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E
lectrochemical sensing methods for
minute nucleic acid samples (e.g.,
DNA, microRNA) offer attractive op-

portunities for decentralized genetic testing
which require portable, cost-effective, and
low-power readout devices, and therefore
have been intensively studied in the past
decade.1,2 Unlike the fluorescence-based op-
tical nucleic acid sensing methods (NASMs)
which can be easily operated in homoge-
neous solution,3 most of the reported
electrochemical NASMs are based on het-
erogeneous assay in which probe surface-
immobilization is indispensable and probe-
target interaction occurs at the interface
between solution and electrode.4�7 To
achieve high sensitivity, the probe immo-
bilization process usually demands la-
borious optimization of surface chemistry
and coverage to maximize hybridization

efficiency and meanwhile minimize nonspe-
cific binding/adsorption. Even so, configura-
tional freedom of the surface-immobilized
probe is still restrained due to the steric
hindrance effect of the electrode surface,
resulting in reduced hybridization kinetics
and specificity. Immobilization-free electro-
chemical NASMs8 which employ solution-
phase probes and bare detecting electrodes
can potentially overcome the drawbacks in
traditional immobilization-required electro-
chemical NASMs. However, the electro-
chemical signal transduction of immobiliza-
tion-free electrochemical NASMs relies on
the diffusion of electro-active molecules
from the solution phase to the surface of
the electrode. This diffusion-controlled na-
ture results in a lower sensitivity compared
to the immobilization-required approaches
in which the electro-active molecules are
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ABSTRACT We present an immobilization-free and enzyme-free

electrochemical nucleic acid sensing strategy, which uses kinetically

controlled dendritic assembly of DNA and peptide nucleic acid (PNA).

In the presence of a target sequence, ferrocene-labeled PNA probes

(Fc-PNAs) and specially designed DNA strands are autonomously

assembled into dendritic nanostructures through a cascade of

toehold-mediated strand displacement reactions. The consumption

of freely diffusible Fc-PNAs (neutrally charged), due to incorporation

to DNA/PNA dendrimer, results in a significant electrochemical signal

reduction of Fc on a negatively charged electrode from which the hyperbranched and negatively charged dendrimer of DNA/PNA would be electrostatically

repelled. The cascade-like assembly process and large electrostatic affinity difference between Fc-PNAs and DNA/PNA dendrimer toward the sensing

electrode offer a detection limit down to 100 fM and an inherently high specificity for detecting single nucleotide polymorphisms. The target-triggered

mechanism was examined by PAGE analysis, and morphologies of the assembled dendrimers were verified by AFM imaging.
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attached or adsorbed on the electrode surface. Al-
though efforts are made to improve the sensitivity of
the immobilization-free electrochemical NASMs by
incorporating enzyme-assisted signal amplification
strategies,9�12 the detection sensitivities achieved are
still not competitive to fulfill the requirements of
practical applications. Meanwhile, enzyme-assisted
signal amplification strategies easily bring issues such
as nonspecific enzyme adsorption on bare electrode
surface, strict reaction conditions, and possible false-
positives of enzymatic amplification process. There-
fore, upgrading the detection sensitivity of immobili-
zation-free electrochemical NASMs with enzyme-free
strategies would be a desirable option, yet the chal-
lenge is how to exponentially amplify the electroche-
mical signal difference between sensing species
without the assistance of enzyme.
As a vital part of recent advances in DNA nano-

technology,13�16 kinetically controlled DNA self-
assembly has emerged as a rapidly developing field.15

Through rational design strategy of sequences, a single
DNA strand is able to trigger a cascade of toehold
mediated strand displacement (TMSD) reactions17 be-
tween metastable monomers, assembling them into
perceived target structures. The hybridization chain
reaction (HCR) introduced by Pierce andDirks in 2004 is
one of the well-known strategies18 and has been
widely applied in biosensing as a reliable enzyme-free
signal amplification approach.19�25 In HCR, the cross-
opening of two DNA hairpins triggered by a primary
recognition event leads to autonomous formation of
polymeric nanowires and enables linear detection
signal amplification. In addition to one-dimensional
self-assembly of HCR, nonlinear versions of HCR that
result in formation of higher dimensional nano-
structures are possible. Yin et al. demonstrated trig-
gered self-assembly of multiarm DNA junctions and
branched DNA dendrimers in their work on program-
ming DNA self-assembly pathways.26 LaBean et al. also
reported a dendritic DNA self-assembly approach by
designing two-loop structuredhairpins.27 Thesehairpin-
mediated systems employ assembling monomers with
specific secondary structures, making sequence de-
sign relatively complex and restrictive. Besides, im-
proved DNA hairpin purification is needed in order to
reduce the spontaneous initiation (system leakage). To
overcome this, we have recently reported a hairpin-
free system in which double-stranded DNAmonomers
could dendritically assemble into highly branched
nanostructures upon detection of a target sequence,
resulting in exponential growing kinetics with low
system leakage.28 This method adopts a simple se-
quence design strategy, and the modularity of its two-
dimensional assembly process allows good flexibility
for further functionality design.
Peptide nucleic acids (PNA) are DNA analogues

