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Abstract

Biosensors represent biomimetic analytical tools for addressing increasing
needs in medical diagnosis, environmental monitoring, security, and biode-
fense. Nevertheless, widespread real-world applications of biosensors re-
main challenging due to limitations of performance, including sensitivity,
specificity, speed, and reproducibility. In this review, we present a DNA
nanotechnology-enabled interfacial engineering approach for improving the
performance of biosensors. We first introduce the main challenges of the
biosensing interfaces, especially under the context of controlling the DNA
interfacial assembly. We then summarize recent progress in DNA nanotech-
nology and efforts to harness DNA nanostructures to engineer various bio-
logical interfaces, with a particular focus on the use of framework nucleic
acids. We also discuss the implementation of biosensors to detect physio-
logically relevant nucleic acids, proteins, small molecules, ions, and other
biomarkers. This review highlights promising applications of DNA nan-
otechnology in interfacial engineering for biosensors and related areas.
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1. INTRODUCTION

Biosensors have long been expected to be an important driving force in medical diagnosis and
treatments, especially with the ever-increasing identification of traceable biomarkers for various
diseases (1–4). However, with the exception of glucose meters for diabetes monitoring, there
have been few commercial successes and real-world applications of biosensors. Among many
possible reasons is that the performance of biosensors remains limited as compared to their natural
counterparts in vivo (5). One would envisage the minute-scale rapid capture of single molecule–
level biomarkers under a complex biological environment, which nevertheless is far from the ability
of existing biosensors (5). To meet these high-end requirements, researchers have exploited various
approaches, including molecular biotechnology and nanotechnology, to improve the power of
biomolecular interactions in vitro (6–10). In particular, DNA nanotechnology represents a highly
programmable approach to engineer the topological structure of biosensing interfaces, which
enables better mimicking of natural biointerfaces with a high order of biomolecule organization
and biocompatibility (3, 11–19).

In this review, we first introduce basic concepts of biosensing interfaces and their important
roles in developing biosensors, with a primary focus on the DNA-based biosensing interface. In
Section 2, we describe the motivations and challenges of interfacial engineering for biosensors, as
well as the physiochemical perspectives of DNA assembly on the biosensing interface. In Section 3,
we provide an overview of recent progress in DNA nanotechnology and its advantages for inter-
facial engineering. In Section 4, we summarize the main designs of interfacial engineering and
their applications in biomolecular detection. In Section 5, we review the applications of DNA
nanotechnology-enabled in vivo biosensing.

2. FUNDAMENTALS OF BIOSENSING INTERFACES

In a typical biosensor, target-responsive recognition occurs at the interface, where the immobilized
probe captures target molecules in bulk solution (Figure 1a). As an example, DNA sensors or
DNA microarrays that are useful for quantifying DNA/RNA concentrations and determining
gene expression or genotypes generally rely on interfacial DNA hybridization reactions (10, 20).
Unlike base pairing in solution, DNA hybridization at the interface is restricted by the accessibility
of target DNA molecules to the immobilized DNA probes, which poses a limit on sensitivity,
specificity, and speed. Efforts have been made to develop various strategies to reduce the interfacial
heterogeneity and to overcome energy barriers to improve thermodynamics and kinetics of DNA
hybridization reactions at the biosensing interface (3, 9, 11, 21–28).

Using the assembly of thiolated DNA probes on the gold surface as an example, DNA molecules
in solution are spontaneously adsorbed on Au and then reorganized into a self-assembled mono-
layer (SAM) as a consequence of the specific Au–S interaction (29). To form a stable SAM, its
free energy must be lower than the solvent that separated DNA molecules, which is composed
of entropy (S) and enthalpy (H) components (10, 24, 25, 30–32). Perhaps as a result of the com-
pensation for the entropy loss during the interfacial assembly, DNA molecules on Au tend to be
aggregated or segregated to gain enthalpy. These include electrostatic attraction between DNA
phosphate and Au, nucleotides and Au interfaces, and intra- and inter-hydrogen bonding of DNA
and phase segregation (29). Hence, the high heterogeneity of DNA immobilization on the surface
is a major hurdle in developing high-performance DNA sensors (3, 9, 11, 33). We now understand
that the monolayer on Au is far from homogeneous because of the presence of nonspecific adsorp-
tion, disordered conformations, and the entanglement and segregation of DNA probes, which
greatly reduce the accessibility of these surface-confined DNA probes (Figure 1b). To realize the
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Figure 1
Principles of a biosensor and a DNA-based biosensing interface. (a) Scheme of a typical biosensor design. Biorecognition probes are
immobilized on the biosensing interface and capture target molecules (e.g., DNA, proteins, small molecules, ions) in bulk solution.
After target binding, signal probes are used to produce measurable signals, frequently with the help of signal amplification methods.
(b) A DNA-decorated gold surface for biosensors. The heterogeneity of the interface is due to the presence of nonspecific adsorption,
disordered conformations, entanglement, and segregation of DNA probes, which preclude the formation of an ideal self-assembled
monolayer. Modified with permission from Reference 29. Copyright 2014, American Chemical Society. (c) Thermodynamic
consideration for interfacial engineering. An enthalpy–entropy compensation strategy by preforming ordered DNA nanostructures
might increase the interfacial homogeneity. Modified with permission from Reference 35. Copyright 2015, Nature Publishing Group.

