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ABSTRACT

I mprovement of DNA-Based and Protein-Based Electrochemical Biosensors

by

Di Kang

Recent years have seen the development of a number of reagentless, electrochemical sensors
based on the target-induced folding or other target-induced conformational changes in
electrode-bound oligo nucleotides, with examples reported to date including sensors for the
detection of specific nucleic acids, proteins, small molecules and inorganic ions. These of
sensors, termed Electrochemical DNA-based (E-DNA) sensors, are comprised of an
electrode modified with surface immobilized, redox-reporter-tagged DNA probes. This
technique has emerged as a promising new biosensor platform due to its sensitive and
selective measurement of specific molecular targets without the need for additional reagents,
wash steps or complex and costly equipment. My thesis work has focused on expanding and
improving this increasingly important sensing platform.

To expand the number of signaling DNA probes we can interrogate on a single electrode
and to support ratiometric, “error-correcting” sensing we have characterized more than a
dozen candidate redox reporters reporting at potentials within the window in which
thiol-on-gold self-assembled monolayers are stable. We find, however, that while a handful
of reporters, including anthraguinone, Nile blue, and ferrrocene, exhibit reasonable signaling
and stability, perhaps disappointingly, only methylene blue exhibits near quantitative

stability.
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Due to the physics of single-site binging, most biosensors have a fixed dynamic range,
which can limit their value. In response, we have developed a simple strategy (analogous to
mechanisms employed by nature) to modulate the ‘input-output’ response of DNA-based
receptors systems, which can be adapted to rationally edit the useful dynamic range of our
electrochemical DNA sensors. Specifically we have narrowed and broadened the useful
dynamic ranges of E-DNA sensors by orders of magnitude, improving the range of
analytical problems for which they are suitable.

The number of target molecules that E-DNA sensors can detect is limited by the range
of molecules that can be recognized by DNA. Motivated by this we developed an alternative,
protein based electrochemical sensor architecture for the detection of protein, peptide and
antibody targets that likewise exhibits excellent detection limits without the use of reagents
or wash steps. This novel, protein-based electrochemical sensing architecture achieves good
specificity and sensitivity, providing a new approach for the quantitative, single-step
measurement of specific protein-macromolecule interactions.

Given the importance of surface-bound biomolecules in technologies such as ours, have
also performed basic studies of biomolecules on gold surfaces. Specifically, we have used
surface forces apparatus (SFA) to study the behavior of surface grafted single-stranded and
double-stranded DNAs. Doing so we confirmed the previously proposed “mushroom-like”
structure of surface-attached single-stranded DNA, and observed a clear transition from
single to double stranded DNA (with the latter exhibiting a rigid rod gructure) as the

complement is introduced.
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1. Introduction

1.1 Motivation

A biosensor is a device based on the principle of biorecognition and used for the
guantitative detection of specific molecules such as drugs, metabolites, peptides,
proteins or nucleic acids. To do so the device transduces the biological interaction
to an optical or electrical output signal that is easily measured. The ultimate goa of
this biosensor is to detect the target accurately (quantatively), conveniently (rapidly
and with little or no processing), and inexpensively. To do so it must work in a
range of complex samples without requiring sample pretreatment.

The potential applications of biosensors are many, but the challenges are also great.
To support rapid (e.g., emergency) clinical diagnoses, doctors must be able to
measure health-related molecular markers directly in blood, serum or other bodily
fluids. For environmental monitoring, the detection of pesticides, heavy metal ions
and other contaminants in raw soil and water samples is the key. For homeland
security and defense use, sensors must be fast and support the detection of
extremely low levels of pathogens and chemical weapons in air and other complex
environmental samples..

The most successful commercial biosensor to date is the blood glucose sensor, an
electrochemical platform using the enzyme glucose oxidase to produce an
electronic output to monitor blood glucose. The success of the blood glucose meter

has lead it to be a model for the development of other biosensors, which strive to be



as convenient and inexpensive. The glucose meter, for example, only requires
approximately 1 uL of blood from a finger prick and completes its measurements in
just 10 s. The newest glucose sensors can even be implanted under the skin where
they continuously deliver glucose measurements for more than a week. These are
the attributes that we would like to see in a more general platform, one that can
detect essentially any molecular target and not just glucose. Unfortunately,
however, the glucose sensor is specific for glucose (due to its use of glucose
oxidase) and the approach is not applicable to the detection of most other molecular
targets of interest.

Many techniques have been employed in the effort to develop biosensors that, like
the glucose sensor, support continuous, rea-time detection in the body and yet,
unlike the glucose sensor, are generalizable to the detection of almost any target
molecule. These techniques include Surface plasmon resonance (SPR), quartz
crystal microbalance (QCM) and Field effect transistor based biosensor (Bio-FET).
Unfortunately, however, despite years’ worth of effort none of these approaches
compare to the highly selective performance of the glucose sensor. Those other
approaches are just as fast and convenient as the glucose sensor. And they are
general, unlike the glucose sensor. The only problem with them is that they are not
selective enough to work in blood.

Motivated by the so-far complete lack of generalizable biosensor platforms
supporting continuous, real-time measurements in complex sample matrices my

thesis work focused on the development and improvement of a new,



electrochemical biosensor platform that couples the selectivity and convenience of
the glucose sensor with much broader generalizability. My work was based on the
electrochemical DNA sensing platform, an approach that has numerous advantages
over SPR, QCM, bio-FET and other adsorption-based approaches. It performs well
in realistically complex clinical samples, such as blood serum, plasma or crude cell
lysates. Because our sensing technigue only sense the signal from binding induced
confirmation change; As well as, it is convenient and inexpensive. But it is still
limited by several problems. First, there are a few redox reports work in this
technique. Second, the useful dynamice range placement and width is fixed; The
third, the biorecognition element is limited with DNA and small peptide. The last,
however we are successful in applying this technique to make robust sensors, we

still not clear understand the physic of the surface grafted biomolecular.



1.2 Electrochemical Biosensors

1.2.1 Biosensors

Clark and Lyon described the first biosensor concept in the early 19609 1]. In the 50
years since, biosensors has developed into a robust, interdisciplinary field crossing
the life sciences, information sciences, chemistry, physics and engineering.
Biosensors have been given in-depth attention and are widely needed in the
fermentation process, environmental monitoring, food engineering, clinical
medicine, and military. To date, the biosensor field has limited success. Not enough
biosensor and platform have been developed and commercially used. Mog of the
developed platforms are absorption based technique; they are likely failed in
complex sample.  With further improvement, the biosensor will get more and more
widely used.

The two key elements of a biosensor are its biomolecular recognition element
and its signal transduction mechanism. The recognition element uses biomolecules
(proteins, DNA, etc.) to recognize the analyte of interest. In most case, however,
this recognition does not produce easy measurable signal. Signal transduction, a
physical mechanism that links binding to a measurable physical or chemical change
and convert it to a measurable output signal, is thus also a key element of any
biosensor architecture.

Molecular recognition is a fundamental part of any biosensor and accounts for

much of the enthusiasm for such technologies. The recognition part uses the



biomolacular interaction to specific indentify the analyte from the sample, which
requires excellent specificity. For example, to detect a protein from blood serum,
there are more than 10,000 proteins presented in serum, and our target is only 1
over 10,000 from this pool. And high sensitivity is another requirement of this
component. For example, in a ctDNA detection for a stage | cancer patient in
plasma, the total target ctDNA concentration is less than 10 pg/mL. Different
biological recognition elements are used in biosensor. The recognition theory
includes protein-protein interaction, antibody-antigen binding, enzymes-ligands
interaction, DNA or RNA hybridization and DNA or RNA aptamer binding, etc. In
general, these biological recognitions have high selectivity and affinity. Because of
the complication of the biological system, one potential disadvantage of these
recognitions is the binding affinity is very hard to be engineered.

Recognition alone is insufficient to create a biosensor, we ill need to
transduce the binding event into a measurable output signal. For most biomolecular
interactions, however, binding only generates a small change in physics, and thus
highly sensitive approaches are needed to read it out. Indeed, most approaches, such
as SPR and QCM, are so sensitive that they also produce signals from non-specific
binding, limiting their use to unredlistically “clean” samples and preventing their
use in the clinic. These approaches include optical sensors, such as surface plasmon
resonance, fluorescence polarization, and surface-enhanced raman spectroscopy;
mass-based biosensors, such as the quartz crystal microbalance, electronic

biosensors, such as those based on field effect transistors; mechanical biosensors,



including microcantilevers and surface acoustic wave sensors,; and electrochemical
biosensors. Herel review the former as context for the latter.

Surface plasmon resonance (SPR) is a sensitive means of measuring refractive
index changes in the vicinity of thin metal layers (i.e., gold, silver, or auminum
films)[2]. The technique is a useful platform in clinical analysis for biomolecular
interactions with high sensitivity and without the need of labels by sensing the
surface electron field change. Non-specific adsorption, however, also produces a
similar signal, and thus target purification is necessary for SPR to work with
complex samples, such as blood serum. [3]

Quartz crystal microbalances (QCM) work by sending an electrical signal
through a gold-plated quartz crystal, which causes a vibration at its resonant
frequency.[4] This frequency changes when the mass of the crystal changes,
providing a route to measuring the binding of a biomolecule on the surface of the
crystal. This technique is a widely used platform for biomolecular interaction
analysis in laboratory settings, where it has proven a useful method for drug
screening and protein binding analysis. Because this method is, like SPR, based on
measuring absorption to a surface it is very sensitive to non-specific binding, and
thus it too only works well in highly pure samples.[4]

Bio-field effect transistor, bio-FET, is transistor the gate surface of which has
been modified with biorecognition moleculeq5]. When a target molecule binds the
charge distribution on the gate is altered, affecting the conductance of the FET.

Because it is based on transistors the technique is compact, rapid, inexpensive and



compatible with current circuit fabrication. Its disadvantages, though, are again
similar to those of other absorption-based techniques; non-specific adsorption to the
sensor surface also alters gating, and thus bio-FETs do not work well when
challenged with realistically complex sampleg6].

Surface acoustic wave (SAW) sensors are micro-electromechanical devices that
employ surface acoustic waves to detect surface changeg7]. Specifically, SAW
devices use electrical signal to generate a mechanical surface wave, and then
converts the wave back into an electrical signal. Comparison of the input and output
electrical signals informs on any surface changes. To convert this into a biosensor
the surface is modified with biorecognition molecules, with the sensor measuring
the wave change before and after target binding. Once again, this absorption-based
technique, which works well in pure sample, fails when challenged with
realistically complex sampleq[7].

Fluorescence polarization, measures the intensity of the emitted light from a
polarized light excited fluorophore in vertical and horizontal planeg8]. On the
presence of a specific protein-protein binding, the tumbling of an attached
fluorophore will change. Because it is single-step (e.g., it does not require washing
to remove unbound reagents) and because it is selective enough to employ in
modestly complex samples, it has seen the widest use for quantitative diagnostically
relevant proteinsin point-of-care applicationg 3, 9-12]. Several limitations, however,
significantly reduce the utility of fluorescence polarization. Specifically, its signal

gain is relatively small (~15%), and this must be measured against background



polarizations typically ranging from 5 to 10%. Because of this the assay requires
significant background subtraction and signal averaging, rendering its overall
workflow slow and cumbersome.

In contrast to the above approaches, the most successful biosensor, the blood
glucose sensor[13], is an electrochemical biosensor characterized by a highly
specific signal transduction mechanism. Fisrt, it is highly selective (not spoofed by
non-specific adsorption) due to the specificity of the signal transduction mechanism
and the generally low background of electroactive species in clinical samples.
Second, it is also very convenient (rapid and single step and continuous). And, it
is inexpensive, being based on cheap, hand-held electronics. Unlike SPR, QCM,
FP and the other biosensor approaches described above, however, the glucose

sensor is not generalizable to arbitrary targets.

1.2.2 The Electrochemical-DNA (E-DNA) Sensing Platform

In our research group, we have developed a new class of electrochemical biosensors,
termed Electrochemical DNA (E-DNA) sensorg14, 15]. E-DNA sensors employ
sguare wave voltammetry to monitor the efficiency with which a redox reporter
(e.g., methylene blue) attached to a surface-anchored biomolecule approaches an
underlying, monolayer-coated gold electrode. Target binding alters this transfer,
producing in turn an easily measurable change in Faradic current that is
monotonically related to the target concentration. To date the group has developed a

series of such biosensors, detecting targets including DNA and RNA, small



molecules, and proteing16].

The first sensors in this clasg 14] utilized an oligonucleotide probe to detect specific
oligonucleotide targets DNA via hybridization induced changes in the conformation
of an electrode bound, single-stranded[15], stem-loop[14] and pseudoknot[17] DNA
probe. Using a redox-labeled DNA strand affords extremely specific and selective
detection by combining the specificity of DNA hybridization with the highly
specific redox chemistry of the electroactive reporter. Given this, it is perhaps not
surprising that E-DNA sensors perform well even when challenged with complex,
clinically relevant media such as undiluted blood serum, crude cellular extracts,

urine and saliva[15].

Figure 1-1. Signal generation in the electrochemical DNA (E-DNA) sensor occurs when
hybridization with a target oligonuceotide reduces the efficiency with which the attached redox
reporter (X) can approach the electrode and transfer electrons.

