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Abstract
DNA repeat expansion sequences cause a myriad of neurological diseases when they expand beyond a critical threshold.
Previous electrochemical approaches focused on the detection of trinucleotide repeats (CAG, CGG, and GAA) and relied on
labeling of the probe and/or target strands or enzyme-linked assays. However, detection of expanded GC-rich sequences is
challenging because they are prone to forming secondary structures such as cruciforms and quadruplexes. Here, we present label-
free detection of hexanucleotide GGGGCC repeat sequences, which cause the leading genetic form of frontotemporal dementia
(FTD) and amyotrophic lateral sclerosis (ALS). The approach relies on capturing targets by surface-bound oligonucleotide
probes with a different number of complementary repeats, which proportionately translates the length of the target strands into
charge transfer resistance (RCT) signal measured by electrochemical impedance spectroscopy. The probe carrying three tandem
repeats transduces the number of repeats into RCTwith a 3× higher calibration sensitivity and detection limit. Chronocoulometric
measurements show a decrease in surface density with increasing repeat length, which is opposite of the impedance trend. This
implies that the length of the target itself can contribute to amplification of the impedance signal independent of the surface
density. Moreover, the probe can distinguish between a control and patient sequences while remaining insensitive to non-specific
Huntington’s disease (CAG) repeats in the presence of a complementary target. This label-free strategymight be applied to detect
the length of other neurodegenerative repeat sequences using short probes with a few complementary repeats.
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Introduction

DNA microsatellite sequences comprise small repeating
units of 2–6 nucleotides that occur naturally in 30% of
the human genome [1, 2]. Repeat sequences play a crucial

role in genome function and evolution; however, their ex-
pansion beyond a certain threshold of repeating units is
associated with over 30 neurological and neuromuscular
diseases [3]. The leading genetic form of frontotemporal
dementia (FTD) and amyotrophic lateral sclerosis (ALS) is
caused by the expansion of a GGGGCC/CCCCGG
hexanucleotide repeat in the first intron of Chromosome
9 Open Reading Frame 72 (C9ORF72) gene [4, 5].

Current testing for most genetic repeat expansion diseases
involves state-of-the-art DNA microarray technology that re-
lies on fluorescence labels and repeat-primed PCR for signal
amplification [6]. Although DNA microarrays have signifi-
cantly reduced the time delay and cost of testing, they have
critical limitations for the detection of disease-associated
hexanucleotide repeat sequences because they are typically
GC-rich [7–9], and polymerases do not traverse efficiently
through highly repetitive and GC-rich sequences [10, 11].
Moreover, large repeat expansions do not resolve well by
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gel-electrophoresis [12]. On the other hand, high-throughput
whole-genome sequencing technologies are currently limited
to ∼ 150 base pair read lengths [13]. The most widely used
method to detect C9ORF72 repeat expansions is repeat-
primed PCR (RP-PCR) with fragment length analysis [14],
where the interpretation is usually challenging due to indels
in the flanking regions of the repeat, which is prone to both
false positives and false negatives [14]. Another limitation is
that these PCR techniques do not provide an estimate of the
length of the repeat expansions.While used as a gold standard,
Southern blotting requires a significant amount of input DNA
(≥ 10 μg) and size estimates may be imprecise due to somatic
heterogeneity [14, 15]. These limitations present challenges
for genetic testing laboratories [16]. Nevertheless, a rapid
and sensitive detection method which requires low amounts
of patient DNA or RNA input may potentially facilitate diag-
nosis and timely treatment of such patients [17, 18].

Electrochemical biosensing approaches are attractive
because they offer simple operation, rapid response, high
sensitivity, inexpensive implementation, and the ability to
miniaturize for point-of-care diagnostics [19]. Challenges
in the current detection methods of repeat sequences may
be resolved by electrochemical methods due to high sensi-
tivity of up to pg/μL range [20]. To date, detection of
repeat expansion involving electrochemical approach has
been limited to detect trinucleotide repeats (CGG, CAG,
and GAA) [20–29]. To capture target, these studies either
involved surface-bound small molecules for recognition or
very large DNA probe sequences (> 100-mer) with cova-
lently bound labels [20, 26, 27, 29]. For signal amplifica-
tion, these methods relied heavily on multiple hybridiza-
tion steps and several reporter probes [21–23], PCR ampli-
fication [29], enzyme-linked steps [27], and electroactive
labels [20, 26]. However, for real-world applications, sim-
ple methods with minimal steps are desirable.

