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ABSTRACT: The ability to measure the levels of diagnostically
relevant proteins, such as antibodies, directly at the point of care
could significantly impact healthcare. Thus motivated, we explore
here the E-DNA “scaffold” sensing platform, a rapid, convenient,
single-step means to this end. These sensors are comprised of a
rigid nucleic acid “scaffold” attached via a flexible linker to an
electrode and modified on its distal end with a redox reporter and
a protein binding “recognition element.” The binding of a targeted
protein reduces the efficiency with which the redox reporter ap-
proaches the electrode, resulting in an easily measured signal
change when the sensor is interrogated voltammetrically. Previ-
ously we have demonstrated scaffold sensors employing a range
of low molecular weight haptens and linear peptides as their
recognition elements. Expanding on this here we have character-
ized sensors employing much larger recognition elements (up to
and including full length proteins) in order to: 1) define the range
of recognition elements suitable for use in the platform; 2) better
characterize the platform’s signaling mechanism to aid its design
and optimization; and 3) demonstrate the analytical performance
of sensors employing full-length proteins as recognition elements.
In doing so we have enlarged the range of molecular targets ame-
nable to this rapid and convenient sensing platform.

There remains a pressing need for improved methods for meas-
uring the levels of diagnostically relevant protein biomarkers
directly at the point of care. For example, while lateral flow im-
munoassays' have seen significant implementation even for home
use””, they provide at best semi-quantitative results regarding the
presence or absence of a target. Fluorescence polarization assays®,
which have also seen some deployment at the point-of-care are, in
contrast, quantitative. This approach, which is predicated on using
fluorescence anisotropy to measure binding-induced changes in
the tumbling time of a fluorescently labeled, target-binding recep-
tor, requires careful background subtraction and large sample
volumes, rendering it rather slow and cumbersome for point of
care applications. It is thus only used for the highest value targets,
such as markers of heart attack in emergency rooms”®.

Motivated by the lack of rapid, convenient and quantitative
point-of-care molecular diagnostics numerous approaches to this
end have been proposed, including surface plasmon resonance-
based devices’, quartz crystal microbalances'’, surface acoustic
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wave sensors'', and time-resolved surface fluorescence chips 12,13

etc. To date, however, these have failed to achieve clinical rele-
vance due to their inability to discriminate between authentic
target binding and the non-specific binding of the many other
proteins found in realistically complex clinical samples. In short,
the ability to rapidly and conveniently measure the levels of spe-
cific proteins in crude clinical samples at the point of care remains
an important, unmet medical need.

In response to the need for improved point-of-care molecular
diagnostics we have developed the E-DNA “scaffold” platform,
an electrochemical analog of fluorescence polarization that is
convenient and rapid enough to deploy at the point of care and
selective enough to work in relatively crude, unprocessed clinical
samples'*'®. The approach employs a nucleic acid duplex “scaf-
fold” via an attached flexible linker to the surface of an interrogat-
ing electrode. Its other, distal end is modified with a protein bind-
ing “recognition element,” which is typically a short peptide (e.g.,
a linear epitope) or small molecule (e.g., a hapten), and a redox
reporter (methylene blue) that generates an easily measurable
electrochemical signal (Figure 1). The binding of a target protein,
such as an antibody, to the recognition element reduces the effi-
ciency with which the redox reporter approaches the electrode,
producing a change in electron transfer that is easily measured via
square wave voltammetry. To date, such E-DNA sensors have
been described for the achieving of rapid (few minute), quantita-
tive measurements of a number of antibodies and non-antibody
protein targets in only minimally diluted blood serum or cell ex-
tracts'*!7.

