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 Nucleic Acid Nanostructures for Chemical and Biological 
Sensing 

   Arun Richard    Chandrasekaran     ,   *        Heitham    Wady     ,       and        Hari K. K.    Subramanian   *      

 The nanoscale features of DNA have made it a useful 
molecule for bottom-up construction of nanomaterials, 
for example, two- and three-dimensional lattices, 
nanomachines, and nanodevices. One of the emerging 
applications of such DNA-based nanostructures is in 
chemical and biological sensing, where they have proven 
to be cost-effective, sensitive and have shown promise as 
point-of-care diagnostic tools. DNA is an ideal molecule 
for sensing not only because of its specifi city but also 
because it is robust and can function under a broad range 
of biologically relevant temperatures and conditions. DNA 
nanostructure-based sensors provide biocompatibility 
and highly specifi c detection based on the molecular 
recognition properties of DNA. They can be used for 
the detection of single nucleotide polymorphism and to 
sense pH both in solution and in cells. They have also 
been used to detect clinically relevant tumor biomarkers. 
In this review, recent advances in DNA-based biosensors 
for pH, nucleic acids, tumor biomarkers and cancer cell 
detection are introduced. Some challenges that lie ahead 
for such biosensors to effectively compete with established 
technologies are also discussed. 
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  1.     Introduction 

  Nanotechnology has opened up new avenues for a wide variety 

of applications ranging from biomaterials for tissue engi-

neering [ 1 ]  to protection against toxic agents. [ 2 ]  The nanoma-

terials used for these applications are prepared by either the 

top-down or the bottom-up approach. Biomolecules, especially 

DNA, has been successfully used for bottom-up construction 

of nanomaterials. [ 3 ]  The main features of DNA — its inherent 

nanoscale dimensions and specifi c molecular recognition — 

make it a versatile nanoscale building block. Researchers have 

taken advantage of this to construct two- [ 4 ]  and three-dimen-

sional lattices, [ 5 ]  topologically-linked arrays, [ 6 ]  nanomachines [ 7 ]  

and nanodevices. [ 8 ]  The occurrence of different conformations 

of DNA [ 9 ]  depending on the ionic environment has also been 

used to construct devices based on conformational changes. [ 10 ]  

DNA as a material has shown promise in applications related 

to nanoelectronics, [ 11 ]  biomolecular computations, [ 12 ]  cellular 

imaging [ 13 ]  and drug delivery. [ 14 ]  One other emerging applica-

tion is in chemical and biological sensing, where DNA-based 

biosensors have proven to be cost-effective, sensitive and have 

the potential to be used as point-of-care diagnostic tools. With 

the aid of a ‘toolkit’ of enzymes, DNA-based nanostructures 

can be used for sensitive, multiplexed detection strategies. [ 15 ]  

DNA is a desirable molecule for sensing not only because of 

its specifi city but also because of its robustness and ability to 

function under a wide range of biologically relevant temper-

atures and conditions. [ 16 ]  In this review we introduce recent 

advances in DNA-based biosensors for pH detection, nucleic 

acids, tumor biomarkers and cancer cell detection ( Figure    1  ) 

and discuss the opportunities and challenges that lie ahead for 

such sensors.   

  2.     Nucleic Acids Detection and Genotyping 

 Genotyping of human diseases depends largely on specifi c 

molecular detection of nucleic acids or proteins. Strategies 

based on microarrays, [ 17 ]  reverse transcription polymerase 

chain reaction (RT-PCR), [ 18 ]  and the next-generation 

sequencing technology [ 19 ]  are convenient for high-throughput 

processing. However, they are still expensive, [ 20 ]  require 

probe labeling, and detection of biological samples at very 

low concentrations is still diffi cult. [ 21 ]  The advent of biocom-

patible DNA nanostructures has provided highly specifi c and 

sensitive detection based on the molecular recognition prop-

erties of DNA. 

 Biosensors based on DNA nanostructures often uti-

lize key components of traditional sensing methods such as 

the use of a fl uorescent signal probe. [ 22 ]  In such cases, the 

output signal can be amplifi ed by strand displacement poly-

merization reaction ( Figure    2  a). However, such methods 

also involve multiple steps for detection and amplifi cation. 

For example, Guo et al. [ 22 ]  used a molecular beacon as their 

reporter. The loop region of the beacon is designed to be 

complementary to the target sequence. On target binding, the 

hairpin is open thus causing a fl uorescent signal. This signal 

is further amplifi ed by polymerase strand displacement thus 

recycling the target to enhance the signal.  