In this work, we present a simple label-free approach
that detects the length of higher order 100% GC-content
(i.e., hexanucleotide GGGGCC repeats) single-stranded
DNA and RNA sequences. Such sequences are challeng-
ing due to their ability to make complicated secondary
structures and do not resolve well by techniques like elec-
trophoresis [12]. Scheme 1 illustrates the label-free detec-
tion strategy for GGGGCC repeats that relies on the num-
ber of complementary repeat units present in the surface-
bound 18-mer long DNA probes that are used.
Hybridization between the DNA/RNA targets with in-
creasing repeat length using probes with single repeat
(P1) or three tandem repeats (P2) were studied without
any signal amplification strategy through various electro-
chemical techniques. Chronocoulometry (CC) was used to
estimate the surface densities of the hybrid duplexes
formed by the probes (P1 and P2) and DNA targets.
Electrochemical impedance spectroscopy (EIS) was used

to measure the charge transfer resistance (RCT) posed by
the immobilization of the DNA and RNA targets on P1-/
P2-modified electrodes. In addition, cyclic voltammetry
measured the change in overpotential with respect to re-
peat lengths.

Experimental

Reagents and materials

K4[Fe(CN)6], K3[Fe(CN)6] and sulfuric acid (98%) were
purchased from Thermo Fisher Scientific (Waltham,
MA). Tris(hydroxymethyl)aminomethane (Tris-ClO4),
Ru(NH3)6Cl3, 6-Mercapto-1-hexanol (MCH) and 10×
phosphate buffered saline (100 mM phosphate and
1.54 M sodium chloride) were purchased from Sigma-
Aldrich (St. Louis, MO). Gold disc electrodes and plati-
num wire electrodes were purchased from CH Instruments
(Bee Cave, TX). The Ag/AgCl reference electrodes and
velvet cloth for polishing electrodes were obtained from
Bioanalytical Systems Inc. (West Lafayette, IN). The
HPLC purified probe sequences with a 6-hydroxyhexyl
disulfide group at the 5′ end (P1 and P2) and the comple-
mentary sequences (C1, C3 and C6) were purchased from
IDT (Integrated DNA Technologies, Coralville, IA).
Table 1 shows the DNA probe sequences (P1 and P2)
carrying one and three CCCCGG capture repeats, respec-
tively. The DNA target sequences C1, C3, and C6 contain
one, three, and six complementary GGGGCC repeats, re-
spectively. Purified GGGGCC repeat-containing RNA tar-
gets with 4–16 repeats were used in this study and in vitro
transcribed from DNA templates purchased from IDT
(Table S1). In vitro transcription and gel-purification of
repeat RNA was performed by standard methods as pre-
viously described [30], and concentration was determined
by spectrophotometry (absorbance at 260 nm) using
Beer’s law and calculated extinction coefficients (https://
www.atdbio.com/tools/oligo-calculator) (single-stranded
RNA nearest-neighbor model).

