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Abstract

We describe an electrochemical analog of fluorescence polarization that supports the quantitative
measurement of a specific protein, the chemokine IP-10, directly in undiluted blood serum. The
sensor is label-free, wash-free, and electronic, suggesting it could support point-of-care detection
of diagnostic proteins in largely unprocessed clinical samples.

1. Introduction

A fundamental axiom of medicine is that faster diagnosis permits earlier intervention,
ultimately improving outcomes. The vast majority of current molecular diagnostics,
however, are slow, cumbersome, laboratory-bound processes that require hours or even days
to return clinically actionably information. The development of effective point-of-care
(POC) diagnostics that instead return an answer during the 15 minutes of a typical patient/
provider interaction would thus accrue significant benefits, such as decreasing the lag
betweelngdiagnosis and treatment, improve on-going monitoring, and strengthen screening
efforts*=>.

As many important biomarkers are proteins, the above arguments would suggest that
quantitative, point-of-care protein detection would be of significant value. Despite this need,
however, the only quantitative protein detection technology to have achieved significant
point-of-care penetration is fluorescence polarization (FP)* 3. These assays, which report on
the presence of a target antigen via binding-induced changes in the tumbling of a
fluorophore-modified antibody, offer a number of advantages in POC applications as they
do not require repetitive wash steps to remove unbound reagents and their signal is
independent of the concentration of the fluorescent reagent or the absolute fluorescence of
the sample. Despite these attributes, FP remains limited to only the most valuable, time-
sensitive analytes for several reasons®8: 1. 2 First, FP requires careful background
subtraction and signal averaging, as the intensity difference between the two polarizations is
only ~15% for a typical antibody-antigen complex, and must be measured against
background polarizations typically ranging from 5 to 10% [e.g., refs®-12]. As well, FP
requires venous blood draws for sufficient sample volume and does not easily support
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multiplexing. Most importantly, due to absorbance and scattering, FP fails entirely when
challenged with whole blood, and even serum must be diluted significantly (typically 1:100)
prior to measurement12: 10,

In response to the limitations of FP, we have developed an electrochemical analog that
retains the approach’s positive attributes whilst avoiding its weaknesses. Our strategy uses a
versatile electrochemical platform, termed E-DNAI3 (electrochemical, DNA), that couples
binding-induced changes in the conformation, flexibility or steric bulk of an electrode-bound
DNA probe with a concomitant change in electron transfer from an attached redox
reporter4. The platform is reagentless, single-step and selective enough to deploy in crude
clinical samples, such as blood serum and salival®. It is also easily multiplexed (even for
small sample volumes), driven by inexpensive, hand-held electronics®, reusable (in most
implementations)17~19, and readily adaptable to microfluidic and multiplexed platforms20,
suggesting it is well suited for point-of-care applications.

We have previously shown that, by linking an antigenic peptide epitope or small-molecule
hapten to the DNA probe, the E-DNA platform supports the relatively straightforward
detection of antibodies21~23. In this application, antibody binding is signalled by a large
change in redox current, presumably because the efficiency with which the attached redox
reporter approaches the electrode is reduced by the high molecular weight (~150 kDa) and
significant steric bulk of the target?. Further exploring this signalling mechanism25-27, we
extend it here to the reagentless, electrochemical detection of a much lower molecular
weight, non-antibody target. Specifically, we have fabricated a sensor against the 10 kDa
chemokine IP-10, a secreted chemo-attractant that is a biomarker for the diagnosis of
inflammation28. For example, 1P-10 (Interferon-y inducible Protein-10 kDa; also known as
CXCL10) has been shown to be a sensitive and specific biomarker for kidney allograft
rejection, with blood levels that increase up to 30-fold during acute rejection episodes29-32,
Of note, while kidney allograft rejection rates have decreased in recent decades, acute
rejection episodes are still observed in 10-30% of first kidney transplants33 and are
essentially asymptomatic until extensive kidney damage has occurred. Given this difficulty,
serum creatinine levels, which are indicative of renal function, have been used as a non-
invasive indicator of rejection episodes but by the time immune mediated graft rejection
leads to elevated creatinine levels, the graft injury is extensive34. Because of this, biopsy is
considered the gold standard diagnostic for rejection, but this highly invasive process carries
arisk of graft injury, bleeding and even graft loss. The ability to monitor IP-10 levels at the
point of care could thus provide a non-invasive yet highly accurate means for the timely
detection of graft injury before it otherwise clinically manifests.