Electrochemical aptamer-based (E-AB) sensors, which are comprised of an
electrode modified with surface immobilized, redox-tagged DNA aptamer (Fig. 1-2),
expanded the range of targets that can be detected by the E-DNA platform to

proteins,[18-22] small moleculeg23-26] and inorganic ions.[27, 28] To do this



E-AB signaling is coupled to binding-induced conformational changes in an
electrode-bound aptamer, a DNA or RNA molecule selected in vitro to fold up as a
protein does such that it can bind a specific molecular target. This, inturn, resultsin
areadily measurable change in Faradaic current. Not surprisingly, E-AB sensors are
likewise insensitive to the non-specific binding of interferants and readily perform

when challenged directly in blood serum and other complex sample matrices 29].

by

cocaine

Figure 1-2. The cocaine E-AB sensor is comprised of an unfolded, electrode-bound sensing
aptamer. Cocaine binding traps the aptamer in its folded state, forcing an attached redox
reporter (here we have employed methylene blue -MB) into proximity with the electrode,
leading to alarge change in Faradaic current.

Expanding on the E-DNA platform the Plaxco group has also developed an
electrochemical approach utilizing a double-stranded nucleic acid “scaffold”
modified on one end to present both a protein-recognizing polypeptide or small
molecule and a redox reporter and covalently attached to gold electrode via a
flexible linker via the other[30]. The binding of the sensor’s target to this
recognition element reduces the efficiency with which the attached redox reporter
approaches the electrode (analogous to the change in tumbling seen in fluorescence

polarization), producing an easily measured change in electron transfer efficiency
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(analogous to a change in fluorescence polarization). This strategy offers several
significant advantages over other methods for detecting protein targets, including
the reduced complexity associated with its reagentless, single-step, wash-free
format and better performance in complex samples, such as undiluted blood serum

and crude soil extracts.
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Figure 1-3. The scaffold sensor is us double stranded DNA as a support scaffold for target
receptor. At the far end of the double stranded DNA, one strand modified with a redox reporter,
and the other strand modified with the target receptor. In absence of target, the redox report
collides with e ectrode surface, which has a larger faradic current. Upon the binding happened,
the target antibody reduce the possibility of the redox report collides with electrode surface,
which reduce the faradic current.

1.3 The Limitations of Electrochemical DNA Sensors

1.3.1 Limited Number of Redox Reporters

A potential advantage of E-DNA sensors is the ability to deploy multiple
receptors on a single electrode via the expedient of employing reporters that signal
at distinct, non-overlapping redox potentials. This allows for improved multiplexing
and for the introduction of error correcting ratiometric or differential measurement

approacheq31, 32]. To date, however, only a limited number of redox reporters

11



have been used in such sensors and there exists lack of redox reporters with similar
stability for ratiometric error correction methods. Only methylene blue exhibits near
guantitative stability, which suggests that more effort towards the development of
suitable redox reporters is needed if the multiplexing and ratiometric error

correction potential of electrochemical biosensors are to be fully realized.
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Figure 1-4. Repeated sensor cycling to hybridization and regeneration of a methylene-based
sensor demonstrates a mean signal regeneration of 90% per use over 15 cycles. Much of the
total loss of signal, however, arises during the first 3 cycles; the sensor exhibits a mean recovery
of 98% per iteration after these steps. The sensor signal is also highly reproducible, producing a
mean signal suppression of 74 + 1.3 % when challenged with a fully complementary target.

1.3.2 Fixed Dynamic Range

While the versatility, specificity and often impressive affinity of biomolecular
recognition has, as noted above, motivated decades of research aimed at the
development of sensors based on the effect, biomolecular receptors are not without

potentially important limitations in such applications. Key among these for some
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applications is the fact that the useful dynamic range (here defined as the range
from 10% signal change to 90% signal change) is fixed both in terms of its
placement and its width. Misalignment between the placement of this range and the
expected range of target concentrations reduces both sensitivity and specificity.
Specifically, the useful dynamic range of single-site receptors typically spans a
fixed, 81-fold change in target concentration, which is a potential limitation
biosensors. For example, in some applications, such as viral load monitoring, which
requires monitoring a range much wider than 80 fold, it will be nice to have a wide
dynamic range. In some other applications, such as monitoring drugs with narrow
therapeutic windows, it requires highly sensitive detection. To measure these small
changes in target concentration, 81 fold dynamic range it too wide to precision. In
order to make our sensor more useful, turning the dynamic range becomes more and

more important.
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Figure 1-4. The binding curve of a typical single-site receptor is show. The useful dynamic
range (defined here as the range from a 10% sensor response to a 90% response) spans an
81-fold change in concentration (here from 10 nM to 810 nM target concentration) that is
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centered on the receptor’s dissociation constant. The fixed placement and fixed width of this
dynamic range are difficulties for some applications, as the best precision and specificity are
seen when the useful dynamic range closdy matches the expected range of target
concentrations, and the best precision and greatest convenience are realized when the width of
the useful dynamic range parallels the width of the expected concentration range.

1.3.3 Limited Range of Targets

To date the E-DNA platform has been expended from its original architecture,
for the detection of DNA[14], to sensors for the detection of a range of protein
and small molecule target§16]. In the first round, this expansion was driven by
the introduction of aptamers, which are lab selectived biomolecule to specify
binding with its target. The selection process, by which new aptamers are created,
however, appears a limiting step for the further expansion of sensors in this class.
First, not al interesting target molecules are amenable to binding by aptamers.
Second, the specificity of aptamers is likely poorer than that of proteins due to the
higher chemical complexity of proteins. In response, the Plaxco group developed
“scaffold ”sensorg30]. The probe is a piece of redox reportor modified double
stranded DNA, one end fixed on the surface, and the other end coupled a small
molecule or peptide. When the target binds to the probe molecule, it reduce the
DNA tumbling on the surface. A limitation of scaffold sensors is that, due to their
mechanism, they will fail if the attached biorecognition segment is too large,
limiting these to short polypeptides. The development of an analog employing a
full-length proteins would thus likely greatly extend the range of our

electrochemical approach.
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1.3.4 Limited Understand of the Physics of Biopolymers on Surfaces

Surface-attached biomolecules play important roles throughout biology and
engineering, with examples of the latter including DNA microarrays, biosensors and
drug delivery vehicles. Despite their importance, however, our understanding of
physics of surface-bound biomolecules remains in its infancy, with most of the
rather limited literature reported to date having focused on the behavior of long
DNA molecules grafted on surface, with the quantitative characterization of more
technologically relevant short DNAs on well-defined surfaces remaining quite
limited[33, 34]. This distinction is significant, because in the limit of short chain
lengths (and DNAs that fold into complex 3-dimensional structures) polyelectrolyte
scaling theories are no longer applicable. There thus exists an important need to
better understand the behavior of short single- and double-stranded DNA structures
on surfaces as such would improve our ability of rational optimization of the

surfaces used in biomolecule-based technologies.
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2. A survey of redox-active moieties for application in
multiplexed electrochemical biosensors highlights the need

for improved redox reporters'

2.1 Abstract

Recent years have seen the development of a large number of electrochemical
sensors employing biomolecules modified via the attachment of a redox-active
“reporter.” A potential advantage of these sensors is the ability to deploy multiple
receptors on a single electrode via the expedient of employing reporters that signal
at distinct, non-overlapping redox potentials. This allows for improved multiplexing
and for the introduction of error correcting ratiometric or differential measurement
approaches. To date, however, only a limited number of redox reporters have been
used in such sensors. In response we characterize here the performance of more
than a dozen of potential reporters that are, first, redox active within the potential
window over which (commonly employed) thiol-on-gold monolayers are stable and,
second, commercially available in forms that are either readily conjugated to
biomolecules or can be converted into such forms in one or two simple synthetic
steps. To test each of these reporters we conjugated it to one terminus of a

single-stranded DNA “probe” that was attached by its other terminus to a gold

! This chapter was adapted from a research article submitted for publication in
Analytical Chemistry. Reproduced in part with permission from [Kang et al. A
survey of redox-active moieties for application in multiplexed electrochemical
biosensors highlights the need for improved redox reporters. Anal. Chem., 2016,
Submitted]
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electrode to form an “E-DNA” sensor responsive to its complementary DNA target.
We then measured the signaling properties of each sensor and its stability against
repeated voltammetric scans and against deployment in and reuse from blood serum.
We find that while a handful of reporters, including anthraguinone, Nile blue, and
ferrrocene, exhibit reasonable signaling and stability, perhaps disappointingly, only
methylene blue exhibits near quantitative stability. Our work thus serves as both a
cautionary tale —we wish to help other researchers avoid fruitless efforts to employ
the many, seemingly promising and yet ultimately inadequate reporters we have
investigated- and as an illustration of the pressing need for the further development

of useful redox reporters.
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2.2 Introduction

Due to the ease, with which they are fabricated and employed, and their
oft-impressive selectivity and detection limits, electrochemical biosensors
employing redox-reporter-modified oligonucleotides' and polypeptides® have seen
significant recent attention. The potential advantages of sensors in this class are
multiple. First, they achieve good detection limits without the use of wash steps or
the addition of exogenous reagents*. Second, they perform well even when
deployed directly in realistically complex clinical samples, such as blood serum,
saliva, or crude cell lysates®®, and have even been used for the continuous
measurement of plasma drug levels’. Third, sensor fabrication is facile'®, and the

electronics required to interrogate these sensors are convenient and inexpensive™.

In addition to the above, an additional advantage of this class of electrochemical
biosensors is the ability to deploy multiple sensors on a single electrode by
employing reporters that signal at unique, non-overlapping reduction potentials.

12,13

This allows for improved multiplexing and for the introduction of error

correcting, ratiometric measurement approaches'**°. To date, however, the literature
describing these sensors has almost entirely utilized methylene blues, Nile blue™®*”,
anthraguinone™, or ferrocene®® as reporters. The expansion of this relatively short
list could improve the extent to which such sensors can be multiplexed. Moreover,
we have found (data not shown) that a lack of redox reporters of similar stability

hinders ratiometric error correction methods, which suffer if one reporter degrades

more rapidly than the other. Motivated by these observations we have, over many
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years of work in this area, characterized more than a dozen candidate redox
reporters, al of which are either commercially available in forms easily conjugated
to biomolecules or are readily converted into such forms via one or two simple
synthetic steps and all of which are active at potentials within the window in which
thiol-on-gold self-assembled monolayers are stable. As shown here, however, very
few of these potential reporters exhibit acceptable stability, and thus we abandoned
amost all of them without reporting their characterization in the literature.
Recently, however, we have become aware that other researchers had similarly
characterized and found unsuitable many of the same potential reporters. In an
effort to help future researchers avoid repeating yet again these same studies (none
of which have previously been published, thus causing unnecessary repetition of
effort), and to hopefully motivate efforts to identify new redox reporters, we

describe here these largely “negative” results.
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2.3 Resaults and discussion

The commercially available or easily synthetically accessible redox reporters we
have characterized fall into either of two classes. organic small molecules and
organometallic complexes. Among the former we have characterized methylene
blue, thionine, anthraquinone, anthraquinone with a five-carbon linker
(anthraguinone-C5), gallocyanine, Nile blue, indophenol, neutral red, dabcyl, and
carboxy-X-rhodamine (ROX) (Fig. 2-1). Among the latter we have characterized
ferrocene attached directly to either the 5’ or 3’ end of the DNA, ferrocene linked to
the DNA via a five-carbon linker (ferrocene-C5), and pentamethylferrocene. All
told we have, over more than a decade of working in the field of electrochemical
biosensors, characterized more than a dozen potential redox reporters, each as with
a carboxylic acid group supporting ready conjugation to an amine-terminated DNA.
Here we summarize the results of our many years’ experience working with these

potentially promising reporters.
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Figure 2-1. We characterized 13 potential redox reporters in total, nine organic small molecules
and two organometallic complexes. Two of these, ferrocene and anthraguinone, were
investigated with and without an additional five-carbon linker and one, ferrocene, was
investigated using both 3’ and 5’ linkages. All these potential reporters are available in (or are
easily synthesized as) forms containing a carboxylic acid group for ready conjugation to an

amine-modified DNA.
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To characterize the utility of these commercially or easily synthetically available
redox reporters we have, over a number of years of research incorporated each into
a simple E-DNA electrochemical DNA sensors. Specifically, we employed E-DNA
sensors composed of linear DNA strands modified with the relevant redox reporter
on its 3’-terminus (except for ferrocene, for which we have explored two 3’ and one
5’ linkage) and attached at its opposite terminus to a six-carbon alkane thiol
monolayer to a gold electrode ?'. Hybridization with a target oligonucleotide
reduces the efficiency with which the attached redox reporter transfers electrons to
the interrogating electrode, leading to a significant decrease in faradaic current
when the system is interrogated using, for example square wave voltammetry. For
each of the resulting sensors we measured signaling (i.e., do we see a clear, single
oxidation and reduction peaks for the DNA-reporter conjugate), signal gain
(relative signal change upon target saturation), electrochemical reversibility (i.e., its
stability against multiple voltammetric scans) and stability when exposed to a

realistically complex sample matrix (20% blood serum).