Preparation of RNA samples

The RNA containing Huntington’s disease (HD) repeats
were prepared from an isogenic HD iPSC stem cell model
with 72 units of CAG trinucleotide repeats as described
[31]. RNA was purified from neural stem cell cultured
samples. Patient-derived induced pluripotent stem cells
(iPSCs) with less than 30 GGGGCC repeat expansion
and with approximately 450 GGGGCC repeat expansion
were obtained from Cedars Sinai iPSC Core facility.
iPSCs were grown in flasks precoated with GeltrexTM
matrix (ThermoFisher Scientific) in the presence of
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complete StemflexTM medium (ThermoFisher Scientific).
Cells were grown in sterile incubators at 37 °C with 5%
CO2. RNA was extracted using the standard TRIzol ex-
traction method. Briefly, the cell monolayer was rinsed
with Dulbecco’s Phosphate Buffered Saline (DPBS). The
cells were then lysed directly in the culture dish by adding
1 ml of TRIzol reagent (ThermoFisher Scientific) to each
well of a 6-well dish. Cell lysate was pipetted several
times after a 3-min incubation. The solution was trans-
ferred to a 1.5 ml microfuge tube and 200 ml chloroform
was added per 1 ml of TRIzol reagent. The sample was
vortexed vigorously for 30 s and spun at 13,000×g for
5 min. After centrifugation, the aqueous phase was trans-
ferred (without disturbing the interphase/white precipitate)
to a new tube. RNA was precipitated by adding one vol-
ume of isopropanol and incubating at – 20 °C for more
than 1 h. After incubation, samples were spun at
13,000×g for 10 min to pellet RNA. RNA pellets were
washed with 70% chilled ethanol and centrifuged at
13,000×g for 5 min. After brief air-drying, RNA was re-
suspended in RNA resuspension buffer (5 mM Tris,
pH 7.0, 0.1 mM EDTA). RNA concentration was deter-
mined by UV-vis spectrophotometry (NanoDrop).

Probe immobilization and hybridization

First, the surface of gold working electrodes was regener-
ated by mechanical and electrochemical polishing. Briefly,
gold disc electrodes of 2 mm diameter were polished with
three different grain sizes of alumina powder (1, 0.3, and
0.05 μm) followed by 10-min sonication in DI water.
Cyclic voltammetry was used for electrochemical cleaning
of the mechanically polished electrodes by running 20 cy-
cles in 0.5 M H2SO4 with a potential range of 0–1.5 V
against an Ag/AgCl reference electrode and a platinum
wire counter electrode. The gold oxide stripping peak of
the last cycle was used to measure the roughness factor of
the electrodes, which was kept at ≤ 1.2. In a separate set of
experiments, freshly cleaned gold electrodes were incubat-
ed in 10 μM solutions of probe strands (P1 and P2) pre-
pared in buffer (5× PBS pH = 7.4) as we previously report-
ed [32]. The electrodes were capped with microcentrifuge
tubes to prevent evaporation. Then the probe-modified
electrodes were washed with buffer and further incubated
in 1 mM mercaptohexanol for 30 min to block any un-
bound surface of the electrode and remove physically
adsorbed DNA strands. After another washing step,

Scheme 1 Label-free detection of
GGGGCC repeats of different
lengths using 18-mer probes with
single capturing repeat in the
center (P1) and three tandem re-
peats (P2), and analyzed by
chronocoulometry (CC), electro-
chemical impedance spectrosco-
py (EIS), and cyclic voltammetry
(CV)

Table 1 Sequences of
hexanucleotide DNA repeat
expansion including probes,
complementary sequences, and
trinucleotide non-complementary
sequences

Type Sequence* Repeat
#

Nucleotide
#

ID
#

Probe R-5′-ATTAGA CCC CGG AGATTA-3′ 1 18 P1

R-5′-CCC CGG CCC CGG CCC CGG-3′ 3 18 P2

Complementary
HRE repeats

5′-CCG GGG-3′ 1 6 C1

5′-CCG GGG CCG GGG CCG GGG-3′ 3 18 C3

5′-CCG GGG CCG GGG CCG GGG CCG GGG
CCG GGG CCG GGG-3′

6 36 C6

Non-complementary 5′-CTG CTG CTG CTG CTG CTG CTG CTG
CTG-3′

9 27 NC

R = HO(CH2)6-S-S-(CH2)6-

*RNA repeat sequences are listed in supplementary information in Table S1
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hybridization between the targets (C1, C3, and C6) and the
surface-bound probe sequences (P1 and P2) was performed
by pipetting 10 μL of 10 μM target sequence in buffer (5×
PBS pH = 7.4) for 2 h at room temperature. Electrodes
were washed with the buffer solution to remove any non-
specifically bound oligonucleotides. For sensitivity stud-
ies, 5 μL samples containing 1–100 pmol of the longest
DNA target (C6) were used with the surface-bound probes
P1 or P2. For RNA samples containing 4–16 GGGGCC
repeats, 5 μL of 5 μM samples were used for electrode
preparation using the same protocol as described for
the DNA samples. Huntington's disease (HD) samples
were also diluted to final concentration of 54.54 ng·μL−1

and their 5 μL aliquot was used to challenge specificity of
the P2 probes. For ALS sequence, 1000 ng·uL−1 of RNA
was extracted from patient and the control samples while
5 μL aliquot of the samples was used for each P2 modified
electrode to detect ALS biomarker sequence.

