of target, a redox tag
appended to this scaffold collides with the electrode, permit-
ting electron transfer. The binding of a macromolecule to the
receptor alters the efficiency of these collisions, leading to a
change in faradaic current.®® First developed with the recep-
tors biotin and digoxigenin, this technology readily detects
sub-nanomolar to low nanomolar concentrations of antibod-
ies and other small-molecule-binding proteins in complex,
contaminant-ridden samples such as blood and blood serum.
Recently, for example, it has been employed to detect both
anti-TNT antibodies and, via a competition assay, parts-per-
trillion TNT in crude soil extracts.’® Moving forward, we
believe this “E-DNA scaffold” approach may prove a general
method for the detection of macromolecules that bind to low
molecular weight targets for application in, for example, drug
screening.

Conclusion and Outlook

The E-DNA platform is sensitive, convenient, specific, and,
importantly, selective enough to deploy directly in whole
blood, cellular lysates, soil extracts, and other realistically com-
plex samples. Moreover, the approach requires only that tar-



get binding alter the efficiency with which the redox tag on
the probe biomolecule strikes the electrode, which can be
induced by a switch between two discrete conformational
states (as in the original stem-loop E-DNA sensor, or the var-
ious “strand-displacement” architectures we have described),
by wholesale folding (as in E-AB sensors and linear-probe
E-DNA sensors) or via a change in steric bulk, charge, or
hydrodynamic radius (for the detection of DNA-binding pro-
teins and in the E-DNA scaffold approach). This, in turn, lends
the approach great versatility and accounts for the wide range
of targets for which such sensors have already been reported.

Given the potential promise of folding-based electrochem-
ical biosensors, what does the future hold? Unfortunately, the
majority of the sensors described here are directed against
analytes notable more for their convenience as test-bed tar-
gets than their value as clinically relevant diagnostics. This has
largely precluded the rigorous side-by-side comparison of
these approaches with current gold-standard clinical meth-
ods on authentic clinical samples. Thus, while the promise of
this platform appears strong, it remains to be seen if it can
deliver the clinically relevant specificity and sensitivity required
to be of widespread use. Nevertheless, given the approach’s
many positive attributes, and given the growing number of
research groups working on improving and expanding it, we
are increasingly optimistic that platforms similar to those
described in this Account will offer viable solutions to a wide
range of analytical problems.
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