in which the negatively charged sugar�phosphate

backbone is replaced by a structurally homomorphous
and uncharged polyamide backbone. The charge neu-
trality and high rigidity of its backbone offer superior
thermal stability and hybridization kinetics of PNA/
DNA binding.29 In the present work, we engineer our
dendritic assembly system to functionally “collect” PNA
strands from the reaction mixture by taking the ad-
vantage of the superiority of PNA/DNA binding and
achieve ultrasensitive and selective electrochemical
DNA detection without employing a surface-immobi-
lized probe or enzyme-assisted signal amplification. In
the presence of a target sequence, self-assembly of
DNA/PNA dendritic nanostructures could be rapidly
initiated and grown in size. During this assembly
process, a large amount of freely diffusible ferrocene-
linked PNAs (Fc-PNAs) will be incorporated into the
less-mobile DNA/PNA dendrimer, leading to amplified
electrochemical signal reduction of Fc on a negatively
charged electrode from which the assembled hyper-
branched and negatively charged dendrimer of DNA/
Fc-PNA would be electrostatically repelled.30 This new
approach employs a cascade-like self-assembling pro-
cess plus a unique signal-transduction strategy taking
advantage of differential electrostatic affinities of PNA
and DNA/PNA dendrimer to a sensing electrode with
negative charge, which results in electrochemical
signal differentiation in an exponential manner and
offers a detection limit down to 100 fM with excellent
specificity.

RESULTS AND DISCUSSION

The schematic of the sensing strategy is illustrated in
Figure 1. Components of which involve two double-
stranded DNA probes, namely the sensing probe (SP)
and PNA collector (PC); two single-stranded DNA,
named assistant-1 (A1) and assistant-2 (A2); one Fc-
PNA probe and a negatively charged indium tin oxide
(ITO) electrode surface. SP and PC both possess pro-
truding toehold domain17 (5nt) and bulge loopdomain
(5ntþ2nt) by annealing two partially complementary
single-stranded DNA together. Complementarity rela-
tionships between different domains of SP, PC, A1, A2,
and Fc-PNA were carefully exploited, and their se-
quences were specifically designed (Figure 1A). In the
absence of target sequence, all the possible bind-
ing sites of these reagents are sequestered in either
double-stranded form or bulge loops, kinetically im-
peding them from “reacting” with each other.31 Under
this circumstance, Fc-PNAs can freely access to the
ITO electrode surface due to their neutral backbones,
being electrochemically detectable (Figure 1B).
The cascade-like self-assembly process is triggered

soon after the introduction of a target sequence
(Figure 1C). This begins from the complementary
binding between the target sequence and the toehold
of SP, initiating the first TMSD reaction which displaces
the black sequence domain to open the first loop. The
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opened loop allows the last six bases of the displaced
strand form a new toehold to which A1 can hybridize.
A1 then dissociates all but the last two base-pairs of the
green domain by TMSD, opening the second loop.
Displacement is completed by spontaneous dissocia-
tion of the remaining two base-pairs, releasing bypro-
duct-1 (B1). The two opened sequences of SP can now
bind to the toeholds of two PC, allowing the invasion of
A2 after the loops of PC are opened through TMSD.
Differently, A2 initiates a reversible TMSD that momen-
tarily disassociates the first six base-pairs of the pink
domain as “transient” toehold. Because of the faster
hybridization kinetics and stronger binding strength
between PNA and DNA,29 Fc-PNA can bind to this
momentarily exposed toehold and irreversibly disas-
sociate the remainder but for the last three base-pairs of
PC. After the spontaneous release of byproduct-2 (B2), a
branched DNA/PNA nanostructure with two single-
stranded target sequences is formed. These two target
sequences are capable of initiating more rounds of
similar TMSD reactions to “collect” more free Fc-PNAs
in the solution, resulting in dendritic growth of theDNA/
PNA nanostructure. The finally assembled DNA/PNA
dendrimer, because of its hyperbranched structure
and negatively charged DNA backbone, can hardly be
in close proximity to the negatively charged ITO elec-
trode surface. Therefore, a single target sequence con-
verts massive freely diffusible Fc-PNAs to an indiffusible
ensemble in the dendrimer, giving rise to an amplified
reduction of the electrochemical signal (signal-off).
Cascade-like assembly reactions were performed