2. Materials and Methods

2.1. Sensor Preparation

Sensors were prepared on gold disk electrodes (1 mm? surface area, CH Instruments), which
were physically polished and electrochemically cleaned as previously described3>. Our
biosensor consists of this gold electrode surface coated with a self-assembled monolayer of
thiol-gold bound DNA anchor strands (sequence 5’- thiol - GCA GTA ACA AGA ATA
AAA CGC CAC TGC - methylene blue -3, Biosearch) and backfilled 1-mercapto-6-
hexanol (Sigma Aldrich)3®. After preparation, the modified electrodes were immersed for 1
hour in hybridization buffer (10 mM potassium phosphate, 1 M sodium chloride, pH 7)
containing 100 nM of the peptide-PNA chimera (see below). After hybridization, the sensors
were briefly washed with hybridization buffer, then placed into buffer or serum for >30 min
before titration with increasing amounts of IP-10. For experiments in buffer, 1x phosphate
buffered saline (10 mM phosphate buffer, 0.154 M NaCl, pH 7.4) was used as received
(Sigma Aldrich). For testing in blood serum, undiluted fetal calf serum was used as received
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(Sigma Aldrich). In either media, unlabeled recombinant IP-10 (Cell Science) was titrated
into the solution at final concentrations from 1 nM to 2 pM. Centrifugal filtration to
concentrate supplied I1P-10 for higher concentration trials resulted in significant insolubility
and was not further pursued. At each step the sensor was equilibrated followed by
electrochemical measurement.

2.2. Peptide-chimera generation

The peptide-PNA chimera was based on a peptide fragment known to interact with IP-10, is
derived from amino acid residues 22-42 of human CXCR3 isoform A (with cysteine
residues at positions 37 and 38 replaced with serine3) and was prepared by automated
chemical synthesis of the peptide and PNA segments individually (Panagene), followed by
crosslinking using Succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate
(“linker”) to yield the final sequence: NFS SSY DYG ENE SDS SST SP C-(linker)-cag tgg
cgt ttt att ctt gtt act g —CONH,. where upper-case letters denote the peptide amino acid
sequence and lower-case letters denote PNA nucleobases.

2.3. Electrochemistry parameters

Electrochemical scanning was performed using square wave voltammetry on a CH
Instruments 650C potentiostat, with a platinum wire counter electrode and a standard Ag/
AgCl reference electrode (CH Instruments). The square wave voltammetry parameters were
amplitude 50 mV, frequency 60 Hz, scanning from 0 V to -0.5 V at a rate of 1 mV/s.
Methylene blue redox electron transfer yields a response current peak at ~ —0.25 V, and
differences in this peak current from background measurement of the equilibrated sensor
were used to calculate signal change.

3. Results and Discussion

To detect IP-10 we have employed a 21-residue polypeptide binding element derived from
CXCR3, one of the chemokine’s naturally occurring receptors31, as a recognition element.
This was grafted onto a peptide-nucleic-acid strand that, in turn, is hybridized to a
methylene-blue-modified DNA strand attached to a gold electrode via a terminal thiol group.
The binding of IP-10 to this recognition element reduces current from the attached
methylene blue, resulting in a reduction in current transfer that is readily observed using
square wave voltammetry as a reduction in peak current (Figure 1).

