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ABSTRACT: Electrochemical DNA biosensors have been studied
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biological realities of nucleic acid targets, the physical limits of sur-
face-based hybridization, and the clinical/market environment that
governs adoption. We find that many advances optimize analytical performance under laboratory conditions while leaving application
complexity largely unresolved. Yet, viable niches emerge at the intersection of low information complexity and operational urgency—
rapid pharmacogenomic genotyping, now driven by directive clinical guidelines, and infection diagnostics, where simplicity matters
more than sophistication. A broader redirection emerges when DNA acts not as the analyte but as a functional tool:
Electrochemical aptamer-based sensors are entering commercial markets; nuclease and enzymatic activity profiling exploits the regime
where these sensors perform best; and therapeutic oligonucleotides—invisible to standard sequencing workflows—map naturally onto
the platform’s strengths. The field’s most transferable contribution may not be DNA detection itself, but the programmable molecular
interfaces it has developed.

KEYWORDS: electrochemical DNA (E-DNA) biosensors, single-nucleotide polymorphism (SNP) sensing, DNA hybridization, clinical
translation, point-of-care diagnostics, genomic diagnostics, electrochemical aptamer-based (E-AB) sensors, pharmacogenomics, nuclease activity

detection, therapeutic oligonucleotide monitoring

B THE UNDELIVERED PROMISE OF
ELECTROCHEMICAL DNA BIOSENSING

Expectations versus Reality: DNA Is Not Glucose

The glucose biosensor, developed from Clark and Lyons’ 1962
work,! is the most successful electrochemical biosensing tech-
nology—specific, rapid, inexpensive, and addressing a massive
clinical need. Its success raised a natural expectation: if glucose,
why not DNA? Once DNA was shown to be electroactive, the
field embraced a vision that electrochemical detection would
enable rapid, low-cost DNA analysis: “credit card-sized sensor
arrays for clinical applications such as detection of pathogenic bac-
teria, tumors, and genetic diseases”.> More than 25 years later, that
vision has only been partially realized.

In our view, the lack of translation lies in mismatches
between expectations and reality across three dimensions—
biological,  technological, and clinical/market—which we
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identified independently nevertheless mirror the framework
proposed by Nagata and Sode,’ suggesting that these con-
straints are structural. Biologically, glucose is present at high,
relatively stable concentrations, whereas DNA targets typically
occur at orders of magnitude lower and highly variable levels.
Technologically, glucose sensing benefits from highly efficient
and stable enzymes that provide catalytic signal amplification,
while  DNA recognition relies mainly on hybridization.
Clinically, glucose monitoring addresses an urgent, widespread,
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life-critical need, whereas electrochemical DNA biosensing has
rarely met a similar demand. This does not mean the field lacks
a future—unlike glucose sensing, which targets a single metabolite,
DNA sensing offers a programmable platform capable of detecting
virtually any structure-defined target. This broader potential comes
with greater biological and technological complexity, making trans-
lation into practical devices significantly more challenging.

This review traces the history of electrochemical DNA bio-
sensing through the lens of single-nucleotide polymorphism
(SNP) detection as a key target application, from the field’s ori-
gins to its current maturity. We examine the biological complex-
ity of nucleic acid targets, the physical limits of surface-based
hybridization, and the genuine technological achievements, as
well as the remaining hard limits related to translation. We also
review the competitive landscape, commercial device history,
and clinical trends that define the translation environment.
Finally, we identify where electrochemical nucleic acid sensing
most credibly belongs, arguing that the field becomes most
promising when nucleic acids are viewed not as analytes to be
detected but as programmable molecular interfaces and versatile
biochemical substrates that enable sensing strategies beyond
nucleic acid detection itself.

A brief clarification of the scope is necessary. The term
“electrochemical DNA detection” is broad enough to include
technologies such as nanopore sequencing. In this review, how-
ever, we focus on electrochemical DNA biosensors based on
surface hybridization, in which an immobilized oligonucleotide

probe on an electrode transduces target binding into an electri-
cal signal.* Electrochemistry-assisted sequencing technologies
are discussed only briefly as part of the broader competitive
technological landscape.

A Brief History of Electrochemical DNA Biosensors

DNA sensing can be divided into three periods: before 1990
(foundation), from 1990 to 2019 (COVID-19 pandemic,
growth), and the post-COVID-19 period (maturation). These
periods differ substantially in dominant contributors, research
focus, methodological approaches, and publication output.
Due to space constraints, this review highlights selected studies
that, in our view, represent cornerstone achievements. We que-
ried the Web of Science using the same keyword strategy as
Palecek:® “(polarograph®* AND DNA) OR (electrochem® AND
DNA) OR (electrochem® AND “nucleic acid*”)”. Paletek
reported sustained exponential growth up to 2008. Our analysis
shows that publication output plateaued at approximately
1300—1500 papers per year from 2019 (timeline in Figure 1),
following approximately three decades of growth.

Foundation (1960—1990). In 1960, Pale¢ek demonstrated
that DNA is electroactive: Double-stranded (ds) and single-
stranded (ss) DNA show distinct electrochemical behavior on
mercury electrodes.® Pale¢ek later reflected on this founding
period in his 2009 review, “Fifty Years of Nucleic Acid
Electrochemistry”, which is an important historical overview.®
Around the same time, Miller (1961) showed that DNA and
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Figure 1. Timeline of the field. The field originates from the discovery of DNA electroactivity by Palecek in 1960 and early DNA electrochemistry
studies in the 1960s. The introduction of hybridization-based electrochemical detection in the 1990s triggered rapid growth, followed by the devel-
opment of diverse sensing architectures, including nanoparticle amplification, E-DNA sensors, and CRISPR-based platforms. The publication rate
increased markedly after 1990, plateauing from 2019 to 2020. *Although the work was demonstrated in 2017, we assign it to the maturation period

because of a thematic fit.
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RNA adsorb onto mercury electrodes and quantified surface
coverages, establishing early principles of DNA—electrode inter-
faces.” Paletek (1967) further demonstrated electrochemical
differences between native and nuclease-treated DNA, repre-
senting one of the earliest examples of functional DNA-based
sensing.® In 1968, Simons presented foundational work on
methylene blue—DNA electrochemistry, showing that MB
binds DNA primarily through hydrophobic interactions with
electrostatic contributions—a property central to many con-
temporary biosensors.” Between 1960 and 1989, approximately
10 papers per year were published, primarily from the groups of
Berg, Miller, Niirnberg, Pale¢ek, and Reynaud,10 establishing
fundamental principles of the field.

Growth (1990-2019). Research output accelerated sharply
from 1990, catalyzed by the Human Genome Project.'' The
field’s key technologies were established: sequence-selective
detection using hybridization indicators;'>'® peptide nucleic
acid probes for SNP discrimination;'* thiolated DNA/mercap-
tohexanol self-assembled monolayers (SAMs) on gold, which
became the immobilization standard;'*'® Ru(bpy),**-mediated
electrocatalytic guanine oxidation;'” mutation detection via DNA
charge transport;'® and nanoparticle-based electrical detection
using gold nanoparticles with silver enhancement—'? later shown
to quantum-dot reporters via stripping voltammetry.*’

In our opinion, the most consequential advance of this era
came in 2003, when Fan et al. reported the electrochemical
DNA (E-DNA) sensor—a reagentless, reusable, structure-
switching sensor using a ferrocene-based reporter loop probe
on gold.”" This architecture became the foundation for a family
of folding-based sensors and was demonstrated with PCR
amplicons via signal-off”* and signal-on** formats and later
extended to protein detection via aptamers (E-AB sensors).”*
Willner et al. developed multiple signal amplification strategies,
including DNAzyme cascades and hemin/G-quadruplex HRP-
mimicking systems,”® and Soleymani et al. developed microelec-
trodes controlling detection limits by surface nanostructuring.*®

Maturation (2019-2026). The COVID-19 pandemic cata-
lyzed a surge in electrochemical nucleic acid detection research
while simultaneously revealing the field’s persistent translational
gap—despite many publications describing SARS-CoV-2 bio-
sensors, none achieved significant clinical deployment, with
RT-qPCR and lateral flow antigen tests dominating clinical test-
ing.27 Many sensors were reported in 2020—2022, including
notable advances such as an AuNP-based chip detecting as
few as 6.7 copies/pL in clinical samples.”® However, most were
validated only with synthetic or spiked samples, and, to the best
of our knowledge, none achieved the true positive/negative per-
formance values required for clinical use.”