The properties of the potential reporters we have characterized vary widely. For
example, three of the potential reporters, thionine, dabcyl and ROX, failed to
produce clear oxidation and reduction peaks when conjugated to DNA (Fig. 2-2a).
A fourth potential reporter, indophenol, proved difficult for conjugation to DNA.
Specifically, athough free indophenol carboxylic acid is stable (and
electrochemically active) under basic conditions we found that it decomposed

during our atempts to conjugate it to an amine-terminated DNA. The redox
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potential of a fifth candidate, neutral red, shiftsto -0.7 V when modified to support
DNA conjugation, moving its potential close to the redox potential of alkane thiols
on gold and rendering the resultant sensor unstable (data not shown). Finally, a
sensor employing a 3’ ferrocene reporter produced only a very small peak current
(Fig. 2-2), and thus we decide not to carry it over to our next testing step. The
remaining reporters, in contrast, are al easily conjugated to amine-modified DNA
and produce clear redox peaks within the potential window over which

alkane-thiol-on-gold self-assembled monolayers are stable.
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Figure 2-2. Not all redox reporters are created equal. Dabcyl and ROX, for example, fail to
produce clear oxidation and reduction peaks when conjugated to DNA and interrogated using
our standard square wave voltammetric parameters, and thionine exhibits two peaks in the
relevant potential window. We investigated three ferrocene-containing constructs. one in which
the ferrocene is conjugated directly on to an amine appended to the 5’ end of the DNA, a second
in which the ferrocene is conjugated directly on to an amine appended to the 3’ end of the DNA,
and a third, ferrocene C5, in which there is an additional spacer between ferrocene and the
amide linkage to the DNA.
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Figure 2-3. We challenged the reporter-conjugated probes that exhibit clear reduction and
oxidation peaks with saturating concentrations of their complementary target to test their
signaling properties. All respond as expected to these targets, albeit with varying signal gain. Of
note signal gainin this class of sensorsis a strong function of both theintrinsic electron transfer
rate of the reporter and the square wave frequency and amplitude, thus likely accounting for the
variations in signal gain observed (all data were collected under a single set of square wave
parameters).

All of the remaining redox-reporters in our set produce at least reasonably high-gain
E-DNA sensors under the standard volammetric parameters we employ in our
sensors (Fig. 2-3). The <ability of the resultant sensors to repeated
oxidation-reduction cycles, however, varies widely (Fig. 2-4). Sensors fabricated

with methylene blue, for example, are impressively stable, exhibiting only 2%
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current loss after 100 square-wave voltammetric scans in buffer. Sensors employing
anthraquinone, Nile blue or 5-linked ferrocene, in contrast, are only modestly
stable under these conditions, exhibiting ~50% signal loss after 100 scans. Sensors
fabricated using 3’-linked ferrocene, ferrocene-C5 and penta-methyl ferrocene
linked are still less stable, loosing ~50% of their initial signal after only 50 scans.
For most of the sensors we observe an exhibit steady, monotonic decrease in current
as the number of scans increases. The signaling current of anthraguinone-based
sensors, however, drops off rapidly during the first few scans before largely leveling
off, and the signaling current from the gallocyanine-based sensor increases
significantly upon repeated scanning. The origins of this increase are unknown to

us.
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Figure 2-4. With the notable exception of methylene blue, (a) the redox reporters we have
investigated are at least somewhat unstable against repeated voltammetric scans, here
conducted in phosphate/NaCl buffer. (b) Unlike the other reporters we have characterized, the
signaling current from gall ocyanine-based sensors increases upon repeated scanning.
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An advantage of E-DNA-type sensors is their performance in complex sample
matrices such as blood serum'. Thus motivated we have tested the performance of
sensors fabricated using the reporters (methylene blue, 5’-ferrocene, anthraguinone,
and Nile blue) when deployed in 20% blood serum. The gain of each is effectively
indistinguishable from that seen in simple buffer solutions (Fig. 2-5a). And, once
again, we find that methylene blue is quite stable, exhibiting only minor signal loss
when scanned twice an hour for more than 8 hr under these conditions (Fig. 2-5b).
Sensors employing 5’-ferrocene, anthraquinone, or Nile blue, in contrast, loose
25-30% their original signal under these same conditions. Oddly, sensors fabricated
with anthraguinone exhibit significant signal loss during the first 90 min under
these conditions before then exhibiting a slow increase in signal. Finally, methylene
blue-based sensors exhibit only 11% decay over four cycles of deployment in serum
followed by regeneration (Fig. 2-5c). Nile blue-based sensors, in contrast, exhibit
20% loss and anthraguinone- and ferrocene-based sensors exhibit about 50% losses

under these same use-and-regeneration conditions.
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Figure 2-5. We characterize the performance of methylene blue, ferrocene, anthraguinone and
Nile blue in 20% blood serum. (@) Sensors fabricated with methylene blue, ferrocene,
anthraquinone or Nile blue exhibit ssimilar signal gain in response to target binding whether
deployed in simple buffer solutions or in 20% blood serum. (b) They all drift significantly,
however, when repeatedly scanned in 20% serum over the course of hours, with methylene blue
exhibiting the least drift. The pronounced biphaseic (downward and then upward) drift of
anthraquinone reflects the highly variable drift properties of this reporter in serum (i.e., the drift
varies dramatically from trial to trial). Similar trial-to-trial variability is seen for the drift of
methylene blue-based sensors when challenged in undiluted whole blood (data not shown). Its
origins are unclear. (c) Methylene blue-based sensors are likewise the most stable when the
sensors are challenged with multiple cycles of hybridization (with saturating target) and
regeneration (via di-water wash) in 20% blood serum.
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Here we have shown that, athough a number of redox active moieties that are
available in forms easily conjugated to DNA also support high-gain E-DNA
signaling, the stabilities of the resulting sensors differ dramatically. Sensors
employing methylene blue, for example, exhibit outstanding stability even in a
complex, multi-component sample matrix. The next best reporters, in contradt,
including ferrocene, anthraguinone, and Nile blue, also produce high-gain sensors
but exhibit rather significantly poorer stability against repeated voltammetric
scanning. Together these results suggest that more effort towards the development
of suitable redox reporters is needed if the multiplexing and ratiometric error

correction potential of electrochemical biosensors are to be fully realized.



2.4 Experiment and Method
Reagents

Anhydrous ferrous chloride (Sigma-Aldrich), sodium nitrite (Sigma-Aldrich),
Sodium cyclopentadienide (Sigma-Aldrich), n-butyllithium (1.6 M in n-hexane)
(Sigma-Aldrich), pentamethylcyclopentadiene (Sigma-Aldrich), 2-chlorobenzoyl
chloride (Sigma-Aldrich), auminum chloride (Sigma-Aldrich), potassium

t-butoxide (Sigma-Aldrich), methyl tertiary butyl ether (Sigma-Aldrich),

ferrocene-carboxylic acid, N-hydroxysuccinimide (Sigma-Aldrich),
N-hydroxysulfosuccinimide sodium salt (NHYS),
N-(3-dimethyl-amino-propyl)-N’-ethylcarbodiimide (Fluka),

2,6-dichloro-p-benzoguinone-4-chloroimine (Fisher), 2-hydroxyphenylacetic acid
(Fisher), Neutral red (Sigma-Aldrich),
3,7-bis(N-(3-carboxypropyl)-N-methylamino)-phenothiazin-5-ium perchlorate (MB
-NHS, empBiotech GmbH), anthraquinone-NHS (AQ-NHS, empBiotech GmbH),
anthraquinone-2-amidopentyl carboxylic acid NHS ester (empBiotech GmbH),
gallocyanine  carboxylic acid NHS ester  (empBiotech  GmbH),
ferrocene-amidopentyl carboxylic acid NHS ester (empBiotech GmbH), phosphate
buffer  (Sigma-Aldrich), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES) (Sigma-Aldrich) and fetal calf serum (Sigma-Aldrich) were all used as

received.
For the majority of our sudies we employed this sequence as our E-DNA “probe.”

5-HS-(CH2)6e-TGGATCGGCGTTTTATT-(CH2)6-NH>-3’
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which we conjugated in-house to carboxyl-modified reporters it to form an amide
bond (see below). Five of the potential reporters we characterized, however, were
instead obtained as DNA conjugates directly from a commercial synthesis house

(Biosearch, Inc., Novato, CA):
5—HS-(CH,)e-TGGATCGGCGTTTTAT T—(CH,)e—(NH-CO)-ROX-3’
5-HS-(CH2)e-TGGATCGGCGTTTTATT—(CH2)s—(NH-CO)-dabcyl-3’
5-HS-(CH,)s-TGGATCGGCGTTTTAT T—(CH2)e—(NH-CO)-anthraguinone-3’
5-HS-(CH2)6—ATTATTGATCGGCGTTTTAAAGAAG—(CH2)s—(NH-CO)-methy

lene blue-3’
3'-HS-(CH2)s—AGACAAGGAAAATCCTTCAATGAAGTGGGTCG—CH2)s—(N

H-CO)-ferrocene-5’

As the target olignonucleotide for these sensors we employed the following

unmodified DNA constructs as appropriate:
5-AATAAAACGCCGATCCA-3’
5-TAAAACGCCGATC-3
5—-CGACCCACTTCATTGAAGGATTTTCCTTGTCT-3

Synthesis of Succinimidyl Ester-modified redox reporters

Thionine. We mixed thionine (2.6 g) and 8-bromooctanoic acid (3 g) in DMF (40
mL) to synthesis 3N-octanoic-acid-modified thionine. The mixture was refluxed
overnight (10 hr). The crude product mixture was concentrated in vacuum, before

being dissolved in methanol and filtered (Celite). We use silica column
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chromatography (100:12:1.2 with chloroform/methanol/acetic acid) to purify the
product (251 mg) with poor yield (7.5%).

To synthesize thionine succinimidyl ester, we mixed
N,N'-Dicyclohexylcarbodiimide (DCC), N-hydrosuccinamide (NHS), and
3N-octanoic-acid-modified thionine in dry dimethylformamide (DMF). The
solution was stirred overnight under argon at room temperature. We concentrated
the mixture in vacuum, and purified the product with silica column chromatography

(100:12:1.2 chloroform/methanol/acetic acid).

Nile Blue. We first prepared 5-(dimethylamino)-2-nitrosophenol by dissolving 826
mg of 3-(dimethylamino)phenol in concentrated hydrochloric acid (5 mL) at 0°C,
followed by the slow addition of 400 mg sodium nitrite, stirring until the content
solidified (about 40 min). The precipitate was isolated via vacuum filtration and
washed with chilled 1 M hydrochloric acid. The crude product, a yellow-brown
solid, was dried in vacuum and used for the conjugation reaction without further
purification. In parallel we prepared 3-(naphthalen-1-ylamino) propanoic acid by
dissolving 200 mg naphthylamine in DMF (15 mL) followed by the addition of 5
mL of 6 M sodium hydroxide and equimolar amounts of dissolved
3-bromo-propionic acid ethyl ester. We refluxed the mixture for 12 hr. After the
reaction finished, we dried the crude reaction mixture in vacuum and purify the
product using silica column chromatography (20:1 hexane/methanol). To obtain
propionic acid modified Nile blue we first dissolved 34 mg of

5-(dimethylamino)-2-nitrosophenol and 44 mg of
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3-(naphthalen-1-ylamino)propanoic acid in DMF (10 mL), and heated the reaction
mixture to 90°C for overnight. We dried the crude reaction mixture in vacuum and

purified it using silica column chromatography (3:1 CHCls/methanol).

2,6-Dichlorophenal-indophenol. We dissolved 150 mg
2,6-dichloro-p-benzoquinone-4-chloroimine  in 2 mL  methanol and
2-hydroxyphenylacetic acid in 10 mL 100 mM Ky;HPO,. We then mixed two
solutions and stirred overnight at room temperature. The resulting solution was
dried under vacuum to produce the crude purple blue product which we purified

using silica column chromatography (100:10:1 chloroform/methanol/acetic acid).

Ferrocene. We use the previously described procedure® to convert ferrocene
carboxylic acid to ferrocene succinimidyl ester (Fc-NHS). In brief, we mixed a
5-fold excess of NHS and EDC with ferrocene carboxylic acid in dichloromethane
(DCM). The solution was tirred overnight under argon (~12 hr) a room
temperature. The resulting solution was then washed with water and the organic
phase was collected and dried with MgSO,, filtered, and evaporated. Finally, we
used silica column chromatography with diethyl ether to purify the product
(Fc-NHS).

Pentamethyferrocene. A suspension of FeCl, in tetrahydrofuran (THF) was
vigoroudly stirred in the dark 1 hr to produce FeCl,»THF. Separately, n-butyllithium
was added drop-wise to pentamethylcyclopentadiene in tetrahydrofuran in adry ice
acetone bath and the mixture was then warmed and stirred at room temperature for

2 hr. We then slowly transferred this mixture into the FeCl,»THF solution and
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stirred at room temperature for 1 hr. Sodium cyclopentadienide was slowly added to
this via cannula before dirring over night (=16 hr). The resultant

pentamethylferrocene product was recrystallized from pentane with a yield of 60%

To obtain pentamethylferrocene carboxylic acid we first mixed 2-chlorobenzoyl
chloride and AlCl3 in dichloromethane for 1 hr a 0°C. We cooled this to -40°C and
then slowly add pentamethylferrocene in dichloromethane. We then warmed the
mixture to 15°C over 60 min to generate 2-chlorobenzoyl-pentamethylferrocene
which we then poured onto crushed ice. We next washed the organic phase with 1
M NaOH and dried it against MgSO, before filtering and evaporating the solvent.
We purified the crude 2-chlorobenzoyl-pentamethylferrocene using silica column
chromatography (25:1 cyclohexane/methyl tert-butyl ether). We then mixed the
2-chlorobenzoyl-pentamethylferrocene with potassium tert-butoxide and few drops
of water in dimethylformamide (DMF) and refluxed the mixture at 110°C for 1 hr to
produce the carboxylic acid. After cooling the mixture to 0°C we then added 1 M

HCI to obtain the red brown solid, which we washed with water, filtered and dried.