 DNA tetrahedra [ 23 ]  are a class of nanostructures that 

exhibit structural rigidity and provide spatial positioning 

of functional guests on their edges and/or vertices. Taking 

advantage of this, Pei et al. [ 24 ]  have created DNA tetrahe-

dron-based electrochemical biosensors by combining them 

with surface-based assays (Figure  2 b). They bound the 

bottom three vertices of the tetrahedral DNA probe to a gold 

electrode surface via thiol modifi cations. The fourth vertex 

was designed to contain a single-stranded DNA (ssDNA) 

probe that points outward from the surface and is comple-

mentary to part of the target. In surface-based assays, target 

molecules have reduced access to probes compared to probe-

target recognition in solution. [ 25 ]  However, the strategy used 

by Pei et al.  [ 24 ]  allows control over positioning of the probes 

away from the surface (depending on the dimensions of the 

tetrahedra), thereby providing enhanced accessibility of the 

probes compared to linear or stem-loop probe structures. [ 26 ]  

When part of the target binds to the probe, a biotinylated 

reporter probe binds to the remaining part of the target. This 

hybridization event is then transduced into electrochemical 

signals through the specifi c binding of an avidin-HRP (horse-

radish peroxidase) conjugate to the biotin, leading to enzyme 

turnover-based signal transduction. [ 27 ]  Specifi cally, the tetra-

hedral structure used in this study contained DNA probes 

with well-defi ned probe-to-probe spacing of ∼4 nm with a 

surface density estimate of 4.8 × 10 12  tetrahedral probes 

per cm 2 . The lateral spacing and interactions of these tetra-

hedral nanostructures can be controlled by altering the size 

of the tetrahedra, leading to decreased hybridization times 

and increased hybridization effi ciency. [ 28 ]  This is important as 

control over the packing density of probes on the surface and 

its conformation are known to play a critical role in the effi -

ciency of target detection. [ 29 ]  Moreover, this electrochemical 

sensor showed signifi cant signal differences for a single base 

pair mismatch between the target and the probe DNA. 

 Analysis of biomolecular interactions can be realized 

using DNA nanoswitches. [ 30 ]  Chandrasekaran et al. [ 31 ]  used 

this strategy for the detection of specifi c target nucleic acid 

sequences. Target binding causes the switch to undergo a 

conformational change from its linear ‘off’ state to a looped 

‘on’ state. Detection of the target was done using a simple 

 [+] A. R. Chandrasekaran and H. Wady contributed equally to this 
manuscript.
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gel electrophoresis read-out (Figure  2 c). Such programmable 

switches with an easy read-out have the potential to detect 

nucleic acid markers that are of biological relevance and will 

be useful for point-of-care diagnostics. Lateral fl ow nucleic 

acid biosensors [ 32 ]  have also been developed for detecting 

nucleic acid sequences. These sensors utilize isothermal 

strand-displacement polymerase reaction [ 22 ]  and gold nano-

particles (AuNPs) to provide a visual read-out. The signal 

amplifi cation process is similar to that described in Figure  2 a. 

This biosensor works based on the conformational change of 

a DNA probe upon target binding and can be read-out as a 

color change that happens due to aggregation of the AuNPs 

(Figure  2 d). This method also allowed for quantitative detec-

tion by analyzing the optical density of the test line. 

 DNA origami [ 33 ]  has been applied to construct useful 

devices such as a molecular analog of DNA microarray chips. 

Ke et al. [ 34 ]  inserted single-stranded DNA probes (comple-

mentary to the target nucleic acid) at precise positions of an 

origami tile. Hybridization of the probe tiles to the target in 

solution was detected using atomic force microscopy (AFM) 

(Figure  2 e) based on the difference in elastic properties of 

single-stranded (probes without target) and double-stranded 

DNA (probes bound to target). The other advantage of this 

strategy is that the origami structure can be designed to con-

trol the inter-probe distance. 

 Single nucleotide polymorphisms (SNPs) are the most 

common genetic variation in the human genome. [ 35 ]  DNA 

nanostructrues have recently been developed for highly spe-

cifi c detection of SNPs. [ 36 ]  Chen et al. [ 37 ]  reported one such 

example based on conditionally fl uorescent molecular probes 

( Figure    3  a). This strategy was based on double-stranded toe-

hold exchange and involved a double-stranded probe with 

forked single-stranded overhangs, one containing a fl uo-

rophore and the other containing a quencher. Binding of a 

proper target initiates toe-hold strand exchange and causes 

separation of the fl uorophore from the quencher, thus 

increasing fl uorescence. However, a target with even a single 

mismatch has a much lower binding affi nity causing the for-

mation of a duplex with two mismatch bubbles. Tetrahedral 

DNA nanostructure-based electrochemical sensors have also 

been used for SNP detection (Figure  3 b). [ 24 ]  The discrimina-

tion factors between a properly matched target (A:T) and 

single-nucleotide mismatched targets (T:T, C:T, G:T) were 

found to be 150, 1000, and 10000, respectively. These biosen-

sors provide a sensitive detection route for SNPs compared 

to ssDNA probe-based methods.  