This maturation period produced two distinct extensions of
electrochemical DNA sensing. One direction integrated
CRISPR-Cas recognition with electrochemical transduction.
Key examples include the CRISPR-Chip reported by Hajian
et al., which coupled catalytically inactive Cas9 with graphene
field-effect transistors (FETs) for unamplified genomic
DNA,* Cas12a collateral-cleavage systems integrated with elec-
trochemical readout,®’ Cas9-graphene FET for SNP detec-
tion,>* and Casl3a-based systems coupled to electrochemical
platforms.*> A second trajectory extended E-DNA sensors to
electrochemical aptamer-based (E-AB) sensing. Arroyo-Currds
et al. demonstrated the measurement of drug concentrations
directly in the bloodstream of live animals using structure-
switching aptamers** followed by a landmark pilot clinical study
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of real-time vancomycin monitoring in humans.** Post-COVID
work has also increasingly focused on multiplexed detection, inte-
gration of isothermal amplification with electrochemical readout
in closed cartridge formats,>® or isothermal SNP-discrimination
approaches,’” addressing the sample-to-answer gaps.

Box 1. Section highlights

e The glucose biosensor created a natural expectation
that DNA could be detected electrochemically under a
similar paradigm; more than 2§ years later, this vision
has only been partially realized.

e Unlike glucose, electrochemical DNA sensing faces
structural mismatches across three dimensions:
biological, technological, and clinical/market.

e Foundational work by Palecek et al. established
DNA electroactivity and DNA—electrode surface
principles.

e During the field’s growth period, key architectures
emerged, including SAM-based probe immobilization,
nanoparticle amplification, and reagentless E-DNA
Sensors.

e Publication output plateaued at ~1300—1500 papers per
year after 2019—2020, consistent with a maturing field.

e The COVID-19 pandemic catalyzed a publication surge
but also exposed the translational gap: Despite many
SARS-CoV-2 biosensor reports, none achieved
significant clinical deployment.

o Nevertheless, DNA sensing retains a unique advantage:
programmability, enabling recognition of virtually any
structure-defined nucleic acid target.

B BIOLOGICAL REALITY: DNA SENSING IS AGAINST
UNFAVORABLE ODDS

In this section, we review the biological targets most frequently
proposed for electrochemical DNA biosensors and examine the
constraints on their detection. We show that the typical concen-
tration regimes of clinically relevant DNA targets, their molecu-
lar forms, and the complexity of biological matrices create gaps
with the operating regime of surface-based electrochemical
DNA/SNP biosensors. Together with hybridization thermody-
namics and transport limitations, these factors define the practi-
cal boundaries within which a sensor must operate.

The Dynamic Range Mismatch and
Sample Complexity

Concentration reality across clinical targets. In the context of
SNP sensing, electrochemical DNA biosensors have primarily
targeted (i) cancer-related cell-free DNA (cfDNA), (ii) germ-
line variants relevant to pharmacogenetics, and (iii) pathogen-
specific targets.

Cancer-related cfDNA circulates in plasma at staggeringly
low concentrations (Figure 2a). For example, fewer than two
copies per mL of plasma have been reported in stage I, increas-
ing to 20—200 copies at advanced stages and ~2000 copies/mL
for metastatic breast cancer®® (molar 107>!—107'% M). For
comparison on a logarithmic scale, glucose concentrations are

https://doi.org/10.1021/acssensors.6c01221
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(a) Concentration regime of targets in relevant matrices

Amplified detection

~ Cellfree |
DNA |

Unamplified detection

Small molecule
drugs Glucose molecules/L

10° 10 10° 10° 100

I015 01 8 1 b21 1 I024

Water

What the sensor is designed for

\

What the sensor actually gets

J

Figure 2. Complexity of biological targets. (a) Concentration regime of targets in relevant matrices. Extracellular vesicles,* creatinine, glucose, K*,
and water are included for scale comparison. (b) Length regime of targets in clinical samples: a contrast between what a DNA biosensor is typically
designed for and what is actually present in clinical samples. Here: ASOs—antisense oligonucleotides.

much closer to water (~4 orders of magnitude) than to cfDNA
(~15—18 orders). Furthermore, a specific SNP-bearing allele
may constitute only a fraction of this sparse pool: The variant
allele frequency can fall below 0.01%, embedding the target in
a 99.99% background of competing wild-type sequence—this
is not a sensitivity shortfall to be engineered away—it is a fun-
damental mismatch in the operating regime, where even PCR-
based assays and next-generation sequencing (NGS) struggle
without pre-enrichment.***°

Germline targets are more abundant but still orders of magni-
tude below the typical electrochemical operating range
(Figure 2a). Human saliva contains approximately 5.65 X 10°
genome copies per mL,*" while blood provides 4—11 X 10°
leukocyte-derived genome copies per mL.** Both saliva and blood
reflect systemic biomarker status to varying degrees.*”** As a
result, the concentration of any specific mutant sequence in clini-
cal samples is extremely low, frequently reaching the fM—aM
range, which is accessible to amplification-based methods but
remains challenging for direct electrochemical detection.

Pathogen nucleic acids represent the most favorable concentra-
tion regime (Figure 2a). For example, in severe meningococcal
disease, blood concentrations reach a median of 84 X 10°
copies/mL and spike to 1.8 X 10” copies/mL in critical cases.*®
Pneumococcal bacteremia shows concentrations from 10 to
1.5 X 10° (median 1075) copies/mL with septic shock patients
reaching median loads up to 1.3 X 10* copies/mL.*® SARS-
CoV-2 nasopharyngeal viral loads reached 10°—10” copies/mL
in critically ill and fatal cases.”” These concentrations are orders
of magnitude higher than ¢fDNA and approach the pM-nM
range in severe infections—within borderline reach of unampli-
fied electrochemical detection.

Target length mismatch and biofouling. Genomic DNA
extracted from samples is double-stranded, ranging from kilo-
bases to tens of kilobases in length (20—50 kb from blood,*
150—300 bp cfDNA),*° while a hybridization-based biosensor
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requires a short (~20—40 bp) ssDNA (Figure 2b). Bridging this
gap—denaturing the duplex, fragmenting or amplifying to the
appropriate length, and isolating—constitutes sample prepara-
tion bottlenecks. Almost every reported electrochemical SNP
detection from clinical material uses DNA purification with com-
mercial kits and/or amplification with locus-specific primers.
From our experience, applying locus-specific primers is not
straightforward, as the received amplicon will not be the same
length as a synthetic DNA used for sensor development; thus, fur-
ther optimization may be needed.”” Biofouling is an additional
barrier for DNA-modified electrodes (Figure 2b). In E-AB sen-
sors, the best-studied in vivo case, exposure to undiluted whole
blood causes a signal drift mainly through soluble high-
molecular-weight blood proteins, with fouling and degradation
both contributing.®'

Hybridization and SNP Discrimination Limits

Hybridization limits on surfaces. In this section, we discuss
constraints that impose a limit on direct (unamplified) surface-
based detection. We show that this limit is in the range of
0.1-1.0 pM when the sensing interface is a macroscopic planar
surface (cm? scale) exposed to a finite sample volume. For more
details, readers are referred to those papers.*>>>

For a typical 30 bp duplex, the hybridization free energy (1 M
NaCl, pH 7.0, 37°C) is approximately AG® ~—45 kcal/mol.>*
From eq 1, the equilibrium constant (K) is ~10.>* Duplex forma-
tion is therefore overwhelmingly favorable: If a target encounters
a complementary probe, then hybridization will occur.

AG= —RTIn(K) (1)

However, before hybridization can occur, the target must dif-
fuse across the stagnant (Nernst) layer to reach the surface
(Figure 3a). For a 2.0 mm-diameter surface (0.0314 cm?), a dif-
fusion layer thickness of ~100 pm, and a 30 bp DNA strand with

https://doi.org/10.1021/acssensors.6c01221
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Figure 3. Fundamental constraints on electrochemical DNA hybridization sensors. (a) Effect of target concentration on surface hybridization and elec-
trochemical response. As the target concentration decreases, mass transport becomes limiting—from rapid hybridization at >1000 pM to diffusion-limited
capture at 0.1—1 pM, to physically insufficient molecule counts at <0.1 pM. Illustrative LSVs (greenish—after hybridization, black—before) and SWV
responses are shown. (b) SNP discrimination narrows with increasing target length. Melting curves for a perfect match (PM, pink) and a single-nucleotide
mismatch (MM, greenish) show relative AT, decreasing from ~2 °C at 30 bp to ~0.5 °C at 90 bp, where PM and SNP become indistinguishable.