To date, we have only employed small molecules (e.g., digox-
in) or short peptides (e.g., epitopes of 16 or fewer amino acids) as
recognition elements in the E-DNA scaffold platform, with the
rational being that, as the recognition element becomes larger the
additional signal change produced by target binding will ultimate-
ly fall to zero. Given this, there should be a maximum recognition
element size that the platform can accommodate before the base-
line change in current (change upon addition of the recognition
element to the scaffold) is so great that no additional signal
change is observed upon target binding. Here we have addressed
this question by characterizing how the size of the sensor’s recog-
nition element affects signaling. In doing so we demonstrate sen-
sors in this class that, for the first time, employ full-length pro-
teins as their recognition elements.
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Figure 1. E-DNA scaffold sensors are composed of a redox-reporter-modified, double stranded nucleic acid “scaffold” attached via a flexible linker
to self-assembled monolayer deposited on a gold electrode. Their distal end is modified with a redox-reporter (here methylene blue) and a target-
binding recognition element. Here we have attached these recognition elements using a nitrilotriacetic acid (NTA) on the scaffold that, in the pres-
ence of copper, binds to a His-tag on the recognition element. (a) In the absence of a recognition element the reporter readily approaches the elec-
trode, (b) producing a large redox current. (c) Upon addition of a recognition element (during sensor fabrication) this current is (d) reduced, pre-
sumably due to the steric bulk of the recognition element. (¢) The binding of a macromolecular target, such as an antibody, (f) reduces this current
still further (Figure S1), producing an easily measurable signal indicative of the presence of the target. Here we explore how large a recognition
element can be employed before the reduction in current it causes is so great that target binding no longer produces a sufficient additional signal
change to support target detection.
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Figure 2. Addition of recognition element to the scaffold reduces the Protein Molscular Weight (kDa)
current observed in the absence of target in a size-dependent manner.
(2) To show this we attached either the 7 kDa P3 domain of CheA or Figure 3. As the recognition element becomes larger, the signaling
the full length, 71 kDa CheA to the scaffold. (b) Upon the addition of current remaining after it is attached to the scaffold is reduced. (a)
the P3 domain the signaling current is reduced by only ~15% relative Shown is the signal reduction observed upon addition of various
to that seen for the unmodified scaffold (the dark bars represent the recognition elements to the scaffold as a function of their molecular
signal change seen fpr control sensors lacklng NTA)~ Addition of the weight. This change in current increases monotonically until the
full-length protein, in contrast, causes the signaling current to 46— recognition element reaches ~70 kDa, after which the signal change
crease by 35_%- Throughout, the. error ba.rs rqﬂect the standard qula‘ plateaus at ~35% for these his-tag-linked polypeptides and proteins.
tions of replicates performed using multiple independently fabricated
Sensors. To further explore the relationship between signaling and

. . . recognition element size we next fabricated sensors employing

As a first exploration of the extent to which the size of the his-tagged polypeptides and proteins spanning a much wider
recognition element alters scaffold sensor’s baseline current we range of molecular weights: CheY (14 kDa)™, CdiA-CTMH813(17
compared the behavior of sensors fabricated using either the 7 kDa)®, p24 (24 kDa)®, green fluorescent protéin (GFP) (29 kDa)
kDa P3 domain'® of CheA or the full length, 71 kDa monomeric HER2 ’(69 kDa)? GInRS (88 kDa)’®. We also included in this sot.
protein'® as the recognition element (Figure 2). To do so we ex- the proteins anti-Dig IgG (150 kDa), which we bound to a scaf-
pressed the two recognition elements with carboxy-terminal hexa- fold to which Dig had been covalently added' and streptavidin
his-tags, taking advantage of the ability of this sequence to bind (211 kDa), which was attached to a biotin-modified scaffold. The
copper nltrllotrlaclgtzl()cuamq to facilely attach each to an NTA- addition of these “recognition elements” to the scaffold monoton-
modified scaffold = (Flgurg 2a). Characterlz'l'ng these sensors, ically reduces baseline signaling current until the protein reaches
we see that, as expected, the size of the recognition-element mat- ~70 kDa, after which the current reduction plateaus at ~35% sig-
ters: while th§ addition of the 7 kDa P3 domaln to the scaffold nal change relative to the unmodified scaffold (Figure 3). Of note,
reduces baseline peak current by ~15% (relative to that seen for this molecular weight corresponds to a protein of ~7 nm in diame-
the unmodified scaffold), the addition of the full-length, 71 kDa ter (Figure S2). Le., at this point the radius of the recognition
protein reduces it by ~35% (Figure 2b). element approaches the width of the double-helical scaffold (2
nm) plus the length of the methylene blue and its linker (~1 nm)