 DNA origami platforms have also been used to provide a 

visual read-out of SNPs. Zhang et al. [ 38 ]  used a DNA origami-

based strategy for label-free SNP detection in homogeneous 

solutions based on previously designed DNA origami chips [ 39 ]  

and enhanced its specifi city by incorporating a toehold-medi-

ated strand-displacement [ 40 ]  reaction. They used an asym-

metric, map-shaped DNA origami chip that was designed to 

contain a line of protruding ssDNA capture probes, which 

were hybridized with biotinylated, partially complementary 

reporter probes (Figure  3 c) that can recruit streptavidin. In 

the presence of a target that is perfectly complementary to 

the capture probe, the toehold region is fi rst hybridized fol-

lowed by branch migration, eventually resulting in complete 
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displacement of the reporter probe. Thus, the streptavidin, seen 

as white bulges in AFM images is displaced from the origami 

in the presence of a perfectly complementary target DNA but 

not in the presence of a sequence with even a single mismatch. 

 It is known that nucleotide mismatches drastically slow 

down the progression of branch migration beyond a single 

mismatch site. [ 41 ]  Subramanian et al. [ 42 ]  used this strategy 

to produce a direct visual readout of the target nucleotide 

contained in the probe sequence using an AFM (Figure  3 d). 

They designed an origami platform containing graphical rep-

resentations of A, T, G, and C, the four possible nucleotide 

alphabetic characters. The symbol containing the test nucle-

otide identity disappears in the presence of the probe. They 

used this method to study SNPs and also demonstrated the 

feasibility of using this approach for a heterozygous probe, 

making it more relevant to genomes of diploid organisms. 

 Table    1   compares the different techniques for nucleic acid 

detection discussed in this section.   
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  3.     Biomarker Detection 

 One of the biggest challenges in clinical diagnostics lies with 

the ability of immunological assays to detect reliably, with 

precision and specifi city, the biomarkers for a variety of dis-

eases. [ 43 ]  Detection of ultralow concentrations of nucleic acid 

biomarkers in a complex cellular environment can be quite 

diffi cult. Thus, enhanced biomarker detection methods have 

gained considerable attention recently due to their potential 

applications in early diagnosis of infections. [ 44 ]  

 Li et al. [ 45 ]  used the multivalent and anisotropic properties 

of dendrimer-like DNA (DL-DNA) [ 46 ]  to create multicolor 

fl uorescence-intensity encoded DNA barcodes with attached 

molecular probes. Polystyrene microbeads were utilized to 

amplify the fl uorescent signals ( Figure    4  a). Hybridization of 

the barcodes to different targets produced specifi c colors on 

the membrane that can be later identifi ed using a preassigned 

decoding library. These nanobarcodes provided multiplexed 

identifi cation along with a rapid and sensitive detection of 

DNA from three pathogenic species:  B. anthracis , Ebola, and 

SARS.  

 Electrochemical techniques, being convenient and 

affordable, are particularly alluring for DNA detection. [ 47 ]  

However, sensitivity is a critical limiting variable of electro-

chemical DNA biosensors. To address this problem, Chen 

et al. [ 48 ]  used long-range self-assembled DNA constructs that 

act as scaffolds for signal magnifi cation. They used this system 

for detecting Human Immunodefi ciency Virus (HIV) DNA. 

Two auxiliary probes were designed to trigger a series of 

hybridizations leading to long-range self-assembly of microm-

eter-long DNA nanostructures. The fragment of the 3′ end of 

one of these probes was designed to bind to the target DNA 

(a 38-nucleotide sequence from the human immunodefi ciency 

virus). Hexaammineruthenium (III) chloride (RuHex) then 

bound to the negatively charged phosphate backbone of the 

DNA via electrostatic forces. The accumulation of RuHex to 

the electrode was read out as electrochemical output signals. 

 Early detection of cancer cells is paramount in clinical 

practice, often dictating cancer treatments and health out-

comes, but can be diffi cult due to the low levels of circulating 

tumor cells in the peripheral blood. [ 49 ]  Thus, a highly specifi c 

and sensitive detection method is needed. Zhou et al. [ 50 ]  

used multibranched hybridization chain reaction (mHCR) 