D~107% cm?/s,*° the diffusion-limited flux is ~6 X 10* mole-
cules/cm?/s at 1 pM and ~60 molecules/ cm?/s at 1 M
(eq 2). For the 2.0 mm electrode, this yields ~2 X 10°> mole-
cules/s at 1 pM and ~2 molecules/s at 1 fM.

J=—"—= (2)

The minimum number of detectable molecules is set by the
requirement that the resulting current exceeds the instrumental
noise. The total charge associated with redox-active reporters is
given by Faraday’s law. For example, in linear sweep voltammetry
(LSV), this charge is distributed over a characteristic timescale,
and a theoretically detectable current on the order of ~1 pA cor-
responds to a total charge of ~107"'C, representing a minimum
of ~107—10® molecules. In practice, at such low coverages, LSV
signals are hidden in the noise; therefore, techniques such as
square wave voltammetry (SWV), which concentrate the same
charge into higher effective currents allowing detection at the
lower end of this range, are required.

Combining this detection requirement with the diffusion-
limited arrival rates shows that the accumulation of ~107—10%
molecules requires 1—14 h at 1 pM and impractically long times
(months to years) at fM concentrations (Figure 3a). Thus, at
low concentrations, mass transport—not hybridization—
becomes the limitation. An even more restrictive constraint
emerges when finite sample volume is considered. For a 1 mL
sample at 0.1 pM, the total number of molecules present is
~6 X 107 This value is already within the ~10"—10® molecules
needed. Thus, below ~0.1—0.2 pM (for a 1 mL volume), detec-
tion becomes molecule-count limited: Even if every molecule in
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the sample were captured, the signal would remain below the
detection even for SWV.

This analysis predicts a practical detection limit in the
~0.1—1 pM range for macroscopic, unamplified, surface-based
electrochemical sensors. Early work by the Plaxco group provides
an excellent demonstration.”” Under their conditions (PerfectHyb
Plus buffer, S h at 37°C), detection of 400 fM (0.4 pM) with a sig-
nal change of ~3—4 nA using alternating current voltammetry
(ACV) was reached. Immunoassays used without amplification
strategies exhibit similar sensitivities (~10—100 fM),*® reinforcing
the conclusion that such limits are governed by fundamental trans-
port and molecule-counting constraints.

Therefore, platforms claiming aM sensitivities without ampli-
fication should explicitly address mass transport, single-
molecule transduction efficiency, and signal-to-noise limitations.
While nanostructured electrodes have been reported to achieve
aM detection limits—apparently circumventing mass transport
constraints through enhanced probe accessibility at nanoscale
features—2° the physical basis, in our opinion, remains incom-
pletely resolved. For example, at 10 aM in a typical 100 pL sam-
ple, fewer than 1000 target molecules are present, and kinetic
demonstration at or near the claimed detection limits is impor-
tant but is rarely provided in the literature.

Limits of SNP discrimination. Even if target DNA could be
delivered to the sensor at adequate concentrations, the funda-
mental physics of energy differences between perfect match
(PM) and mismatch (MM) duplexes imposes a limited detec-
tion window for sequence lengths of ~15—35 bp.

Let us consider three cases: 30, 60, and 90 bp targets (Figure 3b).
For a 30 bp target, the parameters per base pair for 50% GC con-
tent are AH’~—8 kcal/mol and AS°~—22 cal/(mol K) derived

https://doi.org/10.1021/acssensors.6c01221
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by the nearest-neighbor model.>* Thus, a PM duplex has total
AH°(PM) ~—232 kcal/mol and AS® (PM) ~—638 cal/(mol
K). At C;= 10~° M and under standard conditions, T,, is**

AH®

T AS+RIn(Cy/4) 3)

m

Here, R = 1.987 cal/(mol K) and T, (PM) is calculated at
~74 °C. A single MM gives AH’(MM) ~—223 kcal/mol and
AS’(MM) ~—616 cal/(mol K) and, using eq 3, T,,, (MM) is
~72 °C. This window (AT, ~2 °C) provides a measurable signal
difference. Extending calculations to 60 bp gives T, (PM) ~82 °C
and T, (MM) ~81 °C. At 90 bp, T, (PM) ~85 °C and T, (MM)
~84.5 °C. Thus, at >60 bp, AT, falls in <1°C differences—the
signal difference between PM and MM becomes marginal. This
establishes a practical limit on target length for hybridization-
based SNP detection of ~15—35 bp. An important caveat and
illustration is that, while fragments of ~100—300 bp are analyzed
by melting analysis in industry, this analysis relies on high-
resolution melting techniques capable of very narrow discrimina-
tion of T, values (e.g.,, ~0.25 °C) as well as fine-tuning of reaction
conditions (e.g., ionic strength).*’

This constraint imposes sample-processing limitations.
Genomic DNA must first be converted into a usable target,
e.g, by PCR with locus-specific primers, adding complex steps
and, paradoxically, shifting the technology from a true sensor
toward an analytical method.® Alternatively, DNA recognition
approaches can be used, such as sandwich formats using short
allele-specific reporters to interrogate longer captured amplicons.
From our own experience, even after amplification, PCR ampli-
cons behave differently from synthetic oligonucleotides: A por-
tion of the target is “overwritten” by primers, producing
overhangs—which repel incoming shorter reporter strands,
requiring sensor redesign, e.g., incorporation of spermine-
conjugated ZNA probes to neutralize surface charge,’” downward
reporter geometry,®" or introduction of hairpin probes.®>

Box 2. Section highlights

e Clinically relevant DNA targets (cfDNA, germline
variants, and pathogens) span extreme concentration
regimes, with cfDNA in the 10721-107¥ M range.

e SNP allele fractions can fall below 0.01%, placing targets
within a vast excess of near-identical competing sequences.

e Native DNA is long and double-stranded, whereas
sensors require short ssDNA, making denaturation,
fragmentation, or amplification needed.

e Hybridization is thermodynamically favorable—the
true limitation is mass transport and the finite number
of molecules reaching the surface.

e For macroscopic, unamplified sensors, these constraints
impose a practical detection floor of ~0.1—1 pM and
SNP discrimination window of ~15—35 bp.

e Biofouling is an additional engineering problem,
whereas concentration, transport, and target-format
limits are physical constraints.

B TECHNOLOGICAL REALITY: ACHIEVEMENTS ARE
GENUINE, BUT LIMITS ARE HARD

The limitations described above should not downplay genuine
and creative technological achievements. The field has devel-
oped a sophisticated toolkit for electrochemical DNA sensing.
In this section, we discuss genuine progress of surface chemis-
tries, signal transduction innovations, and highlight technolog-
ical limits, which, in our opinion, are not yet fully resolved.

Genuine Progress

Probe architecture and surface engineering. The transition
from mercury drop to solid gold electrodes was enabled by
thiol-based SAM protocols: Thiolated DNA probes co-
assembled with short-chain alkanethiols (typically mercaptohex-
anol, MCH), which backfill unoccupied surface sites and reduce
non-specific adsorption and parasitic reactions.'>'® This
became the universal standard for gold electrode DNA sensors.
Alternative ~ immobilization  strategies include  amino-
functionalized probes on activated surfaces® and biotinylated
probes bound to streptavidin-modified electrodes,®* each offer-
ing specific advantages.

The simplest recognition layer employs linear ssDNA probes,
typically 20—40 bp nucleotides, where SNP detection relies on
analyzing signal differences between PM and MM targets aris-
ing from differences in duplex stability.>~%® This direct-
capture approach works but lacks the discrimination power
needed for SNP detection. Sandwich-type architectures repre-
sent a significant advance:*” By splitting target recognition
between a capture probe on the electrode and a reporter carrying
the signal element, a second layer of selectivity is introduced.
Discrimination can be further enhanced by incorporating ligases
or polymerases, as extension occurs only under conditions of per-
fect complementarity.”"~"*

An important innovation was the development of structure-
switching E-DNA biosensors. In these designs, a stem-loop
(molecular beacon) probe bearing a redox reporter is tethered
to the electrode surface—target hybridization forces a confor-
mational change that alters the reporter-to-electrode distance,
converting a binding event directly into current.”"*” Structure-
switching probes also provided a natural framework for SNP
discrimination, since MM targets induce incomplete or unstable
conformational changes that produce measurably different sig-
nals from PM.%

Three-dimensional (3D) DNA nanostructures have emerged
as programmable material for electrode surface engineering.
Tetrahedral DNA nanostructures (TDNs) position individual
probes at defined heights with controlled spacing, in principle
resolving probe orientation and surface crowding. The founda-
tional reports established 250-fold improvements in signal’® as
well as up to 20-fold faster hybridization kinetics’* over
ssDNA/MCH probes. DNA origami has also been used as a
programmable target-capturing tile to amplify electrochemical
DNA hybridization signals.”> DNA nanotweezers and related
structures add a further dimension by coupling recognition to
a defined open-closed conformational change, as recently dem-
onstrated for drug development,”® providing a structural basis
for signal-on readouts, although nanotweezer-based hybridiza-
tion sensors remain almost exclusively tested under controlled
conditions.”” The demonstrated value of these architectures lies
primarily at the mechanistic level—control probe orientation,
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spacing, and local steric and electrostatic environment. Their
translational value, however, is not yet established. Even the
most clinically oriented 3D DNA biosensor works establish per-
formance in buffers but still require complex biological sample
pretreatment: purification with commercial kits involving lysis,
extraction, and centrifugation.78 In our opinion, 3D DNA nano-
structures will become compelling for practical sensing only
when their added design and synthesis complexity translates
into measurable advantages under clinically relevant conditions.
An overview of the most important surface innovations is given
in Figure 4a.