To synthesize pentamethyferrocene succinimidyl ester we added NHS and
N-(3-dimethylamino-propyl)-N’-ethylcarbodiimidehydrochloride (EDC) to a 25
mM solution of pentamethylferrocene carboxylic acid in dichloromethane to a final
concentration of 60 mM each and stirred overnight (~12 hr) under argon at room
temperature. The resulting solution was then washed with water and the organic

phase was collected and dried with MgSO,, filtered, and evaporated. We then
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purified the pentamethyferrocene succinimidyl ester product using silica column

chromatography (diethyl ether).
Conjugating the redox reportersto the DNA probes

Conjugation of the redox reporters to the appropriate single-stranded DNA was
achieved via the coupling of the NHS-ester redox reporter conjugate with the
5’-alkyl-amino modified single stranded DNA. 10 uL of 200 uM 5’-akyl-amino
DNA was added to 50 uL of a 0.5 M sodium bicarbonate solution (pH 8.5), and 1
uM of the reporter-NHS was dissolved in 10uL dimethyl sulfoxide (DMSO)%. We
mixed the DNA solution we prepared above and the reporter-NHS DM SO solution,
and incubated the mixture for 4 hours in dark a room temperature. After
conjugation the DNA was desalted using a spin column (EMP-Biotech) and purified
by RP-HPLC (C18 column). The stocked DNA solutions were stored at -20° C for
future use. The yield of the final conjugated product, estimate using HPLC and

mass spectrometry, was typically about 20% of the DNAs were modified.
Electrode preparation and sensor fabrication

E-DNA sensors were prepared using established procedures'®. In brief, prior to
sensor fabrication, gold disk electrodes (2 mm diameter, CH Instruments, Austin,
TX) were cleaned both mechanically (by polishing with diamond and alumina
oxide slurries successively) and electrochemically (through successive scans in
sulfuric acid solutions) as previously described. The linear probe DNA were
reduced for 1 hr a room temperature in 10 mM tris(2-carboxyethyl)phosphine

hydrochloride (Molecular Probes, Carlsbad, CA) and then diluted to a final
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concentration of 1 uM in 50 mM phosphate /100 mM NaCl buffer, pH 7.0, as was
used in all the experiments to follow unless otherwise noted). The gold electrodes
were incubated in this solution for 1 hr a room temperature, rinsed with deionized
water, and then incubated in 3 mM 6-mercapto-1-hexanol in deionized water for
120 min. After deposition of this molecule onto a gold electrode the electrode
surface is “backfilled” with 6-mercapto-1-hexanol to form a continuous, mixed,
self-assembled monolayer. Following this, the electrodes were rinsed in deionized

water and stored in buffer for future use.
Sensor characterization

Fabricated sensors were interrogated using square wave voltammetry (SWV) with a
50 mV amplitude signal at a frequency of 60 Hz, in the absence and presence of
fully complementary target. For the latter measurements the electrodes were
incubated for 30 min with the target DNA a 1 uM in 50 mM phosphate, 100 mM
NaCl buffer or 20% fetal calf serum in the same buffer. Values with reported error
bars represent the average and standard deviations of measurements performed on
at least three independently fabricated electrodes. Signal gain was computed by the
relative change in SWV peak currents with respect to background current (SWV
peak current in the absence of target).

Our sensors were sored in buffer in sealed at room temperature. To test sensor
robustness to repeated electrochemical interrogations, sensors were subjected to
multiple SWV scans without target using a scan interval in both buffer and 20%

serum. To test sensor robustness to multiple testing cycles were assessed by
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subjecting the sensors to a repeated cycle of testing, testing in saturating target, and
regeneration with a 30 s deionized water rinse. These cycles were repeated 5 times

in 20% serum respectively.
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3. Re-engineering electrochemical biosensors to narrow or

extend their useful dynamic range?

3.1 Abstract

Here we demonstrate two convenient methods to extend and narrow the useful
dynamic range of a model electrochemical DNA sensor. We did so by combining
DNA probes of different target affinities but with similar specificity on the same
electrode. We were able to achieve an extended dynamic response spanning 3
orders of magnitude in target concentration. Using a different strategy we have also
narrowed the useful dynamic range of an E-DNA sensor to only an 8-fold range of

target concentrations.

2 This chapter was adapted from a research article published in Angewandte
Chemie International Edition. Reproduced in part with permission from [Kang et al.
Re-engineering electrochemical biosensorsto narrow or extend their useful
dynamic range. Angewandte Chemie International Edition 2012, 51, (27),
6717-6721] Copyright © 2012 WILEY-VCH Verlag GmbH & Co.
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3.2 Introduction

The use of electrode-immobilized biomolecules, such as proteins and nucleic acids,
represents a common feature among many emerging biotechnologies. For example,
the specificity, affinity and versatility of biomolecular recognition has been
exploited for the development of a wide range of electrochemical biosensors that
show promise for the detection of many clinically and industrially important
analytes. Such “bioelectronic interfaces” similarly form the basis of biofuel
cells® and molecular logic gates”, technologies that have attracted significant
recent efforts. Interest in the applications of surface-electrode-bound biomolecular
systems is thus rapidly growing.

Despite their often impressive performances, technologies based on biomolecular
recognition suffer from the inherent limitation of single-site binding: its fixed
dose-response curve characteristics. That is, single-site binding almost invariably
produces a fixed, hyperbolic relationship between target concentration and receptor
binding (the Langmuir isotherm) for which the useful range (here defined as the
range between 10% and 90% site occupancy) spans an 81-fold concentration
range™™. This fixed dynamic range reduces the utility of electrochemical
biosensors in applications, such as viral load monitoring, in which the concentration
of the target molecule can vary over many orders of magnitude. It likewise limits
the usefulness of biosensors in applications requiring high sensitivity (a steep
relationship between target concentration and output signal), such as in the

monitoring of drugs with narrow therapeutic windows. Thus, the possibility to
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arbitrarily extend or narrow this fixed dynamic range would prove advantageous in
several biosensing applications. Similarly, the ability to extend the dynamic range
of biorecognition would likely improve the efficiency of biofuel cells®, and the
ability to narrow the dynamic range would reduce noise in molecular logic gates?,
further illustrating the limitations associated with the fixed dynamic range of most
biomolecular recognition.

Recently we have shown that some of the mechanisms employed by nature to ater
the otherwise fixed dynamic range of single-site binding can also be used to
broaden and narrow the dose-response curves of solution-phase, optical
biosensorg5]. For example, by combining together biosensors of identical
specificity but differing in affinity we have expanded the useful 81-fold range of a
molecular beacon, a model solution-phase optical biosensor, by more than
10,000-fold[5]. In parallel we have also adapted the sequestration mechanism, often
employed by nature to generate “ultrasensitive” genetic networks, to narrow the
dynamic range of the same biosensor down to 5-fold, thus greatly increasing the
sensitivity of this category of biosensorg[5].

Following the above work we demonstrate here the application of these approaches
to modifying the dynamic range of reagentless, electrochemical biosensors.
Specifically, we have used these approaches to arbitrarily narrow and broaden the
useful dynamic ranges of electrochemical “E-DNA” sensorg6, 7], a class of

conformation-linked DNA platforms that enable the single-step detection of
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specific oligonucleotides directly in complex media, such as blood serum and

environmental samples (Figure 3-1)[7, 8]
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Figure 3-1. (Left) E-DNA sensors consist of a stem-loop DNA modified with a redox reporter
(here methylene blue) and attached to an interrogating gold electrode via an introduced thiol
group[7]. This probe undergoes a large-scale conformational switch upon hybridization with a
DNA complementary to the loop, leading to large change in Faradaic current from the redox
reporter. The affinity of such “switch-based” probes can be rationally tuned by many orders of
magnitude, without affecting their specificity, by simply altering the stability of their
nonbinding, non-signalling state (e.g., by varying the stability of the E-DNA probe’s stem with
the change of the GC base pairs content)[9]. (Right) Here we have employed a set of three
E-DNA probes sharing a common recognition element but spanning almost three orders of
magnitude of target affinity. Error bars in this figure and in the following figures represent the
average and standard deviations of measurements performed on at least three independently
SENsOrs.
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3.3 Results and discussion

E-DNA sensors are comprised of a redox-reporter-modified stem-loop DNA-probe
(receptor) attached to an interrogating electrode [7]. In the absence of target, the
formation of the stem holds the redox reporter into proximity with the electrode,
supporting efficient electron transfer. Upon hybridization with a complementary
oligonucleotide target, the terminus of the probe is pushed away from the electrode,
which, in turn, hinders the efficiency with which electrons are transferred to the
electrode and reduces the observed Faradaic current (Figure 3-1). The first strategy
we have employed to narrow or extend the dynamic range of this sensor requires
the availability of probes directed against the same target molecule but differing in
affinity[5]. For the E-DNA sensor this can be achieved by using a set of stem-loop
probes that share a common recognition loop, and thus target the same DNA
sequence, but differ in the stability of their double-stranded stems. Doing so we can
arbitrarily vary the target-probe dissociation constant — here over three orders of
magnitude- without affecting the target-recognizing loop, and thus without
changing the probe’s sequence specificity[5, 9] (Figure 3-1). While the affinity of
E-DNA sensors is easily tuned via changes in their stem stability, reaching this
objective can be more challenging for structurally less-defined recognition elements.
Despite this, a number of rational and semi-rational strategies have been reported
by which to engineer (and tune) similar switching mechanisms into aptamers,
aptazymes. and even proteins'?. Loh and co-workers, for example, have recently

demonstrated a generic strategy to design novel protein-based switches, termed
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"aternate frame folding”, in which duplication of a portion of a protein's sequence
is used to stahilize an alternative, nonbinding, circularly permuted conformation!*®®,
Proteins and nucleic acids can also be engineered to undergo folding-induced
conformational changes via the introduction of destabilizing mutations (typically
remote from the target binding site so as to ensure that specificity is retained) that
push the folding equilibrium toward the nonbinding, unfolded state, thus coupling
binding to a conformational change (folding) and simultaneously coupling binding
affinity to folding stability *°!.

As noted above, traditional E-DNA sensors exhibit a useful dynamic range of
81-fold (Figure 2-1), again defined as the change in concentration required to
transition from receptor occupancy of 10% to occupancy of 90%. We can extend
this useful dynamic range by co-immobilizing two E-DNA probes differing in
affinity for their (common) target DNA onto a single electrode. (Of note, the
E-DNA probes we have employed are equally modified with the same methylene
blue redox reporter and thus they both signal at the same redox potential and with
the same relative signal change at saturating target concentrations, Figure 3-1). To
achieve optimal log-linear behavior in the modified sensor, the affinities of the two
probes should differ by approximately 30-fold[5]. For example, by combining on
the same electrode surface an equimolar concentration of the low-stability 0GC
stem-loop probe (Figure 3-1, bottom), which exhibits a dissociation constant of 19
nM, with the more stable 3GC stem-loop probe, exhibiting a dissociation constant

of 580 nM, we expand the normally 81-fold dynamic range of this approach to
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approximately 1,000 fold (spanning from 2 nM to 2,000 nM) and achieve excellent

linearity on a log[concentration] plot (R? = 0.978; Figure 3-2).
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Figure 3-2. Employing a pair of signalling probes differing in affinity we can broaden the
dynamic range of E-DNA sensors. (A) We did so by co-immobilizing (1:1 ratio) on a single
electrode surface arelatively low affinity E-DNA probe (e.g., probe 3GC, K4 = 580 nM) with a
higher affinity E-DNA probe (e.g., probe 0GC, Kq = 19 nM). (B) The useful dynamic range
(defined as the fold-concentration change upon transition from 10% occupancy to 90%
occupancy) of these individual probes spans an 81-fold range of target concentrations over two
distinct concentration regimes. (C) With this strategy the resulting dose-response curve is
extended and spans a 1,000-fold range of target concentrations.

The availability of probes retaining a common specificity profile but differing in
affinity also provides a means of narrowing the useful dynamic range of E-DNA
sensors, thus enhancing their sensitivity (the steepness of the input/output curve)
and improving their ability to measure small changes in concentration. Specifically,
we adapted here the sequestration mechanism used by nature to improve the

sensitivity of many regulatory cascades through the competition between a
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high-affinity, but not signaling, recognition element (the depletant) and a
low-affinity signaling receptor [10-12]. To demonstrate this we co-immobilized two
E-DNA probes, the stem-loop sequence 1GC and an equivalent, fully linear probe
lacking a complementary stem, both of which are complementary to the same
13-base target sequence. Because the linear probe does not undergo a
binding-induced conformational change its affinity for the DNA target is
significantly greater than that of the stem loop 1GC probe. In this application the
higher affinity linear probe lacks any redox reporter (methylene blue) and thus the
hybridization of the target to this probe does not produce any measurable signal
change. This linear probe therefore acts as the depletant, “silently” sequestering the
target until the threshold concentration is surpassed [12]. The lower-affinity
signalling probe (1GC) is only activated (and thus only signals the presence of the
target) when the depletant is saturated and this threshold is surpassed.