products with multiple biotins and branch points bound on 

DNA nanostructured gold electrode surfaces for cancer cell 

detection (Figure  4 b). An antibody or an aptamer that binds 

to the epithelial cell adhesion molecule (EpCAM) is com-

monly used to catch the malignant cells. [ 51 ]  In this study, a 

DNA probe was conjugated with a biotin-labeled EpCAM 

aptamer. On incubation of cancer cells with L-aptamers and 

avidin-HRP, the cancer cells were captured by the capturing 

probe on a DNA tetrahedron biosensor [ 24 ]  attached to a 

gold electrode. This method provided a read-out signal for 

as low as 24 cancer cells. However, for cancer cell detection 

to be useful in clinical diagnostics, the threshold of detection 

should be fi ve cancer cells or lower for predicting survival 

outcomes and metastasis. [ 52 ]  To improve sensitivity, Zhou 

et al. [ 50 ]  used the mHCR reaction to produce lengthy prod-

ucts with many biotins to amplify the signal and many branch 

points to create multivalent surface binding. This dual-func-

tional mHCR allowed for signal amplifi cation and multiva-

lent binding, resulting in the synthesis of a DNA biosensor 

that could sensitively detect as few as four cancer cells, thus 

making the strategy clinically relevant. 
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 Figure 1.    Strategies for chemical and biological sensing using nucleic acid nanostructures. Illustration showing the detection of biomarkers, nucleic 
acids, and pH levels by various DNA-based nanostructures. These strategies can be either surface-based (top row) or solution-based (bottom row). 
Lateral fl ow chips adapted with permission. [32]  Copyright 2012, RSC.
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 As discussed earlier in this review, DNA tetrahedra-based 

electrochemical biosensors immobilized on gold surfaces 

provide highly selective DNA detection capabilities. [ 24 ]  Pei 

et al. [ 53 ]  combined this strategy with DNA-bridged antibody 

immobilization [ 54 ]  to create a highly functional immunolog-

ical sensor (Figure  4 c). The tetrahedral structure was similar 

to the one previously discussed [ 24 ]  and contained a pendant 

“bridge DNA” on one vertex, and was immobilized onto 

a gold surface. The bridge hybridized to a complementary 

strand modifi ed with a carboxyl group. The carboxyl group-

terminated surface was conjugated to an antibody for tumor 

necrosis factor alpha (TNF-α), creating an antibody anchored 

surface for tumor marker detection. Immunological reactions 

occurring at the DNA tetrahedron-plated electrodes in the 

small 2016, 12, No. 20, 2689–2700

 Figure 2.    Strategies for nucleic acid sensing. a) Detection and amplifi cation based on isothermal strand-displacement polymerization reaction. 
Adapted with permission. [ 22 ]  Copyright 2009, Oxford University Press. b) DNA tetrahedron-based electrochemical sensor. Target binding event is 
transduced to electrochemical signal by the binding of an avidin-HRP conjugate to the biotin-tagged reporter probe. Adapted with permission. [ 24 ]  
c) Nanoswitch-based detection of target DNA sequences. Target binding induces a conformational change from a linear to a looped state which 
can be read out using gel electrophoresis (inset). Adapted with permission. [ 31 ]  Copyright 2016, ACS. d) The cyclic pathway of sequence-tagged 
DNA complexes based on isothermal strand-displacement polymerization reaction (left) and its optical read-out based on a lateral fl ow biosensor 
(right). Adapted with permission. [ 32 ]  Copyright 2012, RSC. e)  Left . Schematic of the nucleic acid probe tiles with three different probes and a control 
probe.  Middle.  Molecular model of the tile with probes shown.  Right.  Target hybridization leads to the formation of an RNA-DNA duplex, and the 
stiffer V-shaped junction is detected using an AFM. Adapted with permission. [ 34 ]  Copyright 2008, AAAS.
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presence of TNF-α were read out as electrochemical signals 

through avidin-HRP interaction. This strategy provides a 

reusable sensing surface and more control over the orienta-

tion of antibodies on the surface making it more effi cient for 

immunological sensing. 

 Recently, Ranallo et al. reported a DNA-based beacon for 

the detection of various antibodies and proteins. [ 55 ]  They cre-

ated a switch inspired by molecular beacons [ 56 ]  that changes 

conformations on target binding. The switch was composed 

of a stem-loop system with two single stranded tails. The 

ends of these tails were modifi ed to contain an appropriate 

target-specifi c recognition element. The stem region con-

tains a fl uorophore/quencher pair. Without the target, the 

stem remains closed and the fl uorescent signal is quenched 

(Figure  4 d). However, on target binding, the stem region is 

opened shifting the fl uorophore away from the quencher thus 

causing a signal based on Fluorescence Resonance Energy 

Transfer (FRET). In the case of monovalent targets, binding 

of two targets to the two modifi ed tails causes the stem to 

open because of steric hindrance between the targets. For 

bivalent targets, the stem opens due to distance-dependent 

binding of the recognition elements to two different locations 

on the target antibody. They used this sensor to detect a HIV 

biomarker anti-p17 antibody as well as other antibodies and 

protein targets.  Table    2   summarizes the functionalities of the 

sensors for biomarker detection discussed in this section .    