Electrochemical measurements

All electrochemical experiments were performed on a
CHI 660E electrochemical instrument (CHI, Austin,
TX) at room temperature in a three-electrode cell with
the modified gold electrodes as the working electrode
(with the geometric area of 0.0314 cm2), platinum wire
counter electrode, and Ag/AgCl reference electrode. In
chronocoulometric studies, a potential step was applied
to the DNA modified electrodes followed by measuring
the resulting charge vs. (time)1/2 under equilibrium con-
ditions in the absence and presence of 5 μM [Ru
(NH3)6]

3+ prepared in 10 mM Tri-ClO4 (pH 7.4). The
chronocoulometric measurements were carried out with
the pulse period of 500 ms, pulse width of 600 mV (+
150 to − 450 mV) and quiet time of 30 s. Deoxygenation
of the solution was performed by purging the nitrogen
gas through the buffer and redox marker solution for
30 min before measurement. Electrochemical impedance
spectroscopy (EIS) was carried for single-stranded probes
and double-stranded hexanucleotide GGGGCC expansion
adducts using soluble redox probe, i.e., 1 mM [Fe
(CN)6]

3−/4− prepared in 5× PBS (pH 7.4). The following
parameters were used to run the EIS measurements: fre-
quency range from 100 kHz to 1 Hz, an applied potential
of 250 mV vs. Ag/AgCl, and AC voltage of 5 mV am-
plitude. For simulation, Z-view version 3.5d was used to
fit the EIS data into Randle’s equivalent circuit and to
extract the values for charge transfer resistance (RCT).
Cyclic voltammetry measurements of the GGGGCC
modified electrodes were also carried out in 1 mM [Fe
(CN)6]

3−/4− using potential window − 0.4 to + 0.6 V with
the scan rate of 50 mV/s.

Results and discussion

Surface density measurements

In this study, two DNA probes having the same length, but a
different number of complementary repeats were employed to
capture hexanucleotide GGGGCC repeats of different lengths
in single-stranded DNA and RNA targets. Surface density of a
DNA probe on an electrode surface plays a critical role in the
sensitivity of affinity-based sensors. Chronocoulometry (CC)
was used to calculate the number of single- and double-
stranded DNA molecules on gold electrode surfaces as de-
scribed previously [33, 34]. In particular, CC measures charge
of an electrostatic label, Ru (NH3)6

3+, that binds with anionic
DNA phosphate residue in 1:1 ratio, which in turn correlates
with the number of strands on surface using a Cottrell equa-
tion (see supplementary information). Figure 1 a and b repre-
sent the typical CC curves for P1 and P2 probes along with
their surface hybridized duplexes, respectively. Evidently, the
surface densities were in similar order of magnitude as report-
ed earlier for oligonucleotides of similar lengths [33].
However, Fig. 1c, d reveal a few interesting trends. P1 probe
has significantly higher surface coverage (8.8 ± 0.7 × 1012

molecules/cm2), almost twice the P2 coverage (4.9 ± 0.4 ×
1012 molecules/cm2), although both have the same number
of nucleotides. This characteristic may be rationalized as an
effect of the tandem repeats in P2, which are prone to intra-
strand hybridization that perhaps increases the footprint of P2
leading to lower surface density. However, for both probes,
the number of surface hybridized duplexes decreases with the
number of repeats where the steep decline occurs from C1 to
C3 coverage while a moderate decline from C3 to C6. The
results show that hybridization efficiency (surface coverage of
the duplexes) decreases with respect to length of the targets
perhaps due to a subsequent increase in steric hindrance. In
comparison to P1, the surface densities of P1-C3 and P1-C6
are ~ 10% and 5%, respectively. Whereas, the densities of P2-
C3 and P2-C6 are ~ 20% and 10% respectively with respect to
P2 density. This implies that capturing efficiency can be im-
proved by introducing more hybridization sites in a probe.