near-ideal DNA assembly on Au, one might consider exploiting enthalpy–entropy compensation
by preforming ordered DNA nanostructures to reduce interfacial aggregation or segregation (34,
35) (Figure 1c).

3. PRINCIPLES OF DNA NANOTECHNOLOGY

DNA is the primary genetic material with the well-known double helix structure. In the early
1980s, Jones et al. (36) first proposed that DNA could be used a construction material for making
well-defined nanostructures by self-assembling in a one-pot mixture of oligonucleotides with de-
signed sequences. We have witnessed exponential growth in the degree of sophistication of DNA
nanostructures over the past two decades (15, 36–63) (Figure 2). The success of DNA nanotech-
nology comes partially from the nearly quantitative understanding of DNA thermodynamics,
allowing precise prediction of the folded state of single-stranded DNA (ssDNA) and their interac-
tions with other ssDNA. Today, with the rapid advances in chemical synthesis of oligonucleotides,
researchers can construct DNA libraries with rational design and programmably assemble DNA
nanostructures using Watson-Crick base-pairing rules in a bottom-up manner. Scaffolds of basic
platonic solids, two-dimensional (2D) single-layer sheets, three-dimensional (3D) DNA lattices,
and containers and nanostructures with arbitrary curvature have been reported (40, 56, 58, 59,
64–67) (Figure 2a–e). Beyond the static DNA nanostructures, dynamic DNA nanotechnology
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Figure 2 (Figure appears on preceding page)

Representative examples of structural DNA nanotechnology. (a) Smiley-face DNA origami nanostructure. Modified with permission
from Reference 65. Copyright 2017, Nature Publishing Group. (b) AFM images of complex shapes designed using a single-stranded
tile. Modified with permission from Reference 58. Copyright 2012, Nature Publishing Group. (c) Representative design and AFM
images of intricate two-dimensional flower-and-bird nanopatterns. Modified with permission from Reference 55. Copyright 2015,
Nature Publishing Group. (d ) ssRNA for tile assembly. Modified with permission from Reference 74. Copyright 2014, AAAS. (e) The
design (left) and AFM image (right) of a highly asymmetric DNA origami map of China. Modified with permission from Reference 66.
Copyright 2006, Science China Press Co., Ltd. ( f ) Biomimetic channels for transport of charged molecular cargo. Modified with
permission from Reference 72. Copyright 2016, Nature Publishing Group. ( g) High-resolution DNA positioning device for placing
molecules with Bohr radius resolution. Modified with permission from Reference 50. Copyright 2015, Nature Publishing Group.
Abbreviations: AFM, atomic force microscopy; KL, kissing loop; ssRNA, single-stranded RNA.

combines DNA nanotechnology with responsive aptamers, DNAzyme catalysis, or DNA strand
displacement reactions to create dynamic DNA nanostructures with motions and functions (49,
50, 68–70). Prototypes of dynamic DNA nanotechnology can be traced to strand displacement
reaction–based hybridization chain reaction and molecular machines. The simplicity of strand
displacement reaction enables broad applications in driving many types of dynamic DNA nano-
structures, including molecular motors, walkers, molecular circuits, and catalytic amplifiers (47,
60), and the method holds great potential for various biological applications. Another elegant ex-
ample lies in the recreation of the functional principle of biological ion channels (71, 72). Howorka
and colleagues (72) employed DNA assembly to create atomistically determined molecular valves
to control cargo transportation (Figure 2f ). Funke & Dietz (50) designed a molecular positioning
device made of two pieces of DNA origami with a tunable angle, which achieved the smallest
displacement step reported of 0.04 nm, i.e., even smaller than the Bohr radius (Figure 2g). In
addition to DNA, RNA nanostructures (73, 74) have attracted much recent interest because they
are more adaptable for in vivo folding (Figure 2d ).