small 2016, 12, No. 20, 2689–2700

 Figure 3.    Detection of single nucleotide polymorphism. a) Conditionally fl uorescent molecular probe based on double-stranded toehold exchange. 
Reproduced with permission. [ 37 ]  Copyright 2013, NPG. b) DNA tetrahedron-based electrochemical read-out for SNP detection. Reproduced with 
permission. [ 24 ]  c) A DNA origami-chip with toehold-mediated strand-displacement reaction for SNP detection. Scale bar: 250 nm. Adapted with 
permission. [ 38 ]  d) An illustration of the branch-migration-based mismatch detection technique (left). AFM-based read-out of the nucleotide in the 
target probe (right). Scale bar: 50 nm. Adapted with permission. [ 42 ]  Copyright 2011, ACS.

  Table 1.    Summary of nucleic acid detection strategies.  

Structure Strategy Read out Target LOD Amplifi cation Reference

Stem-loop Isothermal strand-displacement 

polymerization reaction

Fluorescence ssDNA 6.4 fM Yes  [ 22 ] 

DNA tetrahedron/gold surface TMB-based electrochemical 

transduction

Amperometry  Thrombin 

 ssDNA 

 100 pM 

 1 pM 

No  [ 24 ] 

DNA nanoswitch Conformational change Gel electrophoresis ssDNA 12.5 pM No  [ 31 ] 

DNA-AuNP conjugates AuNP aggregation Color change Human genomic DNA 25 ng/ml Yes  [ 32 ] 

DNA origami/ssDNA probes Elastic properties of ssDNA, dsDNA 

and DNA:RNA hybrids

AFM ssRNA 200 pM No  [ 34 ] 

DNA origami/STV-biotin Toehold mediated strand displacement/

biotin-STV

AFM SNP detection N/A No  [ 38 ] 

DNA origami/hairpins Toehold mediated strand displacement AFM SNP detection N/A No  [ 42 ] 
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  4.     pH Sensing 

 The human body is composed of a plethora of complex sys-

tems working in a synchronized fashion to maintain optimal 

conditions necessary for life. There exists a physiological 

balance to maintain relatively stable and constant internal 

conditions. Acid-base homeostasis involves a tightly reg-

ulated process monitoring the pH of different cellular 

compartments, body fl uids, and organs. [ 57 ]  Natural pH sen-

sors in the human body exist to regulate and balance pH 

small 2016, 12, No. 20, 2689–2700

 Figure 4.    Biomarker detection using DNA nanostructures. a) Nanobarcodes for microbead-based DNA detection using fl uorescence microscopy. [ 45 ]  
b) DNA-nanostructure-based multibranched HCR (mHCR) reaction to detect cancer cells. Adapted with permission. [ 50 ]  Copyright 2014, ACS. c) DNA 
tetrahedron-based probes for electrochemical sensing of antibody immobilization. Adapted with permission. [ 53 ]  Copyright 2011, RSC. d) DNA 
nanoswitch-based beacon for the detection of antibodies and proteins. Reproduced with permission. [ 55 ] 

  Table 2.    Summary of biomarker detection strategies.  

Structure Strategy Read out Target LOD Amplifi cation Reference

DNA dendrimer-based 

barcodes

DNA hybridization Fluorescence microscopy/dot 

blotting/fl ow cytometry

DNA from  B. anthracis , 

Ebola, SARS

620 attomole Yes  [ 45 ] 

DNA concatamers/gold 

surface

[Ru(NH 3 ) 6 ] 3+  based 

electrochemical sensing

Differential pulse 

voltammetry

HIV DNA 5 aM Yes  [ 48 ] 

DNA tetrahedron/gold 

surface

TMB-based electrochemical 

transduction

Cyclic voltammetry and 

amperometry

Whole cancer cells 

(aptamer of EpCAM)

4 cancer cells Yes  [ 50 ] 

DNA tetrahedron/gold 

surface

TMB-based electrochemical 

transduction

Amperometry TNF-α 100 pg/mL No  [ 53 ] 

DNA nanoswitch 

(stem-loop)

Conformational change Optical (FRET) Specifi c mono- and bivalent 

proteins/antibodies 

∼5 n M No  [ 55 ] 
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environments to ensure appropriate protein folding, [ 58 ]  gas 

exchange, [ 59 ]  enzyme function, [ 60 ]  and cellular apoptosis. [ 61 ]  

For these reasons, developing biosensors capable of detecting 

and responding to pH changes have enormous implications 

for biomedical applications. In addition, cancer cells exhibit 

pH dysregulation and thus applications of pH sensors also 

extend to diagnostic purposes. [ 62 ]  