Using this approach we convert the hyperbolic dose-response curve of a traditional
E-DNA sensor into an ultrasensitive response with a dynamic range spanning only
an 8-fold range of target concentration, an order of magnitude narrower than the

dynamic range of atraditional E-DNA sensor (Figure 3-3).
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Figure 3-3. Using the sequestration mechanism we can dramatically narrow the useful dynamic
range of an E-DNA sensor, thus greatly improving its sensitivity (i.e., its ability to measure
small changes in target concentration). (A) We do so by co-immobilizing on a single electrode
surface a low affinity, signaling E-DNA probe with a higher affinity probe (depletant) which,
lacking the redox reporter, does not signal upon binding its target. At low concentrations the
target preferentially binds the depletant, which removes (sequesters) target from the sample
without generating a signal. When the total target amount surpasses that of the depletant (the
sink is saturated), a threshold response is achieved in which further addition of target
dramatically raises the relative concentration of free target. This gives rise to a much steeper
dose-response curve than this would occur in the absence of a depletant. (C) Using this
approach we have narrowed the 81-fold useful dynamic range of an unmodified E-DNA sensor
to amere 8-fald, thusincreasing its sensitivity by an order of magnitude.

The sensitivity achieved via the sequestration mechanism depends on the relative
amounts of depletant and signaling probe[12], and thus on the relative density of the
two on the sensor’s surface. To demonstrate this we have altered the ratio of probe
and depletant on our sensors by altering the depletant/probe concentration ratio
employed during sensor fabrication [13-15]. To compare sensors fabricated using
differing depletant/probe ratios we fitted their input-output curves to the Hill

eguation, which, although physically meaningful only when used to describe the



ultrasensitivity associated with allosteric cooperativity[16], provides a convenient
means of quantifying the steepness of a binding curve. As expected, we observe a
“pseudo”-Hill coefficient near unity (1.1+0.1) for sensors lacking the depletant.
Upon the addition of the depletant probe, this coefficient increases monotonically
with increasing depletant/probe ratios until it plateaus at 2.3 for ratios above 50
(Figure 3-4, right). The highest pseudo-Hill coefficient we have achieved
compresses the 81-fold useful dynamic range of an unmodified E-DNA sensor to
only 8-fold, significantly increasing the steepness of the dose-response curve of the
sensor and, in turn, improving its ability to detect smaller relative changes in target

concentration.
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Figure 3-4. The sensitivity (i.e., steepness of the dose-response curve) achieved using the
sequestration mechanism depends on the ratio of depletant to probe employed during sensor
fabrication. To show this we have fitted our data to obtain pseudo-Hill coefficients, which,
although our system is not classically cooperative, are analogous to the Hill coefficient
commonly used to describe cooperative enzymatic systemg[16]. We find that the pseudo-Hill
coefficient increases monotonically with thisratio until plateauing at val ues above 50.

The above arguments notwithstanding, we must note that this strategy is not

without limitations. Specifically, the sequestration approach only works for fixed,
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small sample volumes (here we have employed 3 uL samples) so as to avoid the
“premature” saturation of the fixed number of depletant molecules on the electrode
surface. Moreover, as discussed before, the probe/depletant ratio on surface is a key
factor which must be carefully controlled. We did so by assuming that the density
ratios on surface are linearly correlated with the concentration ratios deployed in
solution during deposition. This (seemingly reasonable) assumption seems
confirmed by the linear dependence of the absolute current signals (which are
correlated to surface density!*!) versus [probe]/[depletant] ratio (Figure 3-5).
However, we note that this correlation could be more complicated for less defined
recognition elements which can induce a non-linear immobilization of probe and
depletant (Figure 3-6). Finally, the approach proposed is limited to
[depletant]/[probe] ratio of 100 over which the signal of the probe is so low that it is
not possible to record any significant redox signal (Figure 3-7). Motivated by the
above issues, here we also propose the use of an alternative strategy where a fixed
concentration of depletant is exogenously added to the mixture solution on each
working electrode (Figure 3-8) thus avoiding the problems due to uncontrolled
density ratios. Moreover, because the depletant is now free to diffuse in solution, its
affinity for the target is greatly increased and this allows to use the same
recognition element as both the depletant and the signalling probe, the later being

only different from the former due to the presence of the readout tag.
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Figure 3-8. To overcome the limitations inherent to the surface attached depletants (which are
easily saturated), we also show that the depletant probe can be simply added in solution at a
fixed concentration. Here we use an unlabeled non-signalling probe (with the exact same
sequence of the signalling redox-labelled probe) that sequesters the target DNA till a threshold
level (fixed by the depletant concentration in solution) over which further increase in target
concentration results in a steep dose-response curve. Because the depletant is free in solution, it
rapidly reacts with the target (and with higher affinity) before this later can diffuse to the
electrode surface and “activate” the signalling probe. (B) By using different concentrations of
depletant in the reaction mix (0, 0.05, 0.4,2,6 M) we can not only achieve steeper transitions
than those observed with the depletant co-immobilized with the probe but we can also easily
tune the threshold level at which we observe the sharp digital-like response of the sensor.

The unattached “non-signalling” depletant probe sequesters the target DNA until a
threshold level (fixed by the depletant concentration) over which further increase in
target concentration results in a steep dose-response curve (Figure 3-8). To improve
the convenience of this approach a specific amount of depletant has been
non-covalently absorbed on the electrode surface and diffuse in solution as soon as

the drop solution is applied on the electrode surface, maintaining the single-step
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convenience of the fully covalent architectures described above. With this strategy
we have built an array of electrodes, each of which containing various
concentration of depletant, and thus various target threshold with pseudo-Hill
coefficient values between 3 and 4 and a dynamic range spanning only 2-3-fold of
target concentration (Figure 3-8),

Here we have demonstrated convenient methods to extend and narrow the useful
dynamic range of a model electrochemical DNA sensor. We did so by combining
DNA probes of different target affinities but with similar specificity on the same
electrode[5]. Employing a pair of signaling probes with dissociation constants
differing by approximately an order of magnitude we produced a pseudo-log linear
response spanning 3 orders of magnitude in target concentration. And, by
employing a pair of probes in which the higher affinity probe is non-signaling we
have narrowed the useful dynamic range of an E-DNA sensor to only an 8-fold
range of target concentrations, significantly improving its sensitivity. Moreover,
because the relevant probes are all strongly chemiadsorbed onto their interrogating
electrodes, the modified sensors remain reagentless, reusable, highly selective
electrochemical devices readily amenable to lab-on-a-chip applications and
point-of-care usg[7]. To overcome possible limitations in the application of the
strategy employed to narrow the sensor’s dynamic range, we have also
demonstrated an alternative “sequestration” approach where the depletant does not

need to show a higher affinity than the probe itself and is free to diffuse in solution.
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Our work is not the first to rationally extend the useful dynamic range of an
electrochemical biosensor. Our approach, however, appears rather easier to
implement than other, previously reported approaches to this end. This includes
approaches based on the use of multiple sensors combined with chemometric
strategy[17] or on the use of diffusion barrier membraneg[18]. In addition, the use
of sets of recognition elements differing only in affinity, and not specificity,
represents an advantage over other approaches, such as those utilizing combinations
of enzymes differing in both affinity and specificity[19], in that it leads to a fixed
specificity profile across the sensor’s entire dynamic range.
In contrast to broadening the useful dynamic range of electrochemical biosensors, a
goal that has seen significant prior literature exploration, we are not aware of any
prior literature regarding the narrowing of their dynamic range. The steep dose
response curves we achieved open the door to a number of sensing applications
requiring high sensitivity and a low signal-to-noise ratio at certain specific target
concentration. Of note, compared to a sensor that responds gradually to target
inputs, an ultrasensitive electrochemical sensor would be far more useful to
generate electrochemical logic gates, ideas that have attracted significant recent
interest[20-23].

The approach demonstrated here is general, and can be applied to extend or
narrow the dynamic range of other electrochemical biosensors provided that the
affinities of the biomolecular recognition elements upon which they are based can

be appropriately tuned. This is the case of, for example, conformational-switching
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ribozymes and aptamers whose affinity has been rationally modulated through
guantitative and predictive model to meet certain performance requirements| 24-28].
And despite the rational and semi-rational engineering of proteins or more complex
recognition elements is a more challenging task, several examples demonstrate that
this is possible and thus potentially rendering our approach to affinity tuning
broadly applicable[29-35].

The ability to broaden or narrow the dynamic range of biomolecular
recognition could also be of utility in biotechnologies beyond biosensing. The fixed
dynamic range of single site binding, for example, limits the utility of biomolecular
recognition in biofuel cells, for which wider dynamic range equates to better power
efficiencieq36]. It aso limits the performance of bio-electronic “logic gates” used
in biocomputing, as a steeper, nearly all-or-none “digital” response could

significantly reduce the noise floor in such systems [20, 37, 38].
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3.3 Experiment and method

Materials and Methods

The following reagents were used as received: sodium phosphate monobasic
(Sigma Aldrich), sodium phosphate dibasic heptahydrate (Sigma Aldrich), sodium
cloride (Sigma Aldrich), tris(2-carboxyethyl)phosphine hydrochloride (TCEP)

(Molecular Probes, Carlsbad, CA).

Signaling probes, depletant probes and target sequences were commercially sourced
(Biosearch Technologies, Novato, CA) and used as received. Their sequences
were as follows:

Probe 0GC, 5- HS(CHpeA TTATT GATCGGCGTTTTA AAGAA
G--(CH2)7-NH-MB-3

Probe 1GC, 5- HS(CHyesA CTATT GATCGGCGTTTTA AATAG
G--(CH2)7-NH-MB-3

Probe 3GC, 5- HS(CHpesA CTCTC GATCGGCGTTTTA GAGAG
G--(CH2)7-NH-MB-3

Depletant, 5'- HS-(CH,)s-ATTATT GATCGGCGTTTTA-3

Target: 5-TAAAACTCCGATC-3..

Where -(CH2)7-NH-MB-3' represents a methylene blue (MB) added to the terminal
phosphate viaa C-7 amino linker. Probes and depletant were modified at the 5’ end

with athiol group for attachment to the electrode surface.
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Electrode Preparation and Sensor Fabrication

E-DNA sensors were prepared using a well-established previously described
procedure [13-15]. In brief, prior to sensor fabrication, gold disk electrodes (2 mm
diameter, CH Instruments, Austin, TX) were cleaned both mechanically and
electrochemically. Before use, probe and depletant were reduced for 1 hr at room
temperature in the dark in 10 mM TCEP. The relevant DNA probes were then
immobilized onto freshly cleaned electrodes by incubating for 1 hr in 500 mM
NaCl/10 mM potassium phosphate, pH 7 buffer. To achieve a wide dynamic range
the probe 0GC and 3GC were mixed inal:1ratio at atotal concentration of 1 uM. To
narrow the dynamic range of the E-DNA sensors we employed a mixture of probe
1GC and depletant at varying ratios of 1:1, 1:10, 1:25, 1:50 and 1:100 at a total
concentration of 1 uM. The electrodes were then rinsed with distilled, deionized
water, and incubated in 3 mM 6-mercapto-1-hexanol in 500 mM NaCl/10 mM
potassium phosphate, pH 7 buffer for 30 min.  Following this, the electrodes were

rinsed in water water and stored in buffer for future use.

Electrochemical Measurements

Fabricated sensors were interrogated using square wave voltammetry (SWV) with a
50 mV amplitude signal at a frequency of 60 Hz, before and after a hybridization
step with increasing concentrations of the complementary target. To do this, the
electrodes were first interrogated in a pure buffer solution (background signal) 1 M

NaCl/10 mM potassium phosphate, pH 7 and then incubated for 30 min in a solution



with the appropriate concentration of target DNA. After this incubation, the
electrodes were transferred back to the blank buffer solution for a new SWV
measurement. Signal gain was computed by the relative change in SWV peak
currents with respect to background current. When attempting to achieve a narrow
range the volume of the hybridization solution was kept at a minimum allowable of
3 L. Infact, it should be considered that since the depletant is immobilized on the
electrode, its amount is fixed and determined by its surface density. The threshold
value a which the sensor responds will therefore depend on the volume of the
hybridization solution. And since the surface density of a sensor has also a maximal
limit, this limits the total amount of depletant available for hybridization with the
target and thus could explain the plateau in sensitivity that we observe in our
experiments. In addition we note that the ratio of the depletant concentration to the
probe concentration employed during sensor fabrication cannot exceed 100; at
higher ratios the density of probes on the surface is so low that the electrochemical
signal degrades, resulting in unacceptable sensor-to-sensor variability[39]. Values
and graphs with reported error bars represent the average and standard deviations of

measurements performed on at least three independently fabricated electrodes.
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4. A new architecture for reagentless, protein-based

electrochemical biosensor s®

4.1 Abstract

Here we demonstrate a new class of reagentless, single-step sensors for monitoring
protein-protein and protein-peptide interactions that is the electrochemical analog of
fluorescence polarization (fluorescence anisotropy), a versatile optical approach
widely employed to this same end. Our electrochemical sensors consist of a
redox-reporter-modified protein (the“receptor”) site-specifically anchored to an
electrode via a short, flexible polypeptide linker. Interaction of the protein with its
binding partner alters the efficiency with which the attached reporter approaches the
electrode surface, thus changing the observed redox current. As proof-of-principle
we employed the bacterial chemotaxis protein CheY as our receptor. Interaction
with either of CheY ’s two binding partners, the P2 domain of the chemotaxis kinase,
CheA, or the 16-residue “target region” of the flagellar switch protein, FliM, leads
to easily measurable changes in the output voltammetric signal that trace
Langmuir-isotherms within error of those seen in solution. Phosphorylation of the
surface-bound CheY changes its affinity for both ligands in a manner likewise
consistent with the behavior observed in solution. As expected given the proposed

sensor signaling mechanism, the signal change observed upon binding depends

® This chapter was adapted from aresearch article in preparation for publication.
Reproduced with permission from [Kang et a. A new architecture for reagentless,
protein-based electrochemical biosensors]
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strongly on the placement of the redox reporter, due presumably to the influence of
geometric orientation and steric hindrance. Following these preliminary studies we
developed and characterized additional sensors aimed at the detection of specific
antibodies (using the relevant antigens as the receptor) that likewise exhibit
excellent detection limits without the use of reagents or wash steps. This novel,
protein-based electrochemical sensing architecture provides a new and potentially
promising approach to quantitative, single-step measurement  specific

protein-macromolecule interactions.
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4.2 Introduction