DNA nanotechnology holds remarkable potential for engineering biosensing interfaces for
several reasons (3). First, the programmable assembly of ordered DNA nanostructures with well-
defined hydrogen bonds provides a powerful means to realize the entropy–enthalpy compensation.
The diverse shapes and dimensions of DNA nanostructures and their versatile yet controllable
chemical modifications also offer high flexibility. Second, this high degree of assembly control
enables the creation of DNA nanostructure modules that have predictable physical and chemical
properties for realizing important functions. Third, the use of these DNA modules to assem-
ble hybrid or multicomponent structures allows for the rational design of multicomponent and
multilength-scale interfaces.

One type of particularly interesting DNA/RNA nanostructure is framework nucleic acids
(FNAs; Figure 3). Here, we refer to FNAs in self-assembled DNA structures with surrounding
DNA strands and well-defined cavities (11, 56, 57, 59, 73, 75, 76). Naturally existing FNAs
include telomere G-quadruplex, riboswitches, and ribozymes, whereas artificial FNAs include
aptamers, DNAzymes, and various DNA/RNA nanostructures. DNA polyhedra are a type of
typical FNA that can be readily fabricated using either tile or origami assembly (Figure 3a–d ).
In contrast to linear DNA/RNA, information is stored in the 2D/3D spatial conformation rather
than the 1D sequence (although the conformation is dependent on the sequence). Perhaps more
importantly, a number of ions, small molecules, biomacromolecules, and inorganic nanoparticles
can be incorporated into the cavities, which add a functional dimension to FNAs. Moreover,
FNAs serve as a discrete scaffold for site-specific chemical/biochemical functionalization of
small molecules, proteins, and nanoparticles either at the edges or in the cavity, which endows
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Figure 3 (Figure appears on preceding page)

Framework nucleic acids. (a) Self-assembly of three-point-star motifs and a polyhedral in a one-pot process from DNA single strands.
Modified with permission from Reference 57. Copyright 2008, Nature Publishing Group. (b) Folding of arbitrary polygonal digital
meshes. Modified with permission from Reference 56. Copyright 2015, Nature Publishing Group. (c) A DNA origami polyhedral
self-assembled from DNA tripods. Modified with permission from Reference 59. Copyright 2014, AAAS. (d ) The fully automatic
sequence design was used for DNA nanostructures. A polymerase chain reaction was used to synthesize DNA nanostructures, and
cryo-electron microscopy was used to characterize the DNA nanostructures. Modified with permission from Reference 15. Copyright
2016, AAAS. Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum.

FNAs with versatile functions. Given these advantages, FNAs have been actively explored for
engineering various biointerfaces that are discussed in the following sections.

4. ENGINEERING OF BIOSENSING INTERFACES

Theoretical models have predicted that large lateral spacing and upright orientation of immo-
bilized DNA probes favor efficient DNA hybridization at the interface (77, 78). However, it is
challenging to reproducibly assemble DNA monolayers with both of these properties (26). The
control of the probe density and orientation often represents a trade-off: Lower probe density
increases the lateral spacing between DNA probes, whereas DNA probes tend to lie flat on the
surface due to the presence of vacancy. Indeed, repulsion between negatively charged DNA probes
forms the collective extension forces that extend DNA probes away from the surface in densely
packed films (26). Experimental evidence has shown that the DNA probes take flat conformations
due to the nonspecific adsorption when the spacing between DNA probes is comparable to their
length (79, 80).

4.1. Small Molecule–Assisted Interfacial Engineering

DNA probes tend to nonspecifically adsorb to Au surfaces through their bases, which suppress
efficient hybridization at the interface (81, 82). Small molecule–assisted interfacial engineering
was used to orient the DNA probe perpendicularly and to improve its hybridization ability by
displacing the nonspecific adsorption of DNA bases with small molecules, such as 6-mercapto-
hexanol (MCH), dithiothreitol (DTT), and 3-mercaptopropionic acid (MPA) (79, 83) (Figure 4a).