Detection of GGGGCC repeats by electrochemical
impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a label-
free biosensing approach [35–40], which not only detects
base pair mismatches but also length mismatches between
strands of a DNA duplex due to physical hindrance and
charge accumulation at the electrode surface [41, 42].
Previous EIS-based detection of CGG and TGG repeats re-
lied on specifically designed small molecules that can detect
only single length of 10 repeat units. [25] However, small
DNA probes have been found sensitive to varying lengths of
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target strands and transduced into unique RCT signal [32,
41]. Here, the number of GGGGCC repeats was detected
by simply monitoring the RCT signal of the hybridization
event with respect to length of repeats using small DNA
probes P1 and P2. First, we tested the probes with single-
stranded DNA targets having a small number of repeats, i.e.,
1, 3, and 6 GGGGCC repeats. Figure 2 a and b represent the
EIS plots for P1 and P2 accompanied by their hybridized
duplexes with complementary and non-complementary tar-
gets. The Randle’s equivalent circuit used to extract the RCT

is given in the supplementary information. Despite substan-
tial difference in the surface densities, P1 and P2 showed
similar RCT, ~ 50 Ω·cm2. This is attributed to the leaky na-
ture of films comprising single-stranded DNA probes with
flexible structure. Figure 2c represents the linear correlation
between RCT and the number of DNA repeats with P1 and
P2. It is evident that despite decrease in the surface coverage
of the duplexes with the number of GGGGCC repeats
shown above, RCT increases proportionally with both

probes P1 and P2 but with different sensitivity. This can
be rationalized due to the accumulation of negative charge
by longer repeats that poses higher electrostatic repulsion to
the negatively charged redox probe. This verifies that the
accumulation of charge can be a significant contributor that
may overcome the lack of target strands, thus, self-
amplified RCT signal can be obtained for longer repeats.
The selectivity of the probes was also tested using a 27-
mer non-complementary CTG trinucleotide repeat se-
quence. The RCT values for CTG repeats are even lower
than the single GGGGCC repeat, i.e., P1-NC (118 ± 9 Ω·
cm2) and P2-NC (158 ± 14Ω·cm2), which is due to the pres-
ence of intermittent base pair mismatch making the affinity
between the probes and CTG repeats ineffective. Cyclic
voltammetric measurements of the duplexes between the
probes (P1 and P2) and the DNA targets (C1, C3, and C6)
support the EIS results by showing the increase in
overpotential with respect to target length (Fig. S1 in the
supplementary information).

Fig. 1 a, b Representative chronocoulometry curves of P1 and P2 probes
with 10 μM of target sequences C1, C3, and C6, before and after
exposure to Ru (NH3)6

3+. c, d Bar graph shows the surface density of
the hexanucleotide repeat probes (P1 and P2) and the surface hybridized

adducts with complementary sequences having 1, 3, and 6 GGGGCC
repeats (C1, C3, and C6). Error bars represent standard deviation for
N = 6
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Sensitivity performance of the probes

The quantitative performance of the new probes was
assessed by evaluating a dilution series of the C6 comple-
mentary target to form P1-C6 and P2-C6 constructs on the
surface. Figure 3 shows calibration curves for the experi-
ments using 5 μL of 0–100 μM solutions of the C6 target
sample, i.e., 0–100 pmol of absolute strands in the sample
volume. The curves are best fit for 2nd order polynomial
regression. The linear part of the calibration curves was fit
into linear regression to calculate the limit of detection
using LOD = 3 × (standard deviation of blank signal) ÷
sensitivity or slope of the curve. The absolute limits of
detection were calculated as P1 = 6.8 pmol and P2 =
6.4 pmol, which is equal to 76.5 ng and 72.2 ng C6 target,
respectively. The detection limit is three orders of magni-
tude better than the required sample amount for traditional
Southern blotting method (~ 10 μg), however, slightly low-
er than other labeled electrochemical methods.

Since longer targets can self-amplify the RCT signal due to
higher amounts of negative charge, better LOD may be
achievable for targets with more repeats.