and thus the receptor is large enough to physically prevent the
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methylene blue from contacting the electrode when the side of the
scaffold to which it is attached approaches the surface.
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Figure 4. (a) To better understand the origins of E-DNA scaffold
signaling, here we have simulated a simple modeled our sensor that
employs only three parameters: the flexibility of the linker connecting
the scaffold to the surface (0), the flexibility of the linker connecting
the recognition element to the scaffold (¢), and the size of the recog-
nition element (r). (b) Estimated transfer efficiency is a strong func-
tion of the size of the recognition element and the flexibility of the
linker connecting it to the scaffold (the width of the distribution that
¢ adopts), with plots of estimated transfer rate (normalized against the
transfer rate of the unmodified scaffold) versus the molecular weight
of the recognition element tracing out curves similar to those seen in
our experimental results (Figure 3). The value at which the signal
change plateaus, however, is a strong function of the flexibility of the
recognition-element-to-scaffold linker (the standard deviation of the
Gaussian-distribution of the population of angles, ¢, employed in each
simulation is denoted).

Simulations of the scaffold sensor support our argument that
the dependence of the baseline peak current on molecular weight
stems from simple geometric exclusion. To see this, we simulated
a model of the scaffold that employs three adjustable parameters:
the flexibility of the linker connecting the scaffold to the surface
(0), the flexibility of the linker connecting the recognition element
to the scaffold (@), and the size of the recognition element (r)
(Figure 4a). We find that, while the simulated rate of electron
transfer is largely independent of the first parameter (Figure S3),
it is a strong function of the size of the recognition element and
the flexibility of the linker connecting it to the scaffold (Figure
4b). Specifically, plots of (relative) estimated transfer rate versus
recognition element molecular weight trace out shapes similar to
those seen in our experimental results, with the curves plateauing
when, as is true in the experimental case, the radius of the recog-
nition element approaches the sum of the diameter of the scaffold
and the length of the methylene blue and its linker. The current
suppression seen at the plateau, however, is a function of the flex-
ibility of the linker connecting the recognition element to the scaf-
fold (Figure 4b). This occurs because more flexible recognition
elements can move to avoid colliding with the surface, an effect
that presumably explains why the sensors we have characterized
here, which use a highly flexible his-tag linker, plateau at lower
signal suppression (~35% versus upwards of 50%) than the signal
suppression we have previously seen in sensors employing short-
er, less flexible linkers'>!®,

Further simulations are also consistent with our model of the
scaffold sensor mechanism. These suggest, for example, that sig-
naling is independent of the flexibility of the linker connecting the
redox reporter to the scaffold because such flexibility alters trans-
fer from both the modified and unmodified scaffolds equivalently
(Figure S4). Conversely, our simulations suggest that, if we place
the redox reporter in the middle of the scaffold (at base pair 11,
rather than on the distal terminus), the sensor’s signal is a less
strong function of recognition element size (which should enable
the use of larger recognition elements at the cost of a reduced
signal change upon target binding). Consistent with our model,
however, under these conditions signaling is also independent of
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the flexibility of the linker connecting the recognition element to
the scaffold (Figure S5).

The above results suggest that, while the signal change induced
by target binding will fall as the recognition element increases in
size, there is nevertheless “room” to exploit larger recognition
elements than the largest we have previously employed (a 16-
residue, 2 kDa linear epitope from HIV'®). To test this, we de-
signed sensors employing full-length protein antigens (thus in-
cluding conformational epitopes, and not just linear epitopes) for
the detection of specific antibodies (Figure 5). As the first test-
case example of this we employed the 24 kDa HIV p24 antigen as
the recognition element. The resultant sensor easily measures anti-
HIV antibodies with a detection limit of a few nanomolar (Figure
Sa). This is one to two orders of magnitude poorer than an ELISA
(due to the enzyme-driven signal amplification that ELISAs em-
ploy), but ELISAs only achieve this improved detection limit at
the cost of being complex, multi-step and far slower than E-DNA
sensors. As our second example we employed the 27 kDa green
fluorescent protein (GFP) to detect anti-GFP antibodies (Figure
5c). Using polyclonal anti-GFP antisera as our target we observed
a 12% signal change upon antibody binding (Figure S6a) and
observed the expected Langmuir isotherm binding with a disso-
ciation constant of 6.3 ng/ml (Figure S6b).
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Figure 5. (a) The ability to apply full-length proteins in the E-DNA
scaffold platform expands the range of targets it can detect to, for
example, antibodies that bind conformational epitopes. Using green
fluorescent protein (GFP) — NTA complex as the recognition element,
we easily detect anti-GFP antibodies with a total signal change of
about ~12% (Figure S6a), a value easily comparable to the signal
change seen in typical fluorescence polarization assays. (b) Using the
HIV protein p24 as the recognition element we can similarly detect
antibodies specific for this virus. The error bars reflect the standard
deviations of replicates performed using multiple independently fabri-
cated sensors. (c¢) The smaller the recognition element, the larger the
signal change seen upon target binding. To show this here we have
employed the following recognition elements: Dig (0.5 kDa), p24 (24
kDa), GFP (27 kDa), and HER2 (69 kDa). The error bars reflect
standard deviations of replicates performed using multiple inde-
pendently fabricated sensors.