in 1 � TAE buffer supplemented with 12.5 mM Mg2þ

(pH = 8.0). SP and PC were prepared separately in a
slow annealing process, where mixtures of the longer
strand (4 μM) and the shorter strand (6 μM) were
heated to 85 �C for 5 min and slowly (1 �C/min) cooled
to room temperature. The excess shorter strands
would make sure all the longer strands are protected
in a designed form. The annealed SP and PC were first
mixed with their corresponding assistants (8 μM) se-
parately to remove the remaining shorter strands by
preforming B1 and B2. The two resulting solutions
were then mixed with Fc-PNA in a ratio of 1:2:2, giving
final concentrations of 0.5 μM SP, 0.75 μMA1, 1 μM PC,
1.5 μM A2, and 1 μM Fc-PNA in the mixture. Finally,
different amounts of target DNA were introduced.
Native polyacrylamide gel electrophoresis (PAGE)

was used to verify the designed mechanism step by
step. Fc-PNA in PAGE experiments was replaced by
Cy5-labeled PNA (Cy5-PNA) with the same sequence,
which made it possible to visualize PNA in the gel.
SYBRGreen-stained DNA shows green color in the gel,
while Cy5-PNA appears red. Therefore, any presence of
DNA/Cy5-PNA hybrid structures would produce a yel-
low color. First, we demonstrate the catalytic formation
of DNA/PNAhybrid structure between the designed PC
and PNA probe. A short strand (named PC-Trigger)
which possesses the same sequence with the repeated
domain on SPwas used to activate the “PNA collecting”
function of PC (Figure 2A). Figure 2B shows the good
stability between the designed PC and PNA probe
when there are no A2 and PC-trigger. PC was chal-
lenged with 10 times the concentration of Cy5-PNA.
After being incubated at room temperature over 5 h,

Figure 1. Electrochemical sensing mechanism and reaction pathway of the target-triggered assembly of dendritic DNA/PNA
nanostructures. Lengths of different domains of designed reagents are indicated. DNA sequences drawn in the same color are
either identical or complementary. For instance, 16* (black) is complementary to 16 (black).
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there is still no sign of the binding event between PNA
and PC (no yellow band shows). When PC, Cy5-PNA,
and A2 were mixed under assembling conditions, as
shown in the fifth lane of Figure 2C, the PC and PNA
probes are still kinetically impeded from forming the
DNA/PNA hybrid structure. The dim band with the
fastest mobility indicates the small quantity of pre-
formed B2. The addition of PC-trigger (the sixth lane of
Figure 2C) causes an obvious change in the band shift
of PC due to the complex formation of PCþPC-trigger.
Meanwhile, the yellow band representing the DNA/
PNA hybrid structure and large increase in B2 quantity
are observed. These results indicate that the designed
catalytic “PNA collecting” function of PC can be suc-
cessfully implemented with the assistance of A2.
The whole kinetically controlled assembly process of

DNA/PNA dendritic nanostructure was then demon-
strated. As shown in Figure 3A, in the absence of target
sequences, there is no sign of DNA/PNA hybrid, show-
ing a good stability between the designed SP, A1, PC,
A2, and PNA probe. The addition of a target shows the
formation of DNA/PNA hybrid structures with a broad
distribution and the average molecular weight is in-
versely related to the target concentration. Atomic
force microscopy (AFM) imaging of the assembled
products further confirmed the above PAGE data and
reveals the expected dendritic morphology. In the
absence of targets, Figure 3B only shows some tiny
spots which represent the unassembled reagents and
preformed byproducts, showing no sign of polymeri-
zation. In contrast, different sizes of dendritic structures

are formed in the presence of the target sequence
(Figure 3C). The observed dendritic assembly products
evidently support the occurrence of cascade-like TMSD
reactions as designed.