Signal transduction innovations. After molecular recogni-
tion, the hybridization event must be converted into an electro-
chemically measurable signal. For SNP detection, this
conversion must be sensitive enough to resolve the small struc-
tural and stability differences between PM and MM.

The earliest reporter-free approaches exploited redox-active
intercalators and groove binders—daunomycin, Hoechst
33258, and [Ru(NH,)]**, which preferentially associate with
dsDNA.” The signal increase upon duplex formation provided
a simple readout, though discrimination between PM and
MM was often modest. A rapid direct stripping approach has
been explored via hybridization to guanine-free probes.*’
Electrochemical impedance spectroscopy (EIS) offered an alter-
native reporter-free strategy, detecting hybridization-induced
changes in interfacial charge transfer resistance without any
redox indicator,*" but suffered from sensitivity to non-specific
adsorption and drift.

Covalently attached redox reporters, ie., methylene blue
(MB) and ferrocene, were introduced and provided greater
control—reversible redox chemistry, mild potentials, and rela-
tive ease of conjugation to synthetic DNA.** The dominant sig-
nal transduction mechanism in E-DNA sensors exploits their
conformational dynamics. An alternative mechanism, DNA-
mediated charge transport through n-stacked base pairs, treats
intact dsDNA as a conductive bridge between the redox

reporter and the electrode; an MM disrupts this pathway,
decreasing the signal.'® Electrochemical molecular beacons for
solution-phase sensing have been proposed.®*

Approaches were demonstrated to couple detection with cata-
Iytic amplification. Redox cycling using MB and ascorbic acid,
enabling real-time hybridization monitoring in the nM range with
~1 s temporal resolution, was demonstrated.** Enzymatic amplifi-
cation, e.g., using alkaline phosphatase or horseradish peroxidase,
was also demonstrated—such systems achieved performance with-
out PCR pre-amplification using human blood samples.*
Nanoparticle-based amplification—particularly using gold nano-
particles (AuNPs)—was used as the dominant amplification
approach through the 2000s and 2010s, offering signal gains
through more redox-active metal atoms per binding event.2%%
Interesting advance is nuclease-assisted target recycling, e.g,
exonuclease III cleaves the probe after hybridization and releases
the target for repeated binding cycles, pushing detection limits to
the aM range, providing sufficient time given for signal accumula-
tion.*”® Electromechanical detection via quartz crystal microbalance
utilizing gravimetric reporters® or the binding of a PCR-amplified
biotinylated duplex assemblies was also demonstrated.”

CRISPR use in biosensor designs is another significant achieve-
ment. In these systems, nuclease—gRNA complexes serve as rec-
ognition elements whose specificity is determined by the guide
sequence and can be adapted to detect different mutations.”!
The most notable achievement is the CRISPR-SNP-Chip, which
immobilized a Cas9—gRNA complex on a graphene field-effect
transistor, enabling direct SNP detection in unamplified genomic
DNA within ~40 min at ~6.3 fM sensitivity.”> An overview of the
most important transduction innovations is given in Figure 4b.

Hard Technological Limits

Another layer of barriers is engineering—even if a sensor dem-
onstrates adequate sensitivity in clinical samples, translating it
into a practical device introduces constraints. A common
assumption is that practical electrochemical DNA sensors

(a) Surface chemistry innovations

Linear probe and | (Sandwich assay | [E-DNA sensor loop | [Three-dimensional
SAM DNA nanostructures
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Figure 4. Key technological achievements in electrochemical DNA sensing. (a) Evolution of surface architectures: linear thiolated probes on alka-
nethiol SAMs; sandwich capture assays; structure-switching E-DNA sensors enabling reagentless detection through conformational change; and
three-dimensional DNA nanostructures for controlled probe orientation and spacing. (b) Signal transduction strategies: redox-active probes via
DNA-mediated nt-stack or contact-mediated electron transfer; catalytic amplification via chemical or enzymatic conversion; nanoparticle-based ampli-
fication loading thousands of redox reporters per binding event; and CRISPR-Cas recognition on graphene field-effect transistors enabling
amplification-free electronic detection. Each innovation addressed a specific limitation of its predecessor, collectively building a sophisticated toolkit

of the field.

5302

https://doi.org/10.1021/acssensors.6c01221
ACS Sens. 2026, 11,5296-5314

920z Jequisidag g| uo Jasn AINN SNINTIA A Jpd 1221 0-9202-05/65989259/9625/L/ 1 L AAPd-ajoile/jeose/Bi0°soe"sqnd wouj papeojumoq


http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.6c01221

ACS Sensors

pubs.acs.org/acssensors

Review

resemble the simplicity of glucose meters; however, this analogy
is not entirely accurate.

System integration trade-offs in advanced electrochemical
readouts. Glucose meters are inexpensive partly because their
measurement circuitry is minimal: a fixed-potential amperomet-
ric readout implemented with a single op-amp transimpedance
stage and a low-cost microcontroller (MCU) with integrated
analogue-to-digital converter (ADC).”> Most DNA-relevant
assays rely on more demanding methods—CV, and especially
DPV and SWV, which dominate as readout methods for DNA
sensors due to their superior discrimination against capacitive
background. These pulse techniques require deterministic tim-
ing of digital-to-analogue converter (DAC) updates and ADC
sampling on the 10—100 ms scale, multi-bit DAC/ADC resolu-
tion, post-acquisition baseline subtraction, and peak fitting.
These are not, however, prohibitive barriers. The ongoing com-
mercialization of electrochemical aptamer-based (E-AB) sensors
(see in Section 7.7),* which routinely use SWV in wearable and
implantable formats, demonstrates that pulse voltammetry can
be implemented. The relevant point is therefore not that the elec-
tronics are unattainable but that they are no longer at the simplic-
ity level of a glucose meter—moving from amperometry to SWV
introduces system integration trade-offs in cost, power budget,
and signal processing that must be justified by the application.

Requirement of multichannel potentiostats. Unlike HRP-
type setups, which produce redox mediators that can reliably
accumulate in the cell without constant electrode potential con-
trol, continuous measurements of adsorbed DNA, such as in
T_-based assays, require constant potential control of the work-
ing electrode (WE). Furthermore, clinical utility for SNP panels
requires multi-well operation. Although 96-well electrode array
formats are commercially available (e.g, Metrohm’s DRP-
96X110-U4), these arrays are switch-cycled—connected and
measured only a few at a time. Fully independent, continuously
operated 96-channel potentiostats have been demonstrated,”**
and some designs use 96 WEs that share reference and counter
electrodes (RE and CE, respectively),”>”® but the physical con-
straints of connecting 96 or 288 electrical contacts in a compact
format remain challenging. Custom complementary metal oxide
semiconductor (CMOS) integrated circuits designed for these
applications are a logical but costly solution. A practical compro-
mise to reduce the number of components is to use multiplexers
controlled by the MCU, cycling through a subset of channels (for
example, five at a time), with the switching interval determined
by the WE’s electric capacity to hold the potential for a short period.