Among quantitative methods for measuring the levels of specific, diagnostically
relevant proteins, only fluorescence polarization (also known as fluorescence
anisotropy)[1] has seen widest use in point-of-care application[2-6]. This approach,
which reports on the presence of a specific protein-protein complex via
binding-induced changes in the tumbling of an attached fluorophore, does not
require washing to remove unbound reagents, rendering it one of the more
convenient methods for quantifying the levels of specific proteins in clinical
samples. Several limitations, however, significantly reduce its utility at the point of
care. For example, when challenged with authentic clinical samples the approach
requires considerable signal averaging and careful background subtraction. In part
this is due to the approach’s modest signal gain: the intensity difference between the
two polarizations is typically of order ~15% (i.e., 150 millipolarization units) for an
antibody-antigen complex, which must be measured against background
polarizations typically ranging from 5 to 30% [7-9]. Fluorescence polarization also
requires fairly large volumes, necessitating venous blood draws, reducing their
utility in point-of-care applications. Finally, the approach is not easily multiplexed,
rendering it ill suited for the simultaneous monitoring of, for example, multiple
antibodies diagnostic of a single pathogen.

In response to the above arguments a number of groups have developed
electrochemistry-based sensing platforms that attempt to capture the generality of

fluorescence polarization while avoiding some of its limitations [10-12]. In
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previous work, for example, we developed an electrochemical approach utilizing a
double-stranded nucleic acid “scaffold” modified on one end to present both a
protein-recognizing polypeptide or small molecule and a redox reporter and
covalently attached to gold electrode via a flexible linker via the other. The binding
of the sensor’s target to this recognition element reduces the efficiency with which
the attached redox reporter approaches the electrode (analogous to the change in
tumbling seen in fluorescence polarization), producing an easily measured change
in electron transfer efficiency (analogous to a change in fluorescence polarization)
[10, 13-15]. This strategy offers several significant advantages over other methods
for detecting protein targets, including the reduced complexity associated with its
reagentless, single-step, wash-free format and better performance in complex
samples, such as undiluted blood serum and crude soil extractg10]. Here we
expand this promising sensing approach by demonstrating sensors that, rather than
using a double-stranded DNA scaffold and a low molecular weight recognition
element (e.g., a polypeptide), instead employ full-length proteins as both the
recognition element (receptor) and the scaffold, expanding the range of analytes

that the approach can target.
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4.3 Results and discussion

Here we demonstrate a single-step electrochemical approach for measuring specific
protein-protein and protein-peptide interactions that should be expandable to a wide
range of other macromolecular targets. As our first test bed we employed as our
receptor CheY, a response regulator protein from the E. coli chemotaxis signal
transduction system. The structure and folding of CheY and its binding to its protein
and peptide targets CheA-P2 and FliMis have seen extensive prior study [24-27],
rendering them a convenient model system. To convert CheY into a single-step
electrochemical sensor we first generated a family of CheY variants containing a
carboxy-terminal hexa-his tag with each exposing a single cysteine side chain for
conjugation to a maleimide-functionalized methylene blue. To generate our sensors
we then used copper complexation with the His-tag to attach each modified protein
onto a gold electrode coated with an alkane thiol self-assembled monolayer doped
with a small fraction of copper chelating nitrilotriacetic acid (NTA) head groups

(Figure 4-1a).
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Figure 4-1. Our sensor is comprised of a redox-reporter-modified protein that acts as a
recognition element (receptor) attached to a gold electrode via a NTA-modified, thiol-on-gold
self-assembled monolayer. a) Signal generation occurs when a target protein or peptide binds to
this recognition element, reducing the efficiency with which the attached reporter (here
methylene blue; shown as a blue dot) transfers electrons to the electrode. b) & c) Thisin turn,
leads to an easily measured decrease in faradaic current; shown is the response of a sensor
comprised of the bacterial chemotaxis protein CheY with a redox reporter at position 97 to
CheY’s two naturally occurring binding partners. d) The sensor response is rapid; when the
CheY-presenting sensor is exposed to 10 uM of the target CheA-P2 it equilibrates with a time
constant 2.8+0.7 min™. The error bars reflect standard deviations of independently fabricated
SENsOrs.

Our new sensor architecture responds quantitatively when challenged with the
appropriate target molecule. In the absence of either of CheY ’s binding partners the
redox reporter is relatively free to collide with the electrode surface, producing a
large faradaic current peak at the redox potential expected for methylene blue
(Figure 4- 1a, left) which is reduced in the presence of the protein’s binding
partners (Figure 4-1a right). For example, for a CheY modified with the redox

reporter a position 97, the current falls 22.4 % upon the addition 10 uM of the
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ligand CheA-P2, a 74-residue protein that is part of the bacterial chemotaxis system,
with a time constant of 2.8+0.7 min™ (Figure 4-1d). The observed signal change
increases monotonically with increasing ligand concentration until it approaches
saturation at a change of 29% (Figure 4-2). The resultant binding curve is well
fitted with Langmuir isotherm module, producing a dissociation constant of 4.5+1.4
uM (Table 4-1), which is within error of the previously reported solution-phase

valug[ 28, 29].

Table 4-1. Binding affinities of sensors built with variously placed redox reporters.

Variant CheY/CheA-P2 | CheY-P/CheA-P2 CheY/FliMg CheY-P/FHiMg
M17C 1.7+0.5 uM 13.5+5.0 uM 10.7+6 uM 0.7+0.25 uM
E37C 5.4+ 27uM 20.3+ 6.6 uM / /

A71C 40+1.3 M 14.7+ 5.7 uM / /
A80C 5.5+0.2 uM 22.0+13.6 uM 13.2+3.8uM 0.3+0.07 uM
K97C 45+1.4 uM 18.5+ 9.2 uM 8.9+4.3 uM 0.25+0.1 uM

E117C 5.5+4.4 uM 28.0+12.0 uM 8.3+2.3 uM 0.5+0.2uM

N121C 2.0+0.5 uM 12.7+3.0 uM 11.5+5.9 uM 1.2+0.4uM
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Figure 4-2. Single-step, reagentless detection of the targets a) CheA-P2 and b) FliM 5 using
CheY modified with methylene blue at residue 97 as the recognition element. As expected
based on sol ution-phase studies, binding affinity is reduced by a factor of 8 for CheA-P2 and a
factor of ~35 for FliM 5 upon CheY phosphorylation. The error bars reflect standard deviations
of independently fabricated sensors.

The signal change we observed (peak current change upon the addition of saturating
target) depends on both the attachment-position of the methylene blue and the
structure of the target. To illustrate the former we fabricated a series of seven
sensors differing only in the residue on which the methylene blue was attached
using the variants M17C, E37C, A71C, A80C, K97C, E117 and N121C (Figure 4-3).
The signal gain observed for these when we employ CheA-P2 as the target range
from 9% to 29% (Table 4-2), with the later value larger than the signal change
typically seen in fluorescence polarization assays [9]. The largest signal gain occurs
when the redox-reporter is placed closest to the P2-binding site (position 97)
(Figure 4-2a), suggesting that much of the signal change arises due to steric
blocking of the redox reporter by the target protein. Consistent with this, the gain of

the sensor is abated when the reporter is positioned farther from the binding site
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(eg., & M17C or N121C). We also investigated the sensor’s ability to detect a
second naturally occurring binding CheY binding partner, the 16-residue peptide
FliMsg, finding behavior similar to that observed for the detection of P2 (Figure
4-2b; Table 4-2). Specifically, a sensor modified with methylene blue near the
binding site (again at residue 97) exhibits the greatest gain (26%). The signal gain
observed upon FliMje binding, however, is generally less than that observed upon
P2 binding. We presume this occurs as a consequence of the larger bulk of P2,

which would more easily hinder approach of the reporter to the electrode.
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Figure 4-3. The signal gain of our sensors depends on the placement of the redox reporter
relative to the target-binding site. Colored residues reflect positions on CheY that we have
modified with the methylene blue redox reporter. The coloring indicates the signal decrease
seen for each variant upon ligand binding (<10 % blue, 10-20% yellow, >20% red). Not
surprisingly, the greatest signal gain is generally observed when the reporter is positioned
adjacent to the binding site.

This new sensor architecture is sensitive enough to readily measure the change in
binding affinity associated with the phosphorylation of CheY. The phosphorylation
of CheY induces allosteric communication between the phosphorylation site (D57)

and the protein’s target-binding site [23, 26, 30], which in turn facilitates CheY's
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dissociation from CheA while strengthening its interactions with the flagellar motor
switch protein FliMis. Consistent with this, we see significant changes in the
binding affinities of surface-bound CheY for both P2 and FiMis upon
phosphorylation. Specifically, the phosphorylation of surface-bound CheY reduces
the protein’s affinity for P2 and enhances its binding to the FliM ¢ (Figure 4-2) in a
manner fully consistent with prior solution-phase studieq31, 32]. Finaly,
mutations known to abolish the activation switch of CheY, such as D57A, show no

enhancement of binding as aresult of phosphorylation (Table 4-3).

Table 4-2. CheY-P2 and CheY-FliM 5 binding signal change at different redox reporter
locations.
Variant Signal Change of Signal Change of
CheA-P2 Binding FliM 1 Binding
M17C 8.6+0.1% 8.5+1.1%
E37C 7.7+2.6% 7.2+0.5%
A71C 26.2+5.2% 25.9+5.3%
A80C 13.0+1.0% 8.9+1.2%
K97C 28.5+3.0% 20.0£1.3%
E117C 15.7+0.5% 14.1+0.9%
N121C 12.1+2.8% 11.142.4%
Table 4-3. Binding affinities on D57A deactivated CheY signal change at
different position
Deactivated CheY CheY/FliM 4 CheY-P/FliM 4
D57A [/ M17C 5.4 uM 3.3uM
D57A / A80C 7.4 uM 4.8 uM
D57A / K97C 3.8uM 1.1uM
D57A /E117C 3.5uM 0.9 uM

Motivated by our success with the use of CheY as a recognition element for the
detection of P2 and FliM 15 we next explored the approach’s ability to detect specific

antibodies via the inclusion of the relevant antigen as the recognition element. To
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do so we first employed green fluorescent protein (GFP) modified with methylene
blue at random lysine epsilon amino groups or cysteine thiols as a receptor for the
detection of GFP-binding antibodies (Figure 4-4a). Using polyclonal anti-GFP
antibodies as our target we observe Langmuir isotherm binding with a dissociation
constant 40 + 8 ng/ml, which is the equivalent of ~0.3 nM for the mixed antibody
concentration (Figure 4-4b). As a second test of our ability to detect specific
antibodies we employed a disease-related, clinically relevant antigen-antibody pair,
the hepatitis B surface antigen (HBsAQ) and anti-hepatitis antibodies (HBSAD).
Using HBsAg modified with methylene blue at random lysine epsilon amino groups
or a cysteine thiols as our recognition element we can detect the antibody with a
detection limit of a few nanograms per milliliter (Figure 4-4c), a value that
compares well with commercial approaches [33]. A test of this sensor in 20% blood
serum, reflecting perhaps more authentic clinical conditions, renders its detection

limit effectively unchanged (Figure 4-4d).
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Figure 4-4. The sensing platform can also be used to monitor antigen-antibody interactions. a)
For example, using an eectrode-bound, redox-reporter-modified Green Fluorescent Protein
(GFP) as the recognition element we easily detect anti-GFP antibodies at 10 ng/ml (the lowest
concentration shown on this plot). In contrast, the sensor does not produce respond to a negative
control antibody (anti-FLAG) at 1 pg/ml. Likewise a sensor employing CheY does not produce
any signal in response to either anti-Flag or anti-GFP antibodies at 1 ug/ml. b) Shown is the
monotonic response obtained when the receptor is GFP modified with a methylene blue on
random lysine residues. A similar curve is seen for the protein modified on random cysteine
residues (Figure 4-538). ¢) Using a hepatitis B surface antigen (HBsAg) modified with
methylene blue on random cysteines as the receptor we can similarly detect antibodies against
this protein (HBsAb). A similar curve is seen for the protein modified on random cysteine
residues (Figure 4-5b). Shown are binding curves collected in buffer and, d), in 20% blood
serum. The error bars reflect standard deviations of independently fabricated sensors.
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Figure 4-5. Methylene blue was random modified on lysine or cysteine at GFP and HBsAg
surface. Both two GFP probes response to Anti-GFP antibody. Compare with the binding we
find in HBsADb sensor, the binding curve shapes of lysine random labeling and cysteine random
labeling are different.

