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Electrochemical and plasmonic detection methods
yield comparable analytical performance for DNA
hybridization
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Philippe Dauphin-Ducharme *

DNA-based biosensors have been engineered for the measurement of different molecular targets.

Depending on the means through which binding is transduced, this may introduce differences in analyti-

cal performance, especially when looking at the target’s molecular weight and length. To address this

question, we developed a combined approach of two commonly used transduction methods in DNA-

based biosensors – electrochemistry and surface plasmon resonance – for concomitant surface interrog-

ation. Specifically, we looked at the limits of detection and maximal responses of redox-reporter-

modified DNA interfaces of increasing lengths binding to their complementary sequences. In doing so,

along with comparable limits of detection, we observed that both methods produced similar sigmoidal

target-responses that monotonically varied as a function of sequence length. We envision that our com-

bined electrochemical-surface plasmon resonance (eSPR) approach showcases that SPR could be used

as a first method to help engineer recognition elements before purchasing costly redox modifications,

and in turn accelerate their translation into sensing platforms.

1. Introduction

DNA-based biosensors are versatile recognition elements for
the measurement of various molecular targets, ranging
from small molecules to large proteins and viruses.1–4 Target
binding is expected to affect the interfacial properties,
which can be measured using various transduction means
(optical,5,6 electrochemical,7,8 acoustic,9,10 etc.11). Among the
commonly used methods, electrochemistry and surface
plasmon resonance (SPR) remain widely prevalent. This is
because they support sensitive, rapid, and multiple measure-
ments that can be adapted to a variety of chemistries. In
electrochemistry, transduction is typically achieved via
covalent attachment of a redox reporter or by immersion in a
solution of a redox mediator, both of which result in mono-
tonic changes in electron transfer properties based on target
concentration.8,12,13 In SPR, measurement of the local refrac-
tive index change induced by target binding allows for con-
tinuous and real-time monitoring of binding affinities and
kinetics.14–16 Thus, both electrochemistry and SPR provide
quantitative insights into the interfacial properties of DNA-
modified surfaces.

Given that signal transduction occurs differently between
electrochemistry and SPR, one may hypothesize that their
analytical performance may differ, notably when it comes to
the target size. This is because the propagation of the surface
plasmon decays over longer distances (∼200 nm)17,18 from the
surface than at distances through which electron transfer
occurs to support electrochemical signaling (<2 nm).19,20

Consequently, one could assume that SPR provides a more
sensitive approach than electrochemistry for larger molecules
since the molar refractivity is proportional to the mass of the
target as described by the Lorenz–Lorentz equation.21

Electrochemistry, in contrast, could enable sensitive measure-
ments of smaller targets as electron transfer occurs closer to
the electrode surface.20,22

Curious about unraveling whether these hypotheses hold in
DNA-based biosensors, we developed a combined electro-
chemical-surface plasmon resonance (eSPR) approach due to
its concomitant ability to assess electrochemical and plasmo-
nic signal transduction sensitivities. To date, eSPR has been
used to discriminate between surface or DNA probe non-
specific interactions.23 It has also been used to enhance the
analytical capabilities of SPR, notably for measurements in
complex matrices via electrochemical modulation of the
refractive index.24,25 To our knowledge, there remains a lasting
question whether there are differences in analytical perform-
ance (signal gain and limits of detection (LODs)) between
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electrochemical and SPR transduction mechanisms for the
same biomolecular target and surface. In response, we try to
address this question by functionalizing gold prisms with DNA
sequences of various lengths that are modified with a redox
reporter to assess the influence of the target complement size
and distance separating the reporter from the surface. We
found that, in contrast to the above, both methods produced
similar LODs and signal change dependencies as a function of
target size for duplexes of >20 base pairs. Given these simi-
larities in performance, we envision that SPR could be used as
a label-free benchmark to rapidly screen different recognition
elements without having to systematically resort to the costly
redox reporter modification. We foresee that using SPR will
thus accelerate the translation of recognition elements into
electrochemical sensing platforms.