Thermostatic control as the binding constraint for
melting-based SNP discrimination. Among the engineering
constraints, temperature control is the one most resistant to
scaling. As discussed above, AT, between PM and MM
duplexes can be ~0.5—2 °C depending on target and condi-
tions, with the practical SNP-discriminating window concen-
trated below 35 bp. High-resolution melting platforms in
laboratory settings achieve 0.01 °C resolution through Peltier-
stabilized  blocks and  reference-genotype  calibration.
Disposable point-of-care formats typically achieve 0.05—0.2 °C,
which compresses the discriminatory margin substantially.
Surface-localized thermometry (e.g, thin-film RTDs co-fabricated
with the working electrode) and adaptive control algorithms can
partially close this gap, as can constant-temperature designs that
avoid melting altogether,”” but each adds cost, complexity, or
restrictions on the assay format. In our view, this is the most bind-
ing engineering constraint specific to hybridization-based SNP
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detection. Furthermore, DNA hybridization assays may require
high ionic strengths, at around 0.3—1 M, to improve kinetics,””
which is not problematic in a laboratory but creates challenges
for the disposable devices.

Box 3. Section highlights

e The field has developed a sophisticated toolkit:
SAM-based gold electrodes, probe architectures
including tridimensional structures, as well as diverse
transduction strategies.

e These innovations improve selectivity, signal generation
and control of surface chemistry.

e However, performance gains often depend on
controlled environments that do not translate to
practical applications easily.

e Translation introduces engineering constraints: precise
temperature control for SNPs discrimination, high ionic
strength requirements, and susceptibility to noise

and drift.

e Advanced readouts (e.g, SWV) enhance sensitivity but
require more complex electronics and non-trivial
signal processing, increasing cost and failure modes.

e Multiplexing remains a bottleneck—scaling demands
multichannel potentiostats, dense electrical interconnects,
and precise temperature control.

B CLINICAL AND MARKET REALITY: THE VALUE
PROPOSITION IS NARROWING

The technological and biological barriers described above
should be evaluated not in isolation, but against the perfor-
mance trajectory of competing platforms and the reality of clin-
ical/market demand. The competitive landscape for genetic
variant detection has evolved dramatically since the emergence
of electrochemical DNA biosensors. In this section, we examine
competing technologies, clinical demand—including recent
guideline updates relevant to SNP detection—and the commer-
cial technology landscape.

Competing Technologies and Infrastructure

The trajectory of sequencing cost and speed. The cost of
whole-genome sequencing (WGS) has fallen by approximately
six orders of magnitude since the Human Genome Project,
from USD ~3 billion to ~200 per genome in 2026. More crit-
ically, turnaround time—historically the limiting factor—has
compressed dramatically. Standard clinical WGS turnaround
remains 2—3 weeks, but the technical capabilities have moved
far beyond this: In 2025, the Roche sequencing-by-expansion
(SBX) platform demonstrated complete genome sequencing
and analysis in a scalable newborn intensive care unit workflow,
with a fastest sample-to-report time of 6 h 47 min.”® A substan-
tial gap remains between this technical frontier and routine clin-
ical practice, but the trajectory is clear and accelerating. Thus,
the key argument as the cornerstone advantage for electro-
chemical DNA biosensors—their fast time-to-result readout—
is rapidly shrinking.
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Established laboratory infrastructure. SNP genotyping
technologies such as microarrays (e.g, Illumina Infinium,
Thermo Fisher Axiom), quantitative PCR panels, and targeted
next-generation sequencing (NGS) are already integrated into
clinical laboratory workflows, supported by established bioinfor-
matic pipelines, trained personnel, and standardized quality
control procedures.” These platforms detect not just one
SNP but thousands simultaneously, providing a comprehensive
pharmacogenomic and disease-risk profile from a single
assay.'”® A new electrochemical SNP sensor must not only
match these platforms analytically—it must also displace an
installed base that has been built over the decades.

Rapid point-of-care competitive set. For rapid molecular
testing at or near the patient, the competitive landscape is dom-
inated by integrated cartridge-based optical platforms, for exam-
ple, GeneXpert (Cepheid), FilmArray (bioMérieux), ID NOW
(Abbott), QlAstat-Dx (QIAGEN), and cobas Liat (Roche).
These instruments integrate sample preparation, nucleic acid
amplification, and fluorescence-based detection into closed dis-
posable cartridges, delivering sample-to-answer times of approx-
imately 15—60 min. Their dominance reflects not primarily
analytical superiority but engineering maturity, bioinformatics,
and system integration. Three practical advantages have proven
decisive: (i) these platforms provide fully integrated sample-to-
answer workflows, minimizing manual handling; (ii) they offer
broad multiplexed selection, with respiratory and syndromic
panels detecting 10—25 pathogens simultaneously; and (iii)
they are supported by established hospital procurement chan-
nels, regulatory clearances, and installed instrument bases.

The Single Allele Value Problem

The competitive landscape described above would be forgiving
if clinical demand were sufficiently strong. For glucose sensing,
billions of daily measurements by hundreds of millions of
patients have justified decades of engineering investment. For
electrochemical SNP detection, the demand picture is different.

SNPs are emerging as clinically important but are rarely
urgent. Over the years, the clinical importance of SNPs has
become well established, with expanding recognition that SNPs
influence disease susceptibility, drug metabolism, treatment
response, and prognosis across nearly every area of medi-
cine.'*'%> SNPs have been associated with susceptibility to neu-
rological and psychiatric disorders, cardiovascular disease risks,
cancers and toxicity, acute inflammatory conditions, hepatitis C
outcomes, and hereditary pancreatitis, among many others.'*>'%*

SNPs are particularly emerging in pharmacogenomics. An
actionable list received from CPIC guidelines, FDA labels, the
FDA Pharmacogenomics table, DPWG  guidelines, and
GSI/PHARMDOG currently identifies 10 genes with consensus
recommendations for clinical testing: CYP2CI19, CYP2CY,
CYP2D6, DPYD, HLA-A, HLA-B, NUDT15, TPMT, UGTIAL
and VKORCI (see in https://www.clinpgx.org/pgxGenes). The
clinical significance of these genes is substantial. CYP2C19 guides
antiplatelet, antidepressant, and antifungal therapy through three
key variants (rs4244285, rs4986893, and rs12248560).'%°
CYP2D6 is involved in the metabolism of up to 25% of com-
monly prescribed drugs, including opioids, antidepressants, and
tamoxifen.'*® As of 2026, DPYD testing before fluoropyrimidine
chemotherapy involves eight tier 1 and six tier 2 variants.'”’
HLA-B testing for *15:02, *57:01, and *58:01 alleles prevents
life-threatening Stevens—Johnson syndrome and toxic epidermal
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necrolysis when carbamazepine, abacavir, allopurinol, or anti-
epileptic drugs are prescribed.'**'*

The regulatory and guideline landscape is evolving rapidly. The
DPWG has published new guidelines for TPMT/NUDT1S5~
thiopurine''® and SLCO1B1—statin/ CYP2C9—sulfonylurea inter-
actions,''" followed by CYP2D6/CYP2C19—tricyclic antidepressant
guidelines with metabolizer-specific dosing recommendations in
2026."'* The UK released a national guideline in December
2025 recommending CYP2C19 testing for all patients before clo-
pidogrel prescription, regardless of the underlying indica-
tions.'"® This expanding clinical importance creates, at first
glance, a growing market for rapid genotyping. However, the
implementation model favored by these guidelines systemati-
cally undermines the need for urgency. While pretreatment test-
ing is now recommended for several gene—drug pairs—DPYD
before fluoropyrimidines,''* HLA-B*57:01 before abacavir,'"®
HLA-B*15:02 before carbamazepine,'”® and CYP2CI9 before
clopidogrel—113 as far as we know, urgency is recommended
only for CYP2CI9 variants.

Even in one of the most time-critical single-SNP scenarios in
current clinical practice—neonatal screening for the MT-RNRI
m.1555A>G variant to prevent aminoglycoside-induced perma-
nent hearing loss—the solution that reached clinical validation
was not electrochemical but a miniaturized PCR platform
(Genedrive) using fluorescent melt analysis, delivering results
in 26 min.''® This illustrates a recurring pattern: When genuine
clinical urgency drives demand for rapid genotyping, existing
molecular platforms consistently fill the gap before electro-
chemical alternatives reach the market.

Information asymmetry. Beyond the trajectories of cost and
speed, long-read sequencing introduces a qualitative dimension
that electrochemical DNA sensors cannot match, e.g., nanopore
generates reads exceeding 4 Mb with real-time base identifica-
tion."'” Adaptive sampling enables computational target enrich-
ment without capture chemistry—a single MinION run can
enrich for specific pharmacogenomic loci while simultaneously
providing structural variant detection, methylation profiling,
and haplotype phasing from native DNA.''® These technologies
answer the same clinical question while delivering categorically
richer information from the same sample.