 Liu et al. [ 63 ]  made one of the earliest DNA constructs 

that used the pH of the environment to induce a confor-

mational change in an array of proton-fueled DNA motors 

and they reversibly actuated it by changing the solution pH 

between 4.5 and 9.0 ( Figure    5  a). They immobilized the motor 

onto a gold surface through a 5′ thiol modifi cation. A fl uo-

rophore was attached to its 3′ end. In acidic conditions, the 

motor adopted a closed i-motif structure, [ 64 ]  causing the dis-

tance between the termini to shorten, and the fl uorophore 

to be quenched by the gold surface. [ 65 ]  At basic conditions, 

the i-motif unraveled and the motor was able to bind with 

its complementary strand in solution, creating an elongated 

duplex. The fl uorophore, being at least 2.5 nm pushed away 

from the gold surface, was able to fl uoresce, demonstrating a 

type of fl uorescence-based switch dependent on pH.  

 Modi et al. [ 66 ]  constructed the fi rst DNA nanomachine to 

function as a pH sensor inside living cells, based on an intra-

molecular i-motif called the I-switch. The basis of this machine 

was a conformational change from an open linear structure 

under physiological conditions (pH 7.3) to a closed triangular 

structure under acidic conditions (pH 5.0) (Figure  5 b). 

Measurement of FRET between the fl uorescent dyes 

attached to the 5′ and 3′ ends confi rmed this conformational 

change. [ 67 ]  The switch functioned as an effi cient pH sensor 

with a pH range of 5.5 to 6.8. In a series of pulse and chase 

experiments, the I-switch was endocytosed into Drosophila 

hemocytes for mapping the spatial and temporal pH changes 

associated with endosome maturation. Transferrin, a protein 

of the β globulin group, [ 68 ]  and the switch were biotinylated 

and then conjugated together using streptavidin to yield a 

transferrin-modifi ed I-switch (Figure  5 c) that was used to 

label a specifi c endocytic pathway. This device proved prom-

ising but with a timescale of 1–2 minutes and a pH range of 

1.3 units, was limited in measuring biological pH changes 

on shorter timescales and broader pH ranges. Nonetheless, 

it demonstrated that DNA nanomachines could be used in 

living systems to measure real time pH changes in a crowded 

cellular environment. 

 A few years later the same group used this strategy to 

construct two distinct DNA nanomachines (Figure  5 b,d) 

that could map simultaneously the pH gradients along two 

different but intersecting endocytic pathways inside the 

same cell. [ 69 ]  The furin retrograde and transferrin receptor 

endocytic pathways were chosen, as these pathways merge 

in early endosomes before segregating into late endosomes 

and recycling endosomes, respectively. [ 70 ]  Each device was 

programmed to have an appropriate pH response for the 

small 2016, 12, No. 20, 2689–2700

 Figure 5.    i-motif based pH sensors. a) Schematic of a reversible pH-driven DNA array: DNA probe adopts a closed i-motif structure at low pH 
(fl uorescence quenched) and an open conformation at high pH moving the dye away from the surface on binding to its complementary strand 
(high fl uorescence). [ 63 ]  b) Conformational change from the ‘open’ state (high pH) to the ‘closed’ state (low pH) of the ‘I-switch’. [ 66 ]  c) A biotinylated 
transferrin was tagged to a biotinylated I-switch through streptavidin and used to label a specifi c endocytic pathway. [ 66 ]  d) Another type of I-switch 
consisting of a duplex with a pH-responsive element that forms an intramolecular I-motif at low pH. [ 69 ]  This leads to high FRET between the two 
dyes (green and pink).
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organelles encountered as well as ideal 

FRET pairs for concurrent measurements 

without interference or cross-talk between 

the sensors. The two DNA nanomachines 

were optimized to work at pH levels 

5.0–6.5 and 5.5–7.0 for the furin pathway 

and transferrin receptor pathway respec-

tively. The DNA nanomachines were able 

to map simultaneously the spatiotemporal 

pH changes along the targeted pathways in 

distinct compartments and also in tandem 

within the same compartment to detect 

pH dynamics. Surana et al. [ 71 ]  used this 

pH-triggered I-switch to map pH changes 

inside the nematode  Caenorhabditis elegans . 

They used the switch to map, autonomously 

and effectively, the spatiotemporal pH 

changes associated with endocytosis in 

wild type as well as mutant worms. This 

was the fi rst demonstration of the inde-

pendent functionality of a DNA nanoma-

chine in vivo. 