Here we demonstrate a new class of reagentless, single-step approach to monitoring
protein-macromolecular interactions that is the electrochemical analog to optical
fluorescence polarization. As proof of principle we have used the approach to
monitor the interaction of CheY with its two binding partners, the P2 domain of
CheA and the 16-residue peptide FliM1¢ and for the detection of both anti-GFP and
anti-HBsAg antibodies. To test the sensitivity of this method for detecting subtle
binding affinity changes, we measured the binding affinity switching of CheY
between phosphorylated and unphosphorylated states. In all cases we observed
binding induced signal changes as large or larger than those typically seen in
fluorescence polarization[9] without the need for lights sources, optics, or extensive

signal averaging. This new protein-based, electrochemical sensing platform
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provides us an alternative means to fluorescence polarization for probing
protein-macromolecular interactions and thus may serve as a promising basis for
scientific and clinical applications. Similar to fluorescence polarization, for
example, our protein based scaffold approach is single step and label-free, rendering
it simpler, faster, and, likely, less costly ELISAs and western blotg[34]. Beyond this,
our approach offers potential advantages over fluorescence polarization, including
its relatively inexpensive supporting electronicg35], its ability to perform well in
relatively high concentrations of blood serum (Figure 4-4 and Figure 4-6), and the

ready multiplexing of electrochemical approaches [36, 37].
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Figure 4-6. We use electrochemical read-out to monitor the binding of surface-attached CheY
to the P2 domain of CheA. in 20% serum. Methylene blue was modified at position 97. The
maximum signal chang is ~17%. Compare with the same binding curve we got from buffer
(28.5%), the signal change in serum is smaller than the change in buffer.
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4.3 Experiment and Method

The probe (receptor) proteins were obtained as follows. The gene encoding
wild-type Escherichia coli (E. coli) CheY (residues 1-129) was cloned into pET28a
(Novagen) at the Ncol and Xhol sites in frame with the carboxy-terminal
hexahistidine tag. Single-cysteine variants (M17C, E37C, A71C, A80C, K91C,
E117C, and N121C) were generated with the QuikChange site-directed mutagenesis
kit (Agilent Technologies, Inc.) and transformed into E. coli BL21(DE3) (Novagen).
The mutagenesis results were checked via sequencing. Transformants were grown
at 37°C in lysogeny broth (LB) medium and induced at ODgyo = 0.4 by the addition
of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). The culture was harvested
after 3 hr, resuspended in 50 mM sodium phosphate, 10 mM imidazole, 300 mM
sodium chloride, pH 8.0 buffer and lysed by French pressure cell press. Cell debris
was removed by centrifugation 30000Xg for 30 min before application of the
supernatant to an immobilized metal ion (nickel) affinity chromatography column
(GE Headlthcare). The column was washed with 50 mM sodium phosphate, 300 mM
sodium chloride and 35 mM imidazole, pH 8. His-tagged CheY was eluted with 150
mM imidazole in the same buffer, dialyzed into 50 mM sodium phosphate, 150 mM
sodium chloride, pH 7.9. The collected fractions were dialyzed and concentrated to
~1 mM. Purity of all variants was >95% as determined by SDS-PAGE
electrophoresis. His-tagged green fluorescent protein (GFP) was expressed from
PRSET-EMGFP expression plasmid (Invitrogen) in E. coli BL21 (DE3) and purified

via nickel ion affinity chromatography. The resin was washed with 8 column
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volumes of 50 mM sodium phosphate, 300 mM sodium chloride, and 20 mM
imidazole, pH 8. Th his-tagged GFP was then eluted with 1 column volume of 250
mM imidazole in the same buffer. GFP containing fractions were dialyzed and
concentrated. Purity was >95% as determined by SDS-PAGE electrophoresis. The
Hepatitis B virus surface antigen (HBsAg) was purchased from Abcam (Cambridge,
MA) without further purification.

The target proteins and peptides were obtained as follows. The CheA P2 domain
(residues 156-229) was expressed from the pTM22 plasmid[16] in E. coli strain
K38 as previously reported[17] and purified by DES52 ion-exchange
chromatography (Whatman) and size-exclusion column (Pharmacia). Purity
was >95% as determined by SDS-PAGE electrophoresis. The FliMis peptide
(MGDSILSQAEIDALLN) was purchased from Macromolecular Resources (Fort
Collins, CO) at 90% purity and used without further purification. The anti-GFP
polyclonal antibodies and anti-Hepatitis B virus surface antigen polyclonal
antibodies (HBsAb) were purchased from Abcam (Cambridge, MA) and used as
received.

The maleimide-functionalized methylene blue used as our redox reporter was
synthesized starting with 5 mg monocarboxy-methylene blue NHS ester (EMP
Biotech) dissolved in 150 pul DMSO. 15 mg N-(2-aminoethyl) maleimide
trifluoroacetate salt (Fluka) and 10 pl triethylamine (Sigma-Aldrich) were added
followed by 12 hr stirring at room temperature. 50 ul 0.5 M sodium bicarbonate

solution was added to this crude reaction mixture and incubated for 2 hr. The final
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mixture was dried under reduced pressure and purified using silica column

chromatography (CHCl3: methanol 10:1).

The relevant receptor protein was modified with a methylene-blue redox reporter at
either cysteine or lysine. For modification at cysteine we employed either
single-cysteine variants of CheY or the wild-type cysteines of GFP and HBsAgQ.
These were first reduced by treatment with 5 mM dithiothreitol (Sigma-Aldrich) for
2 hr prior to removal using a Sephadex G-25 spin column (Sigma-Aldrich)
immediately followed by the addition of maleimide-modified methlyene blue (as
1-2% v/v solution in DMSO) at a 10:1 reagent-to-protein molar ratio. The reaction
mix was incubated at room temperature for 12 hr, and a Sephadex G-25 spin
column was then used to remove unreacted methylene blue and exchange the
sample into 50 mM sodium phosphate, 150 mM sodium chloride, pH 7.9. For other
experiments modified the receptor protein on the epsilon amine group of random
lysines. To do so we mixed the wild-type protein with methlyene blue NHS-ester
(as 1-2% v/v solution in DMSO) at a 2:1 reagent-to-protein molar ratio in 0.5 M
sodium bicarbonate solution (pH 8.5) for 4 hr in dark a room temperature, and then
used a Sephadex G-25 spin column to remove unattached methylene blue and
exchange the sample into 50 mM sodium phosphate, 150 mM sodium chloride, pH
7.9.

Sensors were prepared by analogy to previously described E-DNA sensorg[18, 19].
In brief, prior to sensor fabrication, gold disk electrodes (1.6 mm diameter, CH

Instruments, Austin, TX) were cleaned both mechanically (by successively
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polishing with 1 m diamond and 0.05 m auminum oxide slurries) and
electrochemically (through successive scans in 0.1M sulfuric acid. 0.01M KCI).
Proteins were grafted onto these electrodes using Cu-NTA/His-tag complexation[ 20,
21] as follows. NTA-thiol (N-[Na,
Na-bis(carboxymethyl)-L-lysine]-12-mercaptododecanamide, Sigma) was
dissolved in methanol a 1 uM concentration. Freshly cleaned electrodes were
incubated in this solution for 8 min at room temperature, rinsed with methanol, and
then incubated in 3 MM 6-mercapto-1-hexanol in methanol overnight (~16 hr) to
form a continuous, mixed, self-assembled monolayer on the gold electrode surface.
The NTA-modified electrodes were then rinsed with methanol and incubated with
100 uM copper sulfate in deionized water for 20 min. The electrodes were then
incubated with the methylene blue (MB) modified protein for 30 min a room
temperature, using 10 uM CheY and GFP or 0.2 mg/ml HBsAg. The electrodes
were then washed with 50 mM imidazole in 50 mM sodium phosphate, 500 mM
sodium chloride, pH 7.0. The CheY coated electrode was treated with 5 M ultrapure
urea (MP Biomedical) in 50 mM sodium phosphate, 100 mM sodium chloride
buffer for 10 min in order to remove any non-specifically absorbed protein, rinsed
with 50 mM sodium phosphate, 100 mM sodium chloride buffer, and incubated in
the buffer for 30 min immediately prior to use (Figure 4-7). The GPF and HBsAg
coated electrode were washed with 2% bovine serum albumin (BSA) and 0.05%

Tween 20.
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Figure 4-7. When CheY attached on electrode surface, unfold and refolds is reversible under
high concentration urea (15 minin 8 M urea, and 30 min after the removal of urea). The
refolding yield of the surface-attached protein is quantitative to within experimental error.

Sensors were interrogated using either cyclic voltammetry (CV) with 10 V/s scan
rate or sguare wave voltammetry (SWV) with a 50 mV amplitude signal a a
frequency of 100 Hz. Pure sample experiments were performed in 50 mM sodium
phosphate, 100 mM NaCl, 20 mM imidazole and serum sample experiments were
performed in 50 mM sodium phosphate, 100 mM NaCl with 20% bovine serum.
Values with reported error bars represent the average and standard deviations of
measurements performed on at least three independently fabricated sensors. Signal
gain was computed by the relative change in CV peak or SWV peak currents with
respect to background current (CV peak or SWV peak current in the absence of

target).
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CheY phosphorylation was carried out using 10 mM acetyl phosphate in 50 mM
sodium phosphate, 5 mM MgCl,, 100 mM NaCl. The freshly prepared CheY
electrodes were incubated in 10mM acetyl phosphate in buffer for 30 min before
test. CheY was phosphorylated by acetyl phosphate on the surface[22, 23]

immediately prior to measuring binding.
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5. Study of the force profiles of short single and
double-stranded DNAs on a gold surface using a surface

for ces appar atus®

5.1 Abstract

Using a surface forces apparatus (SFA) we have studied the conformation
changes of 25-base single and double-stranded DNAs immobilized on gold surface.
Our results confirm the previously proposed “mushroom-like” structure of
surface-attached single-stranded DNA. Upon the addition of complementary DNA
we observe a clear transition from single to double stranded DNA, with the latter
exhibiting a rigid rod structure. The formation of double-stranded DNA
significantly increases the SFA-observed thickness of the DNA monolayer and the
range of repulsion force measured. Our study provides insights into the structure of
surface-attached short chain DNAS, which is critical to the design and optimization

of DNA based microarrays and sensors.

* This chapter was adapted from aresearch article in preparation for publication.
Reproduced with permission from [Kang et al. Study of the force profiles of short
single and double-stranded DNAs on a gold surface using a surface forces
apparatus|
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5.2 Introduction

Biomolecules grafted onto artificial surfaces play increasingly important roles in a
range of biotechnologies. DNA-based sensors and sensor arrays, for example, are
increasingly widely used in on-chip assays with applications that span broadly
across the fields of biology and biomedicine, including gene sequencing, expression
screening, drug discovery, and biosensing [1-8].

Despite their importance to many emerging technologies, our understanding of the
physics of surface-bound DNAs remains in its infancy[9]. For example, while
studies of long DNAs have shown that the behavior of surface tethered DNA
follows the same physics as surface attached polyelectrolyte10-12], the DNA
“probes” used in DNA microarrays and DNA-based sensors are typically only few
tens of bases or base-pairs long [2]. The short chain length, long persistence length
(~ 1nm for single stranded DNA and 50 nm for double stranded DNA), and
complex structures (hybridization and secondary structure) often cause the
breakdown of polyelectrolyte scaling theory.[12] To our best knowledge, there are
only very a few studies that directly address the shorter DNA immobilization and
interactions between DNA molecules and surfaceq12-14]. Neither is an accurate
model that describes the behavior of short length DNA grafted on surface. In
practical, our E-DNA platform typically use short piece DNA from 15 bases to 50
bases length, our results have seen moderate DNA coverage leading to higher signal
suppression of our E-DNA sensor. The signal suppression decreases monotonically

with decreasing probe density until leveling off at a mean probe separation. But the
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physical mechanisms still have not been deeply studied. To understand how the
DNA behaved on surface will help us to design our sensor to achieve better
performance.

The characterization of the structure of surface tethered DNA remains challenging
due to the complex inter-molecular interactions and DNA surface interactions.
Several techniques have been used to study surface grafted DNA, including atomic
force microscopy (AFM)[15-17], X-ray photoelectron spectroscopy (XPS)[14],
Fourier transform infrared (FTIR) spectroscopy|[18], near-edge X-Ray absorption
fine dstructure (NEXAFS)[19], surface plasma resonance (SPR)[20],
electrochemistry[21-23] and fluorescence microscopg10]. To gan a more
comprehensive understanding of single-stranded DNA immobilized onto a surface,
it is important to develop an approach that provides quantitative characterization,
while also allowing direct comparison between different conditions (for example,
with different immobilization densities, hybridization condition and ionic strength).
Here we introduce the surface force apparatus (SFA) technique to characterize the
structure of immobilized single-stranded DNA on a gold surface. The SFA is a
powerful technique to study the structure and interactions of surface tethered
polymers. The SFA can provide direct information on the structure of DNA within
the monolayer and make in-situ hybridization measurement. Our force
measurements reveal the changes on DNA chain conformation and flexibility

before and after the hybridization.
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5.3 Result and discussion

Using a surface forces apparatus, we measured the repulsive force of compressing a
25-base single-stranded DNA monolayer grafted on a gold surface to a bare mica
surface. The ionic strength of our buffer solution is 0.6 M, which gives a Debye
length of 1/x = 0.4 nm. Under such conditions, the electrogtatic interactions are
largely screened out, and the entropic steric repulsion and DNA chain elasticity
dominate the measured force. The normal force was measured when compressing
the grafted single-stranded DNA layer against a bare mica surface as a function of
distance between two opposing surfaces (Figure 5-1a). The measured force distance
profile shows a hard wall distance of about 2 nm at a compression of 10 mN/m, and
asingle exponential decay with a decay length of 1.3 nm.