2. Results and discussion

We started by fabricating functionalized gold prisms. This
briefly involves coating BK7 Dove prisms with a 50 nm Au layer

that we cleaned in a plasma oven and via electrochemical
means (Fig. S2).26,27 As others have done in the past to fabri-
cate electrochemical DNA-based biosensors,28,29 we proceeded
with a sequential functionalization protocol. This first con-
sisted of modifying ∼75% of the prism surface with methylene
blue-modified DNA sequences solely composed of adenine
and thymine bases (∼75% thymines, Table S1) of varying
lengths (between 5 and 60 nucleotides). We decided to rely on
these unstructured sequences, as with their lengthening (and
thus increasing mass), we expected to measure an increase in
the plasmonic shift concomitant with a decrease in the elec-
tron transfer rate. We finally functionalized the entire prism
with the alkanethiol 6-mercaptohexanol, leaving ∼25% of the
surface to act as a reference (only alkanethiol present).

Our modified prisms produced electrochemical and plas-
monic responses. We interrogated those using an in-house
eSPR system comprising a P4SPR from Affinité Instruments
featuring polymeric fluidics enabling a four-channel sequen-
tial plasmonic reading (one reference channel along with three
sensing channels for reproducibility purposes) and electro-
chemical interrogation (Fig. 1A). By inserting reference and

Fig. 1 (A) Our electrochemical-surface plasmon resonance surface is based on a gold film coated BK7 Dove prism mounted with a commercial
polymeric fluidic chamber for the elution of samples. The electrochemical cell is formed by inserting platinum and Ag|AgCl electrodes in each outlet
channel with the gold film functionalized with a redox reporter modified DNA sequence. (B) As a function of complement concentration, we
monitor a peak current decrease (here in square-wave voltammetry with a frequency of 4 Hz) and (C) a positive plasmonic shift that we associate
with target binding. Concentrations of complementary DNA (cDNA) are of 1 × 10−10, 1 × 10−9, 5 × 10−9, 1 × 10−8, 2.5 × 10−8, 5 × 10−8, 7.5 × 10−8, 1 ×
10−7, 2.5 × 10−7, 5 × 10−7, 7.5 × 10−7 and 1 × 10−6 M.
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counter electrodes within each fluidic path, we obtained a
three-electrode system for electrochemical interrogation
through an electrical contact (copper tape) with the gold film
for each channel. Electrochemical interrogation via cyclic vol-
tammetry produced faradaic peaks with a reduction potential
centered at ∼−0.24 V vs. Ag|AgCl associated with the methyl-
ene blue redox reporter (Fig. S3B). As is commonly done,27,30

integrating the methylene blue reduction peak returned
surface coverages of 0.03–0.8 pmol cm−2, exempt from chain–
chain interactions31,32 and which decreased with probe
lengths (Fig. S3C), presumably due to steric constraints.33

The eSPR system reports on DNA hybridization. We verified
this by circulating buffered solutions containing increasing
amounts of the complementary DNA sequence while concomi-
tantly measuring electrochemically (via square-wave voltamme-
try in Fig. 1B) and optically (Fig. 1C). As expected, we measured
a decrease in the peak current and an increase in the refractive
index. We hypothesize that the former is associated with a
redox reporter having a slower electron transfer rate due to the
more rigid duplex architecture,34,35 while the latter is associ-
ated with a higher local refractive index arising from target
binding in the vicinity of the plasmonic film.36 When looking
at the resulting eSPR binding traces, we found that both
electrochemical and SPR responses followed hyperbolic
binding,25,37,38 which are correlated with target concentrations
(Fig. 2A vs. Fig. 2B for a 60 nucleotide-long DNA duplex) with
comparable dissociation constants (KD values) of 13 ± 2 and 18
± 3 nM reported as the mean and standard deviation of the
three interrogation channels. Raw current and plasmonic
signals, in contrast, varied vastly across the 3 sensing channels
for both techniques (as opposed to the control channel, which
remained unchanged (Fig. S5)), presumably due to variations
in the amount of immobilized DNA. Normalizing the
measured response with respect to the target-free signal coun-
teracted this effect in electrochemistry, while reporting the

reference-subtracted signal in SPR ensured a response arising
from target binding (Fig. 2).