 The I-switch, while functional and 

ideal for monitoring intracellular pH 

changes, required costly and complicated 

synthetic steps to covalently label it to 

transferrin through biotin and strepta-

vidin. Li et al. [ 72 ]  improved this strategy 

by using graphene as a linker and cargo 

transporter. Graphene is a useful nanoma-

terial when used as graphene oxide (GO) 

as it has the ability to adsorb ssDNA, 

quench the fl uorescence of a fl uorophore, 

and serve as a molecular transporter of 

DNA into living cells while protecting the 

oligonucleotides from enzymatic degrada-

tion. [ 73 ]  The construct used by Li et al. [ 72 ]  was a simple duplex 

containing a 5-nucleotide hinge and a fl uorescently labeled 

ssDNA overhang containing a triplex forming oligonucleo-

tide (TFO) ( Figure    6  a). When protonated at acidic pH, the 

ssDNA overhang folds and binds to the duplex via Hoog-

steen base pairing, thus forming a triplex. At basic pH, the 

switch displayed reversibility as the cytosine residues were 

deprotonated, causing the TFO to become unstable and dis-

sociate, thus reforming the partial duplex. The fl uorophore of 

the ssDNA domain was effectively quenched upon adsorp-

tion onto the GO sheet due to FRET between rhodamine 

green and GO. The quenching ability of the GO sheet was 

neutralized at acidic pH as the duplex transformed into a tri-

plex, causing a release of the TFO from the surface of the 

GO sheet and allowing for fl uorescence recovery.  

 To solve the problem of the narrow pH window and slow 

timescale typically seen in DNA-based pH sensor systems, 

Idili et al. [ 74 ]  developed programmable DNA-based nano-

switches that could be modifi ed to accommodate a range 

more than fi ve units of pH with a response time in millisec-

onds (Figure  6 b). Their switch took advantage of the fact 

that while Watson-Crick (WC) base pairing remains stable 

in acidic conditions, Hoogsteen interactions show a strong 

dependence on pH. [ 75 ]  The switch formed a traditional WC 

duplex with a 10-nucleotide overhang that transitioned into 

a pH-triggered triplex due to parallel Hoogsteen interac-

tions. [ 76 ]  A pH-insensitive fl uorophore attached to the 5′ end 

and a quencher internally positioned in the device, tracked the 

duplex to triplex transition. C + .GC parallel triplets are desta-

bilized at pH levels above 6.5 due to cytosine deprotonation, 

whereas T.AT triplets remain stable at physiological pH and 

only begin to dissociate at pH above 10 due to thymine depro-

tonation. [ 77 ]  Altering the relative content of C + .GC/T.AT tri-

plets in the sequence modifi ed the pH range of the switch. 

The transition of a switch with 100% T.AT triplets occurred 

at basic pH levels, 9.0–11.0 while the transition for a switch 

with 50% T.AT triplets occurred at a more acidic pH range, 

5.0–7.0. Combining switches of different T.AT triplet content 

(50%, 80%, 100%) together created a pH sensor exhibiting a 

pH window of ∼5.5 units. A similar strategy can also be used 

to trigger other dynamic strand displacement reactions using 

the TFO as a sensing motif. [ 78a ]  Moreover, similar motifs have 

been used to control Hybridization Chain Reactions (HCR) 

and might be useful for creating sensitive sensors that amplify 

signals based on pH changes. [ 78b ]  In addition, inclusion of pH 

sensitive domains in nanostructures allows us to trigger the 

small 2016, 12, No. 20, 2689–2700

 Figure 6.    Triplex-based pH sensors. a) Schematic illustration of a graphene oxide-based pH 
sensor. [ 72 ]  The single-stranded portion of the DNA complex tagged with a fl uorescent dye 
is adsorbed onto the graphene oxide surface at high pH (quenched fl uorescence, left). At 
low pH, the single-stranded extension folds back to form a triplex (high fl uorescence, right). 
b) pH-triggered nanoswitches that form an intramolecular triplex structure. [ 74 ]  The switches 
can be confi gured to contain varying amounts of T.AT triplets. Since a C + .GC triplet requires 
acidic pH, switches containing only C + .GC triplets open at pH levels 6.0–7.0 while those 
containing T.AT triplets open at pH levels 9.0–11.0. The pH sensitivity windows of the two 
switches are shown as a pH scale below the complexes.
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delivery of specifi c target molecules. [ 78c ]  Such strategies pro-

vide dual functionality to biosensors: to both sense the target 

molecule and release the cargo in its presence. 

 Kuzuya et al. [ 79 ]  have constructed a nanomechanical 

pH sensor using DNA origami. Their strategy involved 

pH-responsive shape transition of a DNA origami device 

and imaging using AFM ( Figure    7  a). These DNA origami 

‘pliers’ were designed to contain C-rich sequences (i-binders) 

on each lever of the plier. Under acidic conditions, these 

sequences form an intermolecular i-motif thereby bringing 

the two levers together. This structural transition can be 

visualized using AFM. While DNA origami can be used to 

create such functional devices, it is often costly, involving 

hundreds of staple strands to manipulate a scaffold, and not 

practical for mass production. Chen et al. [ 80 ]  made a periodic 

DNA nanoribbon from a modifi ed DNA origami method 

that reduces the number of staple strands necessary to 3 or 

less (Figure  7 b). They employed rolling 

circle amplifi cation (RCA) to create long 

ssDNA with tandem repeats complemen-

tary to the circular template. [ 81 ]  The RCA 

product was folded with 1 concatenated 

or 3 distinct staple strands to yield a 1-D 

periodic structure with high aspect ratio. 