We then sequentially hybridized the surface tethered single-stranded DNA chains
by immersing the surface into solutions containing different concentrations (50aM,
500aM, 1pM, and 50 pM) of 25-base complementary DNA chains, which will
hybridize with the grafted single-stranded DNA (Figure 5-1a).When plotting the
force-distance profiles measured by the SFA in a semi-log plot, the force profiles
show a clear conformation change of the surface tethered DNA before and after
hybridization (Figure 5-1b). The range of repulsion and film thickness gradually
increases with degree of DNA hybridization. For al the measurements with
different degrees of hybridization, the repulsion forces measured start a the same
distance (~ 15 nm). This distance is longer than the contour length of the DNA

chains used in this study (~ 10 nm). This is due to a charge regulation effect in
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dynamic force measurements, and has been observed in other strong charged
systems.[13, 26] At about 10 nm, the repulsion increases more rapidly due to the
steric repulsion of the double-stranded DNA chains. Beyond 10 nm, the force
profiles all show a linear trend. The slope of the force profiles gradually increases

with degree of DNA hybridization.
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Figure 5-1. The experimental setup used in this study.Using SFA, we measured the i nteractions
between a gold surface grafted with a monolayer of DNA oligomers and a bare mica surface as
afunction of the distance between two surfaces with three different DNA hybridization states:
(a) single-stranded DNA oligomers, (b) partially hybridized DNA oligomers, and (c) fully
hybridized DNA oligomers.The mica surface moves towards and away from gold surfacein the
force measurements.
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Figure 5-2. (a) One 25-base complementary DNA oligomer in solution hybridizes with a 25
bases DNA oligomer grafted on the gold surface, forming a full double hdix. (b) During the
sequential hybridization, the range of repulsion gradually shifts out from 10 nmto 15 nm.
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Figure 5-3. (a) Onel3-base complementary DNA oligomer in solution hybridizes with
a25-base DNA oligomer grafted on the gold surface, forming a partial double helix. (b) Normal
force profile of a monolayer of single-stranded DNA grafted to a gold surface compressing
against a bare mica surface shows a single exponential decay. The range of repulsion gradually
shifts out in the sequential hybridization experiment.

To further investigate the effect of hybridization to the structure of surface tethered
DNA oligomers, we designed a new 25-base single-stranded DNA sequence,

ACCCTGAAGTTCATCTGCACCACCG and its full-length complementary DNA
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sequence, and performed a new titration experiment. We then sequentially
hybridized the surface tethered single-stranded DNA chains by immersing the
surface into solutions containing different concentrations (1 pM, 10 pM, 1nM, and
100 nM) of 13-base complementary DNA chains, which will hybridize with the 13
center bases of the grafted single-stranded DNA (Figure 5-2a). Hybridization
significantly changes the conformation of the grafted DNA oligomers, leading to
longer ranged repulsions and larger film thicknesses measured by the SFA.

To study the density effect of surface tethered DNA, we apply two differents
DNA surface coverage (Figure 5-4). The low density surface we seen the force
profile has a linear relationship in semi-log plot, the force kicked in form ~10 nm
and increase with the press to ~2 nm. The high density surface force profile is
significant different to the low density one. We not only seen the force kicked in
much earlier and the slop after the distance smaller than ~10 nm become steeper.
And the hard wall shift ~ 4 nm under the same pressure. When we hybridize the
low density surface, the force curve shifted 3~4 nm. But there is no significant

change when we hybridize the high density surface (Figure 5-5).

Effect of hybridization. Increasing the length of the complementary DNA from
13-base to 25 base leads to two significant differences in the force-distance profiles
of the fully hybridized DNA monolayer:(1) the repulsion further extends to a larger
separation distance, starting when two surfaces are 15 nm apart (Figure 5-4), and (2)

effect of hybridization can be measured at much lower complementary DNA

105



concentration. Both of the differences are due to the longer complementary DNA
chain. The fully hybridized, double-stranded DNA is much more rigid than surface
tethered single-stranded DNA. Since the contour length of our double-stranded
DNA chains (~10 nm) is much shorter than the persistence length of
double-stranded DNA (~ 50 nm), they act like rigid rods but are free to rotate and
tilt at the anchoring ends due to the flexible linker between the thiol-gold bond and
the DNA chain (Figure 5-1b), leading to a longer range repulsion. Doubling the
length of the complementary DNA also favors the hybridization process. According
to the equilibrium dissociation constant relationship to Gibbs free energy, we have
an equation:

AG = —RTInk, (1)
Where K4 is the equilibrium constant for the dissociation of the double-stranded
DNA.
The calculated binding free energy of the hybridized DNA sequences correlates
well with the minimum concentration of the complementary DNA required to cause
a significant difference in the repulsion measured by the SFA. The binding free
energy of the 13-base complementary DNA sequenceis-18 kcal/mol, as calculated
by the M-fold software[27]. The binding free energy yields an equilibrium
dissociation constant Kq of 10**M. Our SFA results show a significant shift of the
force curve a 1 pM complementary DNA concentration, which matches the
calculated result (Figure 5-3b). For the 25-base complementary DNA samples, the

calculated binding free energy AG is -38.5 kcal/mol, which yields an equilibrium
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dissociation constant of K4 ~102 M. In comparison to the calculation, surface force
measurements only show a noticeable change with attomole level concentration of
complementary DNA in solution. In this situation, the hybridization process
becomes a diffusion-limited process and the process is out of equilibrium.
Nevertheless, the conformation change of surface tethered DNA with attomole level
complementary DNA in solution can still be clearly revealed by the SFA
measurements, which is very challenge for other characterization techniques.
Effect of grafting density. The grafting density strongly affects the structure and
hybridization process of the single-stranded DNA monolayer. Increasing the
grafting density o from ~0.01 chain/nm? to ~0.1 chain/nm? gives rise to larger
monolayer thickness and higher repulsion force (Figure 5-4a). This could be
explained by a classic “mushroom” to “brush” transition of surface tethered
single-stranded DNA occurring at high grafting density, where neighboring strands
interact with one another causing them to extend away from the surface (Figure
5-4b). At alow grafting density, the neighboring single-stranded DNA chains do not
overlap each other laterally, forming a so-called mushroom configuration. The
free energy of the single-stranded DNA chains in the mushroom regime confined
between two planar surfaces can be approximated by an exponential repulsive
potential:

E(D) = 36I'kTe P/Re | (2

Where I" = & is the density of the DNA chains in units of molecular per square
meter and Re is the Flory radius of the single-stranded DNA chains. In the SFA
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geometry, equation (2) can be rewritten as
FD) _
=

Fitting the forces-distance profiles of the single-stranded DNA monolayers

2nE(D) = 72al'kTe D/Re (3

measured at low density. We obtained s;= 6.9 nm, R= = 1.5 nm for the low density
DNA monolayer.

When the grafting density becomes higher, the neighboring single-stranded DNA
chains start overlaps each other laterally. When the distance s between each
molecule is smaller than Rg, the single stranded DNASs form brush configuration.

We apply the brush fitting:
X = 2nE(D) = 32aI*/?kTe ™™/ @)

and ;= 0.9 nm, L = 7.1 nm for the high density DNA monolayer.

The fitting results confirms that the low density single-stranded DNA monolayer is
in the mushroom regime as s;> Rr, and the high density single-stranded DNA
monolayer isin the brush regime (< Re<L).
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Figure 5-4. Increasing the density o, single-stranded DNA monolayer leads to a structural
change of the DNA monolayer. (a) At a grafting density of o = 0.005 chain/nn’, the repulsion
force starts at10 nm, and shifts out to 15 nm after hybridization. (b) The repulsion force starts at
a further distance ~ 15nm, and only shifts out by 2 nm after hybridization for a single-stranded
DNA monolayer with a grafting density of ¢ = 0.1 chain/nn.
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Figure 5-5. (a) In the low density condition, o = 0.01 chain/nm?, after single stranded DNA has
been hybridized, the force curve shifts out to 15 nm after hybridization. (b) In the high density
condition, the hybridization only make the force cuver shifts out by 1~2 nm with a grafting
density of o = 0.1 chain/nm?.

The grafting density of the single-stranded DNA monolayer also affects mechanical
response of double-stranded DNA monolayer after hybridization. For a DNA
monolayer of o = ~ 0.01 chain/nm?,a significant increase in repulsion force was
measured in the SFA force profile after hybridization, where as no big change was
observed in force distance profiles of the high density DNA monolayer measured
before and after hybridization. A denser single-stranded DNA film could lead to
stronger steric hinder effect, which could affect the equilibrium and kinetics of the
hybridization process. This hindering effect has also been observed in previous
E-DNA sensor studies.

The structure of surface tethered short DNA oligomers attracts a great deal of

interests in recent years for DNA microarray related technological applications.[2, 9,
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28] Our SFA results demonstrate that the configuration of sparely grafted
single-stranded DNA exhibit a mushroom like structure, which is similar to the
structure of surface tethered polyelectrolyte under similar conditions. After
hybridization, the double-stranded DNA transit into arod like structure, resulting in
a stiffer monolayer and stronger repulsion. The configuration of the surface tethered
short DNA oligomers is determined by the hybridization state of the DNA
monolayer, the concentration of complementary DNA in solution, and the grafting
density. We show that the SFA can be a very useful technique to reveal the structure
of surface tethered DNA, providing useful guidelines for the design of DNA sensors

and sensor arrays.
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5.4 Experiment and method

Reagents. PBS (Sigma Aldrich), NaCl (Sigma Aldrich), 6-Mercapto-1-hexanol
(Sigma Aldrich), deionized (DI) water (MilliporeA), tris(2-carboxyethyl)phosphine
hydrochloride (Molecular Probes, Carlsbad, CA)The probe and target DNA
sequences (Biosearch Technologies — Novato, CA) are

Probe: 5’ - HS-(CHy)e- TTATTGATCGGCGTTTTAAAGAAG - 3

Target: 3’ - CTAGCCGCAAAT - 5°

Probe: 5° - HS-(CH,)s—ACCCTGAAGTTCATCTGCACCACCG - 3

Target: 3’ - TGGGACTTCAAGTAGACGTGGTGGC - 5°

Gold Surface Preparation. Atomically smooth gold surfaces were prepared usinga
mica templating technique. First, a gold layer (45 nm thick) was depositedon a
freshly cleaved mica sheet. The mica sheet then was glued onto a cylindricalglass
disk using an UV-curable glue with the gold layer facing down tothe UV glue. Then
the glue was fully cured by exposing to UV light for 3 hr. Themica sheet was
peeled off in ethanol to reveal the atomically smooth goldsurface that is
predominantly single-crystalline goldwith a unit cell dimension of <111>.

DNA Grafting. DNA grafted surfaces were prepared using a well-established
procedure. In brief, prior to sensor fabrication, The linear probe DNAS, used as
delivered, were reduced for 1 hr a room temperature in the dark in 10
mMtris(2-carboxyethyl)phosphine hydrochloride and then diluted to a final
concentration of 1.0 mM in phosphate-buffered saline (PBS)/NaCl buffer (The NaCl

concentration depend on experiment requirement, this will be noticed in results
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discussion). The gold surfaces were incubated in this solutionat room temperature
in the dark, rinsed with deionized (DI) water, and then incubated in 3 mM
6-mercapto-1-hexanol in DI water for 2hr. Following this, the surfaces were rinsed
in DI water and stored in PBS/NaCl buffer until used.

Surface Force Measurement. The normal forces of a gold surface grafted by DNA
oligomers and a bare mica surface was measured using an SFA 2000 (manufactured
by SurForce LLC, Santa Barbara, CA) with a reported geometry.[24, 25]Briefly, a
DNA grafted gold surface was mounted in the SFA chamber facing a bare mica
surface. The gap between two surfaces was filled with buffer solution. The force
between two surfaces was measured as a function of the distance between two
surfaces (Figure 1d).The distance between the surfaces D is measured with an
optical technique based on multiple beam interference fringes (fringes of equal
chromatic order, FECO) where D is determined with a resolution of 1A from
measurements of the wavelength of the FECO fringes in a spectrometer. The two
surfaces were brought into contact or separated by a motor with a speed of 2-3 nns.
After the measurements with single-stranded DNA, the sample surface was take out
of the SFA chamber and dipped in target DNA solution at certain concentration for
2 hr. After the DNA hybridization, the sample was rinsed by PBS/NaCl buffer, and
mounted back to SFA chamber for one double-stranded DNA measurement. Due to
differences in the radius of the surfaces R from the gluing process it is customary to
normalize the force F by R when comparing SFA measurements. The normalized

force F/R between the two cylindrical SFA surfaces is directly proportional to the
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energy between two flat surfaces by the Derjaguin approximation.
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