Commercial Technologies: Successes, Pivots, and Lessons

Remarkably, despite the challenges described above, several
commercially relevant technologies have emerged that directly
or indirectly descend from the electrochemical DNA sensing
approaches discussed in this review. Their trajectories, including
pivots, discontinuations, and technological retreats, are just as
instructive as their successes.

Direct descendants: electrochemical hybridization detection.
The most comprehensive commercial pipeline in the field belongs
to the eSensor lineage (Figure S5)."'”'*° The platform passed
through Motorola, and Genmark before reaching its current form
as the Roche cobas ePlex. The core technology is composed of
in-cartridge PCR amplification, sandwich capture onto gold elec-
trode arrays, with ferrocene-based reporter detection. The plat-
form was originally developed for pharmacogenomic SNP
typing, including the CYP2CI9 panel,'*' but later abandoned
human SNP genotyping and was repositioned for infectious dis-
ease detection.'” In its current format, a platform of gold elec-
trodes is combined with electrowetting-on-dielectric sample
handling for multiplexed pathogen identification.'**
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Figure 5. Commercial electrochemical DNA detection devices: timeline and outcomes. Red indicates discontinued or pivoted products; green—com-
mercially active as of 2025—2026. The eSensor lineage—spanning different corporate owners over 25 years—zis the field’s longest continuous technol-
ogy thread; it survives today as cobas ePlex (Roche) after abandoning its original SNP genotyping for pathogen panel detection. The CRISPR-Chip
pivoted to gene editing quality control. The only surviving point-of-care device (binx io) performs binary pathogen presence/absence detection.

The binx io (Binx Health) platform is the only other surviv-
ing electrochemical DNA detection device for diagnostics.'*®
Using PCR amplicon hybridization with ferrocene-based
reporter detection on a chip, it provides FDA-cleared point-
of-care chlamydia and gonorrhea testing with a ~30 min
sample-to-answer time. Importantly, binx io operates in a binary
pathogen detection niche (yes/no).

The CRISPR-Chip, the third and final commercially available
solution, followed a different but equally interesting path.
Originally demonstrated for amplification-free mutation detec-
tion of Duchenne muscular dystrophy using Cas9 on graphene
FETs,* the technology was positioned for clinical diagnostics.
However, the commercial application pivoted: CRISPR-Chip
(CRISPR QC) is now focused on quality control services for
CRISPR gene editing.'** Importantly, the technology found a
viable commercial home—just not in diagnostics.

Other direct-descendant platforms we discovered, to the best
of our knowledge, were either discontinued or retreated from
electrochemical detection. The CombiMatrix ElectraSense
combined an impressive amount of 12,544 individual microelec-
trodes on-chip with PCR-amplified biotin-based ssDNA targets
with HRP/TMB signal transduction.'*® Toshiba developed the
Genelyzer electrochemical DNA chip for SNPs associated with
theumatoid arthritis,">® which later was named Canon
Genelyzer (after Toshiba Medical Systems was acquired by
Canon) but eventually switched to fluorescence detection.'?’

The pattern among direct descendants is clear: Of the plat-
forms that used electrochemical transduction for DNA hybridiza-
tion detection, one survived by pivoting away from human SNPs
(eSensor-ePlex), one survived in binary pathogen detection (binx
io), and one pivoted from diagnostics to research tools (CRISPR-
Chip). To the best of our knowledge, none remains commercially
active for only SNP detection by hybridization.

Indirect descendants: electrochemistry in DNA analysis
beyond hybridization. While these approaches fall outside
the definition of electrochemical DNA biosensors, it is useful
to briefly highlight technologies in which electrochemistry is
applied to DNA analysis through mechanisms other than sur-
face hybridization. The conceptual framework of these methods
is fundamentally different.

In the research device market, an electrochemical PCR quan-
titation platform DetScan with a complete PCR device Leo has
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been developed by Easy Life Science.'*® Ion Torrent (now
Thermo Fisher) detects protons released during sequencing-
by-synthesis using ion-sensitive field-effect transistors. In this
case, the signal arises from electrical detection of a chemical
byproduct rather than from DNA hybridization.'* GenapSys
(Prayoga Life Sciences) is the newest addition to electrically
detected sequencing-by-synthesis (SBS), measuring continu-
ously increasing electrical impedance in steps corresponding
to the added nucleotide."*® Oxford Nanopore’s MinION and
PromethION platforms measure modulation of ionic current
as single DNA strands translocate through protein nanopores,
enabling direct electrical readout of DNA sequences.'*!
Roche’s in-development SBX technology expands target DNA
into Xpandomer polymers that are subsequently interrogated
through nanopores, recently demonstrating same-day whole-
genome sequencing in around 4 h.°® Electronic genome map-
ping via electronic transduction is also offered by Nabsys.
DNAe has announced the development of LiDia-SEQ sample-
to-result sequencing platform, operating via automated sample
preparation and ion-sensitive field-effect transistor detection.
Most of these platforms have either achieved commercial suc-
cess or are progressing toward clinical deployment.

Lessons from the commercial landscape. Electrochemical
hybridization detection for human SNPs alone does not have
surviving commercial implementations, as the only platform
that achieved clinical scale (eSensor) abandoned the applica-
tion. Other attempts were discontinued, switched detection
type, or pivoted away from diagnostics. The existing
hybridization-based devices succeeded by avoiding human
SNP discrimination—binx io detects pathogen presence, and
the cobas ePlex as of today identifies microbial species.
Optical detection dominates the hybridization readout: point-
of-care molecular diagnostic platforms competing with cobas
ePlex—BioFire FilmArray (bioMérieux), BD MAX (Becton
Dickinson), QIAstat-Dx (Qiagen), cobas liat (Roche), ID
NOW (Abbott), and VERIGENE (DiaSorin)—use fluorescence-
based detection. One in-between case is the Elecsys (Roche) plat-
form, which utilizes electrochemiluminescence detection; however,
despite being DNA-capable, the technology focuses exclusively on
immunoassays. Finally, electrochemistry succeeds in DNA analysis
when it avoids hybridization, e.g,, Nanopore sequencing and SBX
technologies are commercially viable and growing,
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Box 4. Section highlights

o The competitive landscape has advanced rapidly:
Whole-genome sequencing (WGS) costs have fallen to
USD 200 and turnaround times have compressed to hours.

e Established platforms (microarrays, QPCR, and WGS)
deliver multiplexed, infrastructure-integrated solutions
detecting thousands of SNPs in a single assay.

e Sequencing technologies also provide information richness
(long reads, phasing, and epigenetics), far exceeding
the single-SNP output of electrochemical biosensors.

e Rapid point-of-care molecular systems already provide
fully integrated sample-to-answer workflows in under 1 h.

e Clinical demand for SNPs is growing but rarely
time-critical.

e Commercial history shows three commercially active
solutions as of 2025—2026, but no electrochemical
platform for SNP genotyping by hybridization.

e The most advanced lineage (Roche cobas ePlex)
abandoned human SNP detection in favor of infectious
disease panels.

o Dresent electrochemical solutions succeed in narrow
specific cases: binary pathogen detection (binx) and
quality control (CRISPR-Chip).

e Electrochemistry remains commercially viable in DNA
analysis when it avoids hybridization (e.g,, nanopore
sequencing and SBS platforms).

B PERSPECTIVES: WHERE ELECTROCHEMICAL DNA
SENSING MAY BELONG

The analysis highlights a structural gap between the properties
of DNA hybridization at electrode interfaces and the require-
ments of modern genomic diagnostics. The biological reality
of DNA targets is often unfavorable for the operating regime
of electrochemical hybridization sensors, while the technologi-
cal landscape has shifted toward highly integrated molecular
diagnostic platforms and rapidly advancing sequencing technol-
ogies. At the same time, electrochemical DNA sensing has pro-
duced a sophisticated toolbox of molecular interfaces, surface
chemistries, and signal transduction strategies. The question
facing the field is where the value lies.

Narrow, Time-Critical Niches

As integrated cartridge systems already provide automated and
established clinical workflows, viable niches therefore should
emerge not from analytical superiority but from operational
simplicity and reliability in environments where conventional
molecular platforms are impractical. In our opinion, for such
scenarios to exist, the following conditions should be met:
(a) the genetic variant must be known, specific, and clinically
important; (b) the clinical decision must be time-critical (e.g,,
<30 min); and (c) the electrochemical system must provide a
meaningful operational advantage. Two frequently discussed
areas are pharmacogenomics and infection diagnostics.

5306

Pharmacogenomics. The pharmacogenomic landscape has
undergone a decisive shift. As discussed above, the importance
of pharmacogenes has been building for decades, but the critical
change is recent: 2025—2026 marks the period when guidelines
give directive recommendations.'''~""® This regulatory momen-
tum means that clinical demand for pharmacogenomic genotyp-
ing is driven by a clinical need.