Limits of detection of DNA hybridization vary as a function
of sequence length. When challenging prisms functionalized
with DNA sequences of different lengths with increasing
amounts of complement, we obtained electrochemical and
plasmonic sigmoidal binding profiles (see Fig. S7 and S8 for
all binding traces). The resulting LODs (see the SI for how this
was determined) ranged from 4 to 96 nM with an overall
decreasing trend as a function of increasing chain length
using both methodologies (Fig. 3A). LODs are in agreement
with past results for similar systems38,39 as more bases provide
a higher affinity. Only sequences containing 5 and 10 nucleo-
tides did not provide a measurable change in the refractive
index, which we presume to be due to: (1) the limited sensi-
tivity of our eSPR system, (2) their lower melting temperatures
(Tm, calculated to be ≤13 °C in comparison with >30 °C for
longer sequences in solution (Fig. S6))40 did not allow reaching
saturation in the range of concentrations explored, resulting in
a higher error, and (3) the decrease in the melting tempera-
tures of DNA when tethered to a gold substrate.41 We hypoth-
esize that the electrochemical signal provided a response for
these shorter sequences because of a possible interaction of
methylene blue with DNA or that electrochemistry is more sen-
sitive to smaller distance changes between the redox reporter
and the surface.

Limits of detection are independent of the interrogation
technique. Considering the increased distance (∼3–40 nm)
separating the redox reporter from the surface for the longer
DNA complexes, which reduces the sensitivity of the electro-
chemical measurement (electron transfer occurs within
1–2 nm from the surface),19,20 we observed no statistical differ-
ence in the electrochemical or plasmonic LODs (Fig. 3A). We
hypothesize that this originates from: (1) a coincidental
decrease in DNA surface coverage, a parameter that influences

Fig. 2 We challenged our DNA-based sensors (here, a 60-nucleotide-long sequence) with their complementary sequence while concomitantly
interrogating (A) electrochemically and (B) plasmonically. Doing so, we measured a decrease in peak current (shown here is the absolute signal
change) and an increase in the plasmonic shift. The different colours correspond to independent measurements of the 3 sensing channels of the
same prism.
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plasmonic responses42–45 and follows a similar trend (see
below for more on this and in Fig. S3C and S9); and/or (2)
DNA remaining proximal to the surface (“laying down”) or
exhibiting a sufficient range of motion for the reporter to
approach for electron transfer35 at lower target concentrations.
Given the concordance of the electrochemical and plasmonic
responses, we presume, as was previously reported,46 that the
latter hypothesis is more likely. This is because, while the
plasmon can theoretically propagate farther from the prism
surface, we envision that the first sequences generating a
response will be found within short distances of the surface
and where the enhanced electric field on flat surfaces is at its
maximum (over 90% intensity at distances < ∼25 nm).18 These
findings indicate that, as one would anticipate, the largest con-
tribution in plasmonic and electrochemical signaling occurs
within similar distances.

DNA surface coverage affects the analytical performance of
both interrogation techniques. We explored this by fabricating
gold films with three different DNA deposition concentrations
of the 30-nucleotide-long sequence. At a lower DNA surface
coverage, we only measured a hyperbolic response for the
electrochemical signal (Fig. S9). We presume that this is
because of instrumental limitation and the plasmonic signal
being more dependent on the amounts of surface attached
DNA.28,34,44,45 At higher DNA surface coverages, in contrast,
electrochemical and plasmonic signals returned a response
from which we were able to determine LODs and maximum
responses. While we measured a lower LOD for the lowest
surface coverage, presumably because of prism degradation,
all others were not statistically different. This further indicates
that in having a sufficiently high DNA surface coverage, both
methodologies provided comparable analytical performance.