The IP-10 sensor rapidly and reproducibly achieves the specific detection of its target
protein at low nanomolar concentrations (Figure 2 and a time-course of repeated scans in
Supplemental Data). Although this limit of detection falls short of the ~60 pM IP-10 levels
observed during episodes of acute rejection30, it is nevertheless well below the ~200 nM
dissociation constant of this peptide for the chemokine, suggesting that the platform is
limited by the affinity of its recognition element. The signal change we observe at the
highest IP-10 concentrations we have employed is approximately 30%. The fact that the
signal change does not reach 100% at saturating target concentrations presumably arises due
to one or both of two effects: 1) non-trivial electron transfer from even the bound probe
(which is perhaps unavoidable, due to the relatively small size of IP-10) and 2) a population
of scaffolds that are inaccessible for binding (e.g., due to anchor strands adherent on the
surface)36.

The sensor is specific and selective. For example, the IP-10 sensor does not respond when
challenged with an antibody directed against the FLAG epitope even when challenged at
500 nM (Figure 3). A control sensor displaying the FLAG epitope?!, in contrast, readily
detects its target (the anti-FLAG antibody) while, similarly, not responding to 500 nM
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IP-10. The sensor is also highly selective and works well even when deployed directly in
undiluted blood serum. Under these conditions, however, the magnitude of observed signal
change is half that seen in buffer. This decrease in signalling efficiency has been noted in
prior E-DNA sensors when similarly challenged, and we theorize that this difference may
arise because of non-specific serum component binding to the sensor surface as well as
reduced probe-target affinity under these conditions37-39. Unfortunately, however, 1P-10
precipitates at concentrations much above 2 UM, rendering it difficult for us to test this
hypothesis.

4. Conclusions

Previously we have demonstrated the utility of the E-DNA "scaffold" approach for the
detection of multiple specific antibodies?L. Antibodies, however, are quite high molecular
weight and have very high affinity interactions with epitopes, rendering them relatively easy
to detect with approaches, such as this, that rely on binding-induced changes in tumbling,
diffusion or other dynamical or mass-based properties. Here, however, we have shown that
the scaffold approach meaningfully supports the sensitive detection of a protein less than
1/10™ the size of an antibody. This work thus illustrates that, like fluorescence polarization,
the E-DNA platform is versatile and broadly applicable to the detection of a variety of
protein targets. Moreover, the unlike fluorescence polarization E-DNA sensors function well
even in unprocessed, undiluted blood serum, are electronic and thus can be easily
incorporated into multiplexed systems and point-of-care platforms. Additionally, recent
work has enabled robust strategies for the generation of peptides directed at arbitrary
targets??: 41, Thus, the general approach introduced here, of finding a protein-protein
interaction (such as that between IP-10 and it’s receptor CXCR3) and using that as the
sensor element of an E-DNA scaffold, represents a powerful means to readily generate
biosensors suitable for diagnostic purposes against a variety of targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. An E-DNA scaffold electrochemical sensor for the detection of the chemokine I P-10

A DNA anchor strand (purple) with a distal methylene blue redox reporter (blue hexagon) is
attached via thiol-on-gold self-assembled monolayer chemistry to an interrogating electrode
and then hybridized to a PNA recognition strand (green) covalently linked to an IP-10
binding peptide motif (pink). In the absence of IP-10 a significant current is observed,
presumably because the methylene blue is free to collide with the electrode, resulting in
efficient electron transfer. Upon IP-10 binding this current is reduced, presumably because
the steric bulk of the target protein reduces the efficiency with which the methylene blue can
approach the electrode.
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Addition of IP-10 gives a robust, quantitative response both in buffer and in undiluted blood
serum to the highest target concentration we can achieve under our experimental conditions.
Error shown is standard deviation from n > 4 independent trials.
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Fig. 3.
Scaffold sensors directed against IP-10 and the FLAG antibody display selective signal
response in buffer against cross-target interactions, even when challenged at 500 nM target.
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