Due to its unique structure and integrity, 

the DNA nanoribbons were able to inter-

nalize effectively into cells. One of the 

staple strands was labeled with a fl uores-

cein derivative dye, carboxyfl uorescein 

(FAM). FAM displays pH-dependent 

ratiometric fl uorescence changes, [ 82 ]  thus 

allowing the pH variations inside different 

regions of cells to be mapped. This DNA 

nanoribbon-FAM complex was able to 

exhibit desired intracellular pH response 

sensitivity in a crowded cellular milieu. 

 Table    3   summarizes the various DNA-

based pH sensors discussed in this section.    

  5.     Conclusion 

 Several DNA-based nanostructures have 

been constructed to respond to a variety 

of external chemical and biological stimuli. 

Such nanostructures provide a route to 

spatial arrangement of additional molecules via functionali-

zation with a variety of ligands and chemical groups. These 

hybrid materials hold promise for versatile and sensitive 

molecular sensing that is not achievable using conventional 

sensing methods. In addition, the versatility of DNA-based 

nanostructures allows simultaneous detection of multiple 

targets with high sensitivity using a variety of amplifi cation 

strategies. For example, the DNA tetrahedral structures 

discussed here have been modifi ed for use with different 

types of targets. However, amplifi cation of the output sig-

nals involves multiple steps. Solution-based or surface-based 

assays that involve minimal preparation methods would be 

easily accessible to more researchers for detection purposes. 

Also, DNA nanostructures have been shown to be robust 

for detection in cells and in vivo. The design and synthesis of 

these structures are specifi c to the particular host and generic 

 Figure 7.    Origami-based pH sensors. a) Schematic of the DNA origami nanopliers: At high 
pH, the structure is in an open conformation. At low pH, the C-rich strands (i-binders) on each 
lever form an i-motif by binding to those on the other lever. Adapted with permission. [ 79 ]  
b) Schematic representation of the enzymatic synthesis of DNA nanoribbons using an RCA 
scaffold strand and three 32-nt staple strands (top) or one 96-nt staple strand (bottom). 
Carboxyfl uorescein, a pH-sensitive dye, was attached to one of the staple strands and used 
to probe intracellular pH. Adapted with permission. [ 80 ]  Copyright 2015, ACS.

  Table 3.    Summary of pH sensing strategies.  

Structure Strategy Read out pH range System Reference

ssDNA/gold surface Intramolecular i-motif formation Fluorescence 4.5–9.0 In vitro  [ 63 ] 

I-switch Intramolecular i-motif formation FRET/confocal 5.5–6.8 In cellulo  [ 66 ] 

I-switch Intramolecular i-motif formation FRET/confocal 5.0–7.0 In cellulo  [ 69 ] 

I-switch Intramolecular i-motif formation FRET/confocal 5.3–6.6 In vivo  [ 71 ] 

Graphene oxide/triplex forming oligonucleotide Intermolecular triplex formation FRET 5.0–8.0 In cellulo  [ 72 ] 

Double hairpin with triplex forming oligonucleotides Intramolecular triplex formation Fluorescence 5.5–11.0 In vitro  [ 74 ] 

DNA origami nanopliers Intermolecular i-motif formation AFM 5.6–8.2 In vitro  [ 79 ] 

DNA nanoribbons pH-sensitive fl uorescent dye Confocal 4.0–8.0 In cellulo  [ 80 ] 
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design strategies would aid in the development of a wide 

variety of sensors. Future work on DNA-based chemical and 

biological sensors will especially aid in characterization and 

development of these structures for in situ sensing. DNA ori-

gami has made the construction of nanoscale objects easier 

and has widespread uses in biotechnology. [ 83 ]  Moreover, the 

cost of synthetic DNA used for these purposes has been 

reduced in recent times, [ 84 ]  and custom-made DNA origami 

scaffolds provide purpose-specifi c nanostructures. [ 85 ]  One 

such advancement is the recently developed origami-based 

structures that provide an interface for presenting specifi cally 

patterned ligands to cells. [ 86 ]  Origami-based structures allow 

the study of biomolecular interaction which can be incorpo-

rated into future sensor fabrication. Development of DNA 

nanostructure-based sensors will also help in understanding 

complex biological systems while providing a route to highly 

specifi c and sensitive detection.  
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