The DNA length influences the magnitude of response,
with similar trends for electrochemical and plasmonic means
of transduction. We observed this when looking at the saturat-

ing sensor response (1 µM for ≥16 bases) for every DNA length
(Fig. 3B). While we measured a lower maximal response from
the smaller DNA duplexes, likely originating from the lower
Tms, we obtained similar responses of ∼75% in electro-
chemistry and ∼75 RU in SPR for the longer duplexes.41 We
presume that these results can be explained again based on
how the signal is transduced in both methodologies. In
electrochemistry, when at saturating target concentrations,
DNA lengths >16 nt place the reporter at >2 nm distances,
minimizing electron transfer. At the frequency of interrogation
we used (4 Hz), this decrease did not maximize the saturating
response (absence of a measurable faradaic peak), hence
showing a plateau at 75% of the absolute signal change. When
relying on SPR, we presume that the trend we measure is again
the result of the plasmon being sensitive to phenomena occur-
ring in the vicinity of the gold film. While the target molecular
weight increased, the surface coverage varied with chain
length (see Fig. S3C, S4 and S9), which changed the magnitude
of the SPR maximal response. Moreover, the potential occur-
rence of an unstructured tail “laying” closer to the surface and
the probability of partial DNA hybridization that increased for
sequences >40 nucleotides could result in a response varia-
bility for the longer sequences, which would thus compensate
for the lower amount of recognition element on the surface.
Although there are mechanistic differences in signal gene-
ration, these phenomena could account for the similarities of
trends observed in our eSPR system.

Our results suggest that we did not reach the limit in terms
of detectable target size. For electrochemical interrogation, as
long as we can electrochemically resolve lower amounts of
DNA (and thus number of redox reporter) due to the dimin-
ished surface coverages, we presume that similar responses
will be measured to the longest sequences we explored here.
While electrochemical assessment of DNA hybridization typi-
cally employs shorter sequences of ∼17–40 nt,47,48 we envision,

Fig. 3 We compared the electrochemical and plasmonic analytical performance using eSPR. (A) LODs decrease as a function of chain length and
are comparable for sequences >16 nucleotides. (B) Looking at the magnitude of response (signal change for electrochemical measurements and
ΔShift for plasmonic transduction) measured at a saturating concentration (1 µM) of the complementary sequence, we found a similar trend for both
techniques. Shading represents the standard deviation of the three channels per prism for each condition.
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by extrapolating our results of the measurable peak current
with our interrogation parameters and setup, that we could
interrogate DNA interfaces modified with sequences of 90–120
nucleotides. In SPR, we foresee that measurements of larger
sequences could be achieved. For instance, while studies focus-
ing on perfect complementary sequences are of 18–22 nucleo-
tide-long sequences,49–51 the use of shorter sequences has
achieved binding of 300 –1500-long complements.49,52 As is the
case with electrochemistry, we also expect perfectly matching
complements to reach a sequence length limit (something that
remains to be explored) due to the lower DNA surface coverage
capable of binding with the complement and driving plasmonic
signaling. Given the resemblances in sensitivity we observed, we
expect that both methodologies have similar suitability to inves-
tigate the effects of mismatches on DNA duplexes. We, however,
envision that differences in signal transduction scheme per-
formance would start to emerge when deploying in undiluted
complex matrices. This is because SPR, in contrast to electro-
chemistry, is more prone to interferences from surface fouling
and bulk refractive index changes since the plasmon decays
farther from the substrate.53,54 Combining both methodologies
through eSPR could help overcome this challenge.

3. Conclusion

In this study, we developed a combined electrochemical-
surface plasmon resonance setup for the characterization of
DNA-based interfaces. We tested the analytical performance of
our approach with DNA hybridization experiments using
unstructured strands of varying lengths. When challenging
sensors with their complementary targets, we obtained
binding curves with similar LODs and magnitudes of response
at saturating concentrations for both techniques. We presume
that these similarities are because most signaling occurs
within short distances (<2 nm) from the surface in both tech-
niques. With these results on the similar sensitivities between
electrochemistry and plasmonic readouts, we envision that the
latter could be used to design recognition elements without
having to resort to the costly redox reporter modification and,
in turn, accelerate the screening of DNA sequences for
different sensing applications.
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