Figure 2. (A) Catalytic assembly pathway of the “PNA collecting” process of PC triggered by designed PC-trigger strand. (B)
PAGE (8% gel) analysis of the stability between the designed PNA probe and PC. One μM PC was mixed with 10 μM Cy5-PNA
and incubated at room temperature over 5 h. (C) PAGE (8% gel) analysis of the catalytic formation of DNA/PNA hybrid
structure betweenPC and PNAprobe. The final concentrations of PC, A2, Cy5-PNA, and PC-trigger in the reactionmixtures are
1 μM, 1.5 μM, 1 μM, and 1 μM, respectively. The samples were incubated at room temperature for 30 min. All images were
taken at two different excitation/emission wavelengths and then overlaid.

Figure 3. (A) PAGE (8 % gel) analysis demonstrated the
kinetically controlled assembly mechanism of dendritic
DNA/PNA nanostructures. Images taken at two different
excitation/emission wavelengths were overlaid. (B, C) AFM
images of the assembled products in the absence (B) and
presence (C) of 10 nM target. All the sampleswere reacted at
room temperature for 30 min.
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Electrochemical measurements were further con-
ducted on a fabricated microchip with conventional
three-electrode system (Supporting Information,
Figure S1) to characterize the accessibility difference
between free Fc-PNA and assembled DNA/PNA den-
drimer toward the negatively charged ITO electrode
surface. It was found, as the differential pulse voltam-
metry (DPV) scanning results show in Figure 4, that the
peak signal of Fc-PNA is remarkably reduced during the
course of triggered dendrimer assembly, compared to
that with no target input. The peak current becomes
unnoticeable after 60 min of reaction time (inset of
Figure 4), which supports well the signal-off mechan-
ism as a result of the electrostatic repulsion and the size

effect between the DNA/PNA dendrimer and the
negatively charged electrode. On the other hand,
accumulative reduction of peak current vividly indi-
cates the ongoing scavenger of free Fc-PNAs during
the dendrimer growth. This salient feature provides a
competitive advantage of this new strategy on detec-
tion sensitivity. As shown in Figure 5A, 0.1 pM detec-
tion limit was readily achieved within 60 min. Above
this limit, we observed a monotonic decrease in peak
current intensity with increasing target concentration
and the peak current suppression percentage showed a
good linear correlation with the logarithm of target
concentration in the range from 0.1 pM to 10 nM. The
system is alsohighly specific. It is capableof distinguishing

Figure 4. DPV scans of the assembled products in the absence (�) and presence (þ) of 10 nM target, after being reacted at
room temperature for 60 min. Inset: The sizes and morphologies of assembled polymers under certain trigger concentration
are both highly polydispersed against incubation time in every 5 min.

Figure 5. (A) DPV scans of the assembled products triggered by varying concentrations of target. Inset: Linear fit of the
calculated peak current suppression percentage against the logarithm of target concentration. Signal suppression = (I0� In)/
(I0 � I10 nM), where In denotes the peak current of nM target and I0 denotes the peak current of 0 M target. (B) Bar chart of
the DPV responses of 0 nM target (blank), 10 nM random target (RT), two kinds of 10 nM single-base-mismatched targets
(SMT1 and 2), and 10 nMperfectlymatched target (PMT). All the samples were reacted at room temperature for 60min. Mean
values and standard deviations are obtained from three independent experiments.
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between a perfectly matched target and a single-base-
mismatched one with great signal difference, insensi-
tive to the mismatch location in the toehold binding
domain or not (Figure 5B). The high specificity, we
believe, comes from the unrestrained configurational
freedom of solution-phase probes combined with the
TMSD reaction in which single-base mismatch would
lead to significant kinetics change of both toehold
binding and branch migration processes.32

CONCLUSION

To summarize, we have demonstrated a simple,
rapid, immobilization-free, enzyme-free, ultrasensitive,
and selective electrochemical nucleic acid sensing
method based on a kinetically controlled assembly
system in which specially designed DNA and Fc-PNA

strands form DNA/Fc-PNA dendrimers only on detec-
tion of a target sequence. By growing to a hyper-
branched structure with a negatively charged back-
bone, these dendrimers extinguish a electrochemical
signal of the substantial assembled Fc-PNAs toward a
negatively charged ITO electrode, providing amplified
signal change to quantify the number of triggering
targets. Different from all the reported electrochemical
sensing methods, the achieved ultrahigh sensitivity
and specificity require neither a sophisticatedly mod-
ified detecting electrode nor a susceptible assistant
enzyme. This system functions at constant room tem-
perature with inexpensive and handy instrumentation.
Thus, it shows great potential to become a feasible
approach for in situ rapid diagnosis of infectious dis-
ease out of a regular laboratory.