However, this strengthened case simultaneously exposes a struc-
tural limitation of single-SNP electrochemical sensors: Guidelines
do not ask for only one variant. For example, UK CYP2CI9 guide-
lines specify a minimum tier 1 panel of three variants,'"* and DPYD
requires at least four core alleles.'*” This creates a narrow but gen-
uine design target: a minimally multiplexed sensor array interrogat-
ing 3—10 variants from a single sample. Yet even here, existing
PCR-based point-of-care devices, e.g, Spartan RX (Spartan
Bioscience), already deliver CYP2CI9 results.'** Any electrochem-
ical implementation would need to provide advantages in cost, mul-
tiplexing capacity, or workflow simplicity to justify adoption.

It is worth addressing an apparent historical contradiction.
Previously, we noted that the eSensor platform was launched for
pharmacogenomic genotyping in the early 2000s but abandoned
this direction. We believe that this pivot reflects timing rather than
incompatibility—eSensor entered a market where pharmacoge-
nomic testing was an academic curiosity. The landscape of 2026
is different. We must also acknowledge that pharmacogenomics is
moving toward pre-emptive panel-based genotyping for building
profiles into electronic health records,"** in principle, eliminating
the need for rapid genotyping a biosensor would serve. In practice,
healthcare implementation is not straightforward.

Infection diagnostics. A second potential niche is the rapid
detection of predefined resistance mutations or genes when imme-
diate therapeutic decisions are required—notably, two out of three
commercial electrochemical DNA devices (cobas ePlex and binx
io) operate in this space. The strongest example is tuberculosis
(TB), where rifampicin resistance—most commonly caused by
mutations in the rpoB rifampicin-resistance-determining region—
can be detected by molecular assays directly from sputum, enabling
same-day treatment decisions.'*> This application aligns reason-
ably well with the criteria outlined above: The targets are known,
the clinical decision is urgent, and infrastructure may be limited.
However, TB diagnostics are already dominated by integrated
PCR platforms such as GeneXpert, which combine automated
sample preparation, amplification, and mutation detection within
closed cartridges suitable for low-resource environments.'*
However, implementation studies in high-burden regions show
that the main limitations of GeneXpert include instrument cost,
unstable electricity supply, maintenance requirements, cartridge
logistics, and the need for centralized laboratory infrastructure.'*”

Similar considerations apply to bloodstream infections, where
rapid detection of carbapenemase genes such as blagpe, blaypyy
blay;,, and blay,,, can guide treatment.'*® Infection diagnostics rep-
resent a narrow and infrastructure-dependent opportunity, where
electrochemical DNA sensors would need to offer clear advantages
in cost, portability, or workflow simplicity to gain traction.

Beyond Endogenous DNA Detection

Using DNA hybridization to answer the question “what endoge-
nous DNA is present?” faces structural limitations. This does not
mean that the knowledge accumulated over decades of electro-
chemical nucleic acid research lacks translational value. On the
contrary, that value may become most apparent when redirected
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toward analytical problems that are better aligned with the
strengths. The following subsections organize these opportunities
by evidence level—from platforms already entering commercial
markets, through clinically relevant but commercially unrealized
applications, to frontier directions where electrochemical DNA
expertise offers genuine and largely unrecognized opportunities.

Electrochemical aptamer-based (E-AB) sensors: a clini-
cally validated platform at the threshold of commercializa-
tion. E-AB sensors represent the most mature and
commercially advanced redirection of electrochemical DNA sens-
ing expertise. These systems retain the core molecular toolkit—
thiol-tethered oligonucleotide probes on gold, methylene blue
as a redox reporter, and electrochemical readout (e.g,, SWV)—
but target small molecules and proteins rather than nucleic acids.
The approach was pioneered by Plaxco and Soh,'* with a dem-
onstration of reversible real-time drug monitoring'*’ and subse-
quent demonstration of E-AB sensors in the bloodstream of
awake ambulatory animals.** Key engineering challenges were
solved: biofouling by blood components®' and aptamer degrada-
tion by endogenous nucleases.'*' These advances converged in a
landmark pilot clinical study published in 2026, demonstrating
vancomycin monitoring at S min resolution in humans.*

To the best of our knowledge, two companies, as of 2026, are
commercializing E-AB platforms: Nutromics Pty Ltd (Australia)
are sharply focused on therapeutic drug monitoring (i.e., vancomy-
cin and tobramycin) and Adaptyx Biosciences, Inc. (USA), pursu-
ing a broader panel of electrolytes, cardiac biomarkers, hormones,
and metabolites. The technology unquestionably works and, in
our view, represents both scientific ingenuity and genuine engineer-
ing maturity. However, whether continuous molecular monitoring
will provide sufficient value proposition for broad clinical adoption
alongside established biochemical parameters remains an open
question—one the market will ultimately answer.

Pathogen-relevant, disease-relevant, and commercially rel-
evant nucleases: electrochemically demonstrated. A second
direction exploits DNA not as a recognition element for hybridiza-
tion but as a substrate for enzymatic cleavage—measuring nuclease
activity rather than nucleic acid sequence. This niche already has a
commercial foothold: CRISPR-Chip operates in this space. The
electrochemical implementation for nuclease detection is well
established: DNA probes with redox reporters are immobilized
on gold electrodes, and nuclease-mediated cleavage releases the
reporter. Hybridization still contributes—reporter probes can
hybridize to cleavage products—but the analytical step is enzymatic.

The clinical motivation is demonstrated: Bacterial nucleases
represent pathogen-specific enzymatic ~signatures,'*>  while
cancer-associated nucleases are emerging as diagnostically relevant
targets.'** A fascinating recent example—a work by Clark et al,
which showed that cyclophilin B, a protein oversecreted by pancre-
atic cancer cells indeed has previously debated nuclease activity
detectable using electrochemical DNA sensors.'** From our own
experience, similar sensors achieve measurement of DNases in bio-
logical samples such as saliva with high sensitivity and minimal
sample preparation.'*> A further compelling opportunity is moni-
toring DNA repair enzyme activity using defined DNA substrates
at electrochemical interfaces. Oxidative lesions such as 8-
oxoguanine are among the best-established parameters of genomic
damage and are linked to cancer, neurodegeneration, cardiovascu-
lar disease, diabetes, and aging.146 An electrode-bound DNA con-
taining a defined target can be used to directly interrogate repair
enzymes such as 8-oxoguanine DNA glycosylase, where the elec-
trochemical signal reports enzymatic processing of the damaged
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base at the surface.'”” Compelling proof-of-concept evidence
across multiple nuclease classes are presently laying foundations
for further development and clinical translation.

Therapeutic oligonucleotide monitoring: sequence-defined
targets at favorable concentrations. A third direction preserves
hybridization-based recognition but redirects it toward synthetic
rather than endogenous nucleic acids. Instead of endogenous
genomic DNA or rare mutant alleles, electrochemical sensors
can be directed toward known synthetic nucleic acids present at
relatively high and analytically accessible concentrations. The
most compelling example is the monitoring of therapeutic oligo-
nucleotides.'*® As of 2024, 19 small nudcleic acid drugs are
approved, representing a rapidly expanding pharmaceutical
class,"*” with more candidates in development.'*° Therapeutic oli-
gonucleotides are short (18—30 nt), are sequence defined, and cir-
culate at nM—pM. These concentrations lie within the practical
operating window of electrochemical DNA biosensors, avoiding
most of the limitations discussed above. Electrochemical biosens-
ing of therapeutic oligonucleotides remains almost entirely unex-
plored—to date, only a single study has demonstrated this
concept, reporting hybridization-based detection of viltolarsen, a
charge-neutral phosphorodiamidate morpholino oligomer used
in Duchenne muscular dystrophy.'*' In addition, those nucleo-
tides are effectively invisible to standard sequencing workflows,
including NGS, and represent a rare analytical niche.

The clinical relevance of dose—response relationships for oligo-
nucleotide drugs is no longer hypothetical: The DEVOTE trial,
whose final results were published in February 2026 and which
led to FDA approval of a high-dose nusinersen in March 2026,
provides direct clinical evidence that dose titration could matter
for this drug class.'>> Should this pattern extend across the rapidly
growing oligonucleotide therapeutic landscape and move toward
personalized dosing, the analytical demand for precise, frequent
drug-level measurement will follow—and the electrochemical
DNA sensing field is well positioned for this demand.