As expected, the target response of antibody-detecting E-DNA
scaffold sensors are also dependent on the size of the recognition
element. To see this, we characterized sensors employing Dig (0.5
kDa; which was attached covalently to the scaffold rather than via

3
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a His-tag), p24 (24 kDa), GFP (27 kDa) and HER2 (69 kDa) as
recognition elements (Figure Sc; Figure S7). Upon binding its
antibody target the sensor employing the Dig recognition element
exhibits a 35% change in signal. As expected, this is similar to the
change in current we would expect in transitioning from an un-
modified scaffold (Dig is only 0.5 kDa, we presume it does not
significantly alter the current seen from the unmodified scaffold)
to a scaffold presenting a 150 kDa antibody. The intermediate-
sized recognition elements p24 and GFP, in contrast, produce
signal changes of 21% and 25%, respectively, upon addition of
the recognition element to the scaffold. They correspondingly
exhibit only 12% and 13% signal changes upon target binding.
Finally, addition of the much higher molecular weight HER2
recognition element to the scaffold leads to a ~30% reduction in
signaling current, and thus target binding produces only minimal
additional signal change.

We have determined the extent to which the signaling of E-
DNA scaffold sensors depends on the size of their recognition
element, finding that as the recognition element becomes larger its
steric bulk reduces electron transfer and thus reduces the signal
change observed upon target binding. This effect “saturates” when
the recognition reaches ~70 kDa (Figure 3), eliminating any addi-
tional signal change associated with target binding (Figure 5c).
Perhaps not coincidentally, the radius of a protein of this molecu-
lar weight is similar to the width of the scaffold plus the length of
the methylene blue and its linker, suggesting that these observa-
tions arise due to simple steric blocking. Recognition elements of
under ~25 kDa, however, still produce adequate signal change to
support target detection. At ~17%, for example, the signal change
seen when a 25 kDa recognition element binds its target antibody
is larger than the typical signal change seen in fluorescence polar-
ization assays™®, a technique that, as noted above, has seen signif-
icant deployment at the point of care despite its far slower and
more cumbersome nature than the E-DNA platform.

The observation that sensors utilizing recognition elements of
up to ~25 kDa remain responsive to the binding of their target
provides opportunities to expand this sensor platform. To this
end, here we have demonstrated E-DNA sensors that employ full-
length antigens as their recognition element, improving the poten-
tial impact of the approach. Specifically, the use of full-length
antigens expands the approach to the detection of antibodies that
recognize conformational epitopes comprised of two or more
sequence-distant elements of the antigen”’. The use of full length
antigens also provides a ready means of simultaneously monitor-
ing antibodies against different linear epitopes of the same anti-
gen, which, given that different patients sometimes produce anti-
bodies against different epitopes in the same antigen®®*?°, should
improve clinical sensitivity.

While the above analysis focused on the detection of antibod-
ies, we have previously shown the platform can be used to detect
non-antibody targets recognized by short polypeptides'’. The
ability to utilize recognition elements of up to 25 kDa should sig-
nificantly expand upon this ability. For example, the results pre-
sented here suggest that the platform will be amenable to the in-
corporation of single domain antibodies, such as Camelid*® or
other single chain variable fragments antibodies®', which are un-
der 25 kDa and can be used to recognize a wide range of non-
antibody protein targets >,
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