METHOD

Sequence Design. All the DNA oligonucleotides were pur-
chased from Integrated DNA Technologies, Inc. (USA) and
purified by PAGE. Fc-PNA and Cy5-PNA were purchased from
Panagene (Korea). Predicted interactions of DNA strands were
examined using Nupack.33 The loop sequence on SP and PCwas
designed to be 2nt longer than the toehold. A1 was designed
to be 2nt shorter when disassociating SP and Fc-PNA was
designed to be 3nt shorter when disassociating PC. The purpose
of these designs is to add 2nt or 3nt clamping segments at each
end of SP and PC, which can prevent the possible interactions
between these strands caused by “breathing” phenomenon at
each end of ds structure.26 Special emphasis of sequence design
was placed on ensuring that A1, A2, and PNA possessed no
significant secondary structure at room temperature, because
strong secondary structure would greatly slow the rates of
hybridization and branch migration.34

ITO Electrode Chip and Electrochemical Measurements. The fabrica-
tion of ITO-coated glass chip used for electrochemical measure-
ment was done in the Nanoelectronics Fabrication Facility (NFF)
of our University. The glass chip has one pair of platinum (Pt)
pseudoreference and counter electrodes (thickness of 100 nm)
as well as four working electrodes made of ITO (thickness of
100 nm), see the left panel of Supporting Information, Figure S1.
The active surface area of each of the four ITO working electro-
des is 7.85� 10�3 cm2. The potential of the Pt pseudoreference
electrode in the 1 � TAE/Mg2þ buffer (1 � TAE buffer supple-
mented with 12.5 mM Mg2þ, pH = 8.0) was determined to be
þ0.36 V with respect to a Ag/AgCl reference electrode. A glass
ring was then glued and sealed on the chip by silicone to form a
small chamber. A photo of the as-fabricated chip was shown in
the right panel of Figure S1. Before each electrochemical
measurement, the detection chip used was sequentially soni-
cated in an Alconox solution (8 g Alconox in 1 L water) for
15 min, propan-2-ol for 15 min, and twice in water for 15 min.
Electrochemical measurements were performed with an Auto-
lab PGSTAT30 potentiostat/galvanostat (Eco Chemie, The
Netherlands) controlled by the General Purpose Electrochemi-
cal System (GPES) software (Eco Chemie). DPVs were carried out
on the electrode chip using a pulse amplitude of 100mV/s and a
scan rate of 25 mV/s. For each DPV scanning, 50 μL of sample
solutionwas pipetted into the chamber. For the continuousDPV
scanning, after adding the sample solution, a paraffin sheet was
added to cover and seal the chamber to prevent evaporation of
sample solution during measurement.

Native Polyacrylamide Gel Electrophoresis. To prepare the hydro-
gel, 2.7mL of 30% acrylamide/bis-acrylamide gel solution (29:1),
1 mL of 10� TAE/Mg2þ buffer, 90 μL of 10% ammonium
persulfate (APS), 10 μL ofN,N,N0 ,N0-tetramethylethylenediamine

(TEMED), and 6.2 mL of deionized water were mixed. This
mixture contained a final gel percentage of 8%. The gel was
polymerized for 1 h at room temperature and then soaked in
1� TAE/Mg2þ buffer for use. Five μL of each sample, which was
kept in ice after the reaction, was mixed with 1 μL of 6� loading
buffer and was subjected to the 8% native polyacrylamide gel
electrophoresis (PAGE). The PAGE was performed in ice at a
constant voltage of 100 V for 120 min. After staining in 1� SYBR
Green I Nucleic Acid Gel Stain solution (Invitrogen, USA) for
20 min, the gels were scanned using a Typhoon TRIO System
(GE Medical System, USA). The gel fluorescent images were
scanned with excitation/emission wavelengths of 488 nm/
520 nm for SybrGreen I and 633 nm/670 nm for Cy5.

AFM Imaging. Assembly productswerediluted in 1� TAE/Mg2þ

buffer and deposited onto freshly cleaved mica (SPI, USA) for
3min. Sampleswere then rinsedwith deionizedwater anddried
with nitrogen. AFM imaging experiments were performed
in air in tapping mode on a Dimension 3100 AFM (Veeco, USA).
Silicon probes Tap300Al-G (BudgetSensors, Bulgaria) with re-
sonant frequency 300 kHz, force constant 40 N/m and tip radius
10 nm were used in the experiments. The image background
was flattened by Nanoscope IIIa software.
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