Detecting GGGGCC repeats in RNA

Inspired by the fact that RNA copies are more accessible
for hybridization because they are typically single-strand-
ed, capturing efficiency of the probes was tested for a
greater number of repeats (4–16 repeats) in RNA samples.
The trend shown in Fig. 4 confirms the linear relationship
between the RCT and number of GGGGCC repeats in RNA
where the tandem repeat probe ‘P2’ shows superior fea-
tures than P1. First, amplified RCT signal was observed
for all GGGGCC repeats. Second, the slope of the curve
verifies that the sensitivity of P2 for number of repeats is
3× higher than the P1 sensitivity.

Specificity of P2 probe and testing real samples

Huntington’s disease (HD) is caused by 25+ expansion of
CAG repeats in the HTT gene. The specificity of the P2
probe was examined against the CAG repeat using RNA
strands with 72 repeat length. First, P2 was hybridized with
HD (CAG-72) sequence in absence of GGGGCC repeats.
Then, a competitive assay was performed using a 1:1 mix-
ture containing R12 (GGGGCC-12 RNA) and the HD
(CAG-72) RNA sequence. The RCT response of the HD
and R12+HD were compared with the complementary
R12 only sequence in Fig. 5, which shows that the RCT

response of the R12+HD is same as the reference sequence
‘R12.’ In contrast, the HD response is substantially lower
than the reference R12 signal. Therefore, it suggests that
the response of R12+HD is due to the affinity between P2
and complementary GGGGCC repeats and there is a min-
imal interference of HD in presence of the 100% GC com-
plementary sequence, which confirms the selectivity of P2
for GGGGCC repeats. Finally, cell extracted normal and

Fig. 2 a, b Nyquist form of EIS curves for P1 and P2 probes with 10 μM of target sequences C1, C3, C6, and non-complementary. c Curves showing
correlation between the RCT values extracted from the EIS for the DNA repeats. Error bars represent standard deviation for N ≥ 6

Fig. 3 Calibration curve obtained for P1-C6 and P2-C6 duplexes by EIS
for 0–100 pmol concentrations of C6 repeat. Data was best fit in polyno-
mial function. Error bars represent standard deviation for N = 3. Inset
shows the linear part of the calibration curve
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pathological GGGGCC repeats were detected using P2
probe using the protocol developed in this project.
Figure 5 compares the RCT ALS(−ve), which is control or
normal repeat sequence less than 25 repeats, and ALS(+ve)
which is expected to have hundreds of repeats. The RCT

response for the ALS(+ve) is higher and statistically dis-
tinguishable from the control, however not as high as the
difference expected with these number of repeats. We sug-
gest that certain signal amplification strategies such as ad-
dition of metal ions, as reported earlier [43], may be used
to amplify the difference between the normal and abnormal

repeat lengths and allow more precise sizing of repeat
RNA in patient-derived samples.

Conclusion

Here, we have reported a novel strategy for label-free de-
tection of hexanucleotide (GGGGCC) repeats associated
with FTD and ALS using electrochemical impedance spec-
troscopy. The surface-bound probes transduced the hybrid-
ization event into charge transfer resistance (RCT), which
proportionately increased with the number of repeats in
target despite the decrease in surface density of the hybrid-
ized duplexes with repeat length. The increase in RCT re-
sponse was observed despite a decrease in surface density
with the increasing number of repeats in target sequences.
The probe with three tandem repeats (P2) was found supe-
rior in many aspects. The calibration sensitivity of P2 was
three times higher than P1 along with slightly better detec-
tion limit. Moreover, the selectivity of the probe was unaf-
fected in the presence of patient-derived CAG repeat-
containing sequence associated with Huntington’s disease
(HD). Moreover, the P2 probe is capable of distinguishing
abnormal versus normal GGGGCC repeats in RNA ex-
tracted from patient-derived cells. We propose that the
label-free approach demonstrated here may be applicable
to the detection of repeat size for other types of repeat
sequences using small probes with multiple complementa-
ry repeats. The amount of DNA that needs to be used for
detecting the target DNA is significantly low compared to
traditional Southern blotting methods.
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