Electrochemistry as DNA infrastructure: beyond molecular
detection. While outside the scope of this review, it is instructive
that electrochemical and electronic principles have found durable
commercial success in DNA workflows—not as detectors, but as
physical infrastructure for sample manipulation. Electrowetting-
on-dielectric platforms, in which applied voltages move, merge,
and split nanoliter droplets across electrode arrays, are now
replacing robotic liquid handlers for sequencing library prepara-
tion.'>® Miro Canvas (Integra Biosciences) and Callisto (Volta
Labs) have achieved meaningful market adoption for automated
DNA extraction, library construction, and target enrichment.
Similarly, the Ionic system (Bionano) uses electric field-driven
isotachophoresis to extract high-molecular-weight DNA and
RNA from challenging samples without columns or magnetic
beads.'* Isotachophoresis-aided hybridization enhancement has
been demonstrated at rates exceeding 10,000-fold in solution
with striking results on microarray slides, suggesting possible use-
fulness in accelerating DNA assays.'>® Dielectrophoresis and AC
electrokinetic (micro)devices for preconcentration of cells
(CytoChip),"* extracellular vesicles,">” and circulating nucleic
acids (Verita)'*® are being developed and integrated, showing
promising results for low-abundance targets. The pattern is con-
sistent: Electrochemistry has succeeded in the DNA space by
exploiting  capabilities  that  optics  cannot  match—
contactless nanoliter fluidics, selective electromigration, and pro-
grammable surface wettability—rather than by competing with
optical detection on information content. Those advances reinforce
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the broader argument of this review: The expertise accumulated in
electrochemical DNA sensing is genuinely transferable, provided
the target application is chosen to match the platform’s strengths.

Box 5. Section highlights

e Viable niches are narrow and conditional: known targets,
time-critical decisions, and operational simplicity.

e Pharmacogenomics and infection diagnostics are the
most plausible directions, but both face strong
competition from established platforms.

e The stronger opportunity lies in redirecting accumulated
expertise beyond endogenous DNA detection, toward
problems where targets are known and concentrations
are favorable.

e Electrochemical aptamer-based sensors targeting small
molecules and proteins are already entering markets—
Nutromics and Adaptyx—are actively commercializing
continuous molecular monitoring platforms.

e Nuclease and enzymatic activity profiling on DNA
substrates exploits the regime where electrochemical
sensors perform best, with demonstrated relevance
in infection and cancer diagnostics.

e Therapeutic oligonucleotides—sequence-defined
circulating at nM—pM—represent an underexplored
but analytically favorable target class.

o The field’s most transferable contribution may not be
nucleic acid detection itself, but programmable molecular
interfaces and the use of DNA as a functional substrate.

B CONCLUDING REMARKS

Electrochemical DNA biosensors have produced a sophisticated
toolkit, yet the broad translational vision once imagined—credit
card-sized arrays for routine clinical genetic diagnostics—has
not fully materialized.” As discussed throughout this review, this
likely reflects structural factors arising from biological con-
straints, technological realities, and clinical and market demand,
rather than a lack of scientific progress.

The field has nonetheless reached genuine maturity. Figure 6
maps competitive landscape of clinically related applications
across two dimensions—information complexity and urgency.
A boundary appears between domains where sequencing and
conventional molecular diagnostics hold a decisive advantage,
and those where electrochemical approaches can compete.
The commercial record supports this framework: cobas ePlex,
binx io, and CRISPR-Chip all occupy viable niches within it.
Time-critical pharmacogenomic genotyping—now driven by
2025-2026 regulatory changes—and rapid antimicrobial resis-
tance detection represent realistic near-term targets, demanding
not single-SNP sensors but minimally multiplexed arrays of
3—10 targets within a clinically actionable timeframe.

Beyond endogenous DNA detection, the molecular engineer-
ing toolkit developed by the field—surface-tethered oligonucle-
otides, conformational switching, interfacial charge transfer, and
catalytic amplification—extends well beyond sequence identifi-
cation. DNA becomes a molecular material: a substrate for
enzymatic activity sensing, a structure for continuous in vivo
monitoring of small molecules, and a potential recognition ele-
ment for synthetic nucleic acid therapeutics. Electrochemical
aptamer-based sensors, now commercialized by Nutromics
and Adaptyx, are the clearest evidence that this redirection is
already underway.

Information . . Could
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level compete
Special cases
(e.g. activity)
B_Ada_ptvx CRISPR-Chip
Unknown Cobas ePlex lostlr:linces, (CRISPR GC)
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I \ . N
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0‘“
Multi-panel Urgent SNP a"‘
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Figure 6. Competitive landscape for electrochemical DNA sensing: information complexity vs urgency. The boundary separates the domain where
sequencing and conventional molecular diagnostics dominate. Notably, the established (filled circle) and emerging (filled diamond) commercial elec-
trochemical DNA solutions are all located (or migrated) into viable space. Applications above the diagonal—including cell-free DNA analysis, whole-
genome genotyping, and comprehensive pathogen identification—require information density that electrochemical sensors, in our opinion, cannot
match. Several applications within the viable space (nuclease activity profiling and small-molecule monitoring) are not DNA detection per se but
employ the same probe architectures, surface chemistries, and signal transduction strategies developed by the electrochemical DNA sensing field.
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The key risk is not that the field lacks potential but that it
continues directing creativity toward applications where it is
structurally disadvantaged. The strongest case for electrochem-
ical DNA biosensing lies where electrochemistry is uniquely
capable: speed, simplicity, high-frequency measurement, and pro-
grammable molecular interfaces operating where amplification is
unnecessary. This is a different ambition than once imagined—
but honest, and arguably more durable.

H AUTHOR INFORMATION

Corresponding Author
Dalius Ratautas — Life Sciences Center, Vilnius University,
Saulétekio al. 7, Vilnius LT-10257, Lithuania; (2 orcid.org/
0000-0003-3938-3574; Email: dalius.ratautas@gmc.vu.lt

Authors

Skomantas Serapinas — Life Sciences Center, Vilnius University,
Saulétekio al. 7, Vilnius LT-10257, Lithuania; (2 orcid.org/
0000-0001-7713-4347

Deimanté Stakelyté — Life Sciences Center, Vilnius University,
Saulétekio al. 7, Vilnius LT-10257, Lithuania; (2 orcid.org/
0009-0005-8481-6537

Simona Guobuzaité — Life Sciences Center, Vilnius University,
Saulétekio al. 7, Vilnius LT-10257, Lithuania; (2 orcid.org/
0009-0007-3086-8651

Andrijana Danyté — Life Sciences Center, Vilnius University,
Saulétekio al. 7, Vilnius LT-10257, Lithuania; (2 orcid.org/
0000-0003-4360-3453

Marius Dagys — Life Sciences Center, Vilnius University,
Saulétekio al. 7, Vilnius LT-10257, Lithuania; () orcid.org/
0000-0001-7997-2774

Complete contact information is available at:
https://pubs.acs.org/doi/10.1021/acssensors.6c01221

Author Contributions

D.R. envisioned the idea and wrote the manuscript. S.S. con-
tributed to Perspectives section. S.S. and D.S. contributed to
Clinical and Market reality section. S.G. and M.D. contributed
to Technological reality section. A.D. contributed to
Biological reality section. All authors performed literature
analysis, revised and approved the final version of the
manuscript.

Funding
This project has received funding from the Research Council of
Lithuania (LMTLT), agreement no. S-LJ-26-02.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We express our sincere gratitude to our dear colleague and friend,
Prof. Sergey Shleev, whose article “Quo Vadis, Implanted Fuel
Cell?”'>? inspired both the title and the spirit of this work.

B VOCABULARY

ACV alternating current voltammetry
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AuNP(s) gold nanoparticle(s)

CMOS  complementary metal—oxide—semiconductor
cfDNA  cell-free DNA

DAC digital-to-analog converter

DPV differential pulse voltammetry

EIS electrochemical impedance spectroscopy
E-DNA  electrochemical DNA biosensor

E-AB electrochemical aptamer-based biosensor
EV extracellular vesicle

FET field-effect transistor

HRP horseradish peroxidase

ITP isotachophoresis

LSV linear sweep voltammetry

MB methylene blue

MCH mercaptohexanol

MCU microcontroller unit

MM mismatch

NGS next-generation sequencing

PCR polymerase chain reaction

PM perfect match

RT-qPCR reverse transcription quantitative PCR
SAM self-assembled monolayer

SNP single-nucleotide polymorphism

SBS sequencing-by-synthesis

SBX sequencing-by-expansion

SWV square wave voltammetry
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