Tarlov’s group and several others provided direct evidence that the displacement of nonspecifi-
cally adsorbed DNA bases favors the optimal orientation of immobilized DNA probes (79). X-ray
photoelectron spectroscopy revealed that the nitrogen-containing purine and pyrimidine bases
of DNA could adsorb on Au with high affinity, despite the major role of thiol–Au interactions
(81). Thickness measurements using ellipsometry also revealed that DNA probes were not ori-
ented perpendicular to the surface (79). Furthermore, the hybridization activity can almost be
inhibited at high DNA density due to the steric and electrostatic factors. To facilitate interfa-
cial hybridization, two-component monolayers consisting of thiol–DNA and a spacer-thiolated
molecule (MCH) were developed to minimize the nonspecific adsorption of DNA and Au. Neutron
reflectivity analysis showed that DNA strands extended further into solution at such an engineered
interface (80). Arinaga et al. (84) demonstrated that the conformational change of the DNA layer
was predominantly of electrostatic origin. The surface charge can be altered by coimmobilizing
small molecules and controlling the electrode bias potential. Hamad-Schifferli and coworkers (85)
studied key parameters, including MCH concentration and reaction time, to achieve optimized
DNA conformations on Au. O’Sullivan and colleagues (86) reported that the optimal hybridization
efficiency for 100 nM of target DNA was realized at a DNA/MCH ratio of 1:100.
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Figure 4
Interface engineering strategies. (a) Thiolated small molecules are usually used to minimize the nonspecific adsorption between the
immobilized DNA probes and solid interface. Modified with permission from Reference 79. Copyright 1997, American Chemical
Society. (b) Polyadenine (polyA) is used as a substitute of thiol moiety of DNA probes to control the grafting density on the
macroscopic solid interface and nanoscale interface. The length of polyA can be programmed to control the lateral distance between
DNA probes. Modified with permission from Reference 99. Copyright 2012, American Chemical Society. (c) Nanostructured
microelectrodes (NMEs) are used to suppress DNA probe aggregation between adjacent probes. Modified with permission from
Reference 107. Copyright 2011, American Chemical Society. (d ) Framework nucleic acids are used for programmable control of the
DNA density at the nanoscale. Modified with permission from Reference 11. Copyright 2015, Wiley-VCH.

The small molecule–assisted interfacial engineering strategy has been widely employed to
improve the hybridization efficiency, detection limit, and detection selectivity of DNA sensors.
For example, Lu and coworkers (87) reported that the use of DNA probe/MCH mixing on the
SAM increased the surface hybridization efficiency by 85%. The DNA detection sensitivity could
be improved to 50 fM by reducing the surface density of DNA probes from 1.2 × 1013 to 1.2 ×
1012 molecules/cm2 (88). The SAM of MCH can also be used as a layer for protein anchoring
after the activation of surface OH groups by epichlorohydrin. Using this method, Sezginturk’s
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group (89) immobilized a specific antibody to calretinin on an MCH SAM to detect calretinin
with the detection limit of 0.11 ng/mL. Artificial serum samples spiked with calretinin were
successfully detected.

The use of MCH and thiolated ssDNA to form binary SAMs has proven quite useful for
improving biosensing performance. However, this type of SAM does not show high protein resis-
tance. Oligo(ethylene glycol)-terminated thiols are well known to be protein resistant, which has
helped them coassemble with thiolated ssDNA. This could improve the detection sensitivity to
the picomolar level even in complicated biological fluids such as human serum (90). This method
was employed to detect polymerase chain reaction (PCR) amplicons from the genomic DNA of
Escherichia coli K12, and as little as 60 fg of DNA (equivalent to 10 copies) can be detected. Short
thiolated oligonucleotides (e.g., thymines) were also used to form antifouling SAMs as diluents.
The background signal changed only 5%, which is approximately seven-fold lower than that of
MCH-based SAMs, when the sensor was introduced in a nontarget protein–containing solution
(27). The negative charges of the phosphate backbone may prevent nonspecific adsorption in
complex samples. To further improve the detection performance, Wang and coworkers (91) de-
veloped ternary SAM assembly to improve the signal-to-noise ratio and detection sensitivity. This
method addressed the incomplete backfilling and surface defects in the binary SAM, allowing
higher resistance to nonspecific adsorption of nucleic acids and proteins. The ternary SAM was
also employed in TNT detection by coassembling peptamer, DTT, and MCH (92). The 0.15 pM
of TNT can be sensitively detected with a 1,000-fold improvement of sensitivity as compared to
binary SAMs. Dharuman et al. (93) used both long-chain [11-mercaptoundecanoic acid (MUDA)
and 11-mercaptoundecanol] and short-chain (MCH and MPA) acids to optimize the ternary SAM.
They found that the ssDNA/MCH/MUDA ternary SAM exhibited the highest sensitivity. The
presence of hydrogen bonds between the −OH group and −COOH head groups was necessary
to enhance the electrostatic blockade and form a compact SAM.

4.2. Polyadenine-Mediated Interfacial Engineering

Studies on DNA base–Au interactions revealed that the binding affinity of DNA bases on Au
follows the order of A>C≥G>T (94–96). In particular, polyA oligonucleotides adsorb strongly
on the Au surface, which compares favorably with the well-known Au–S bonding (Figure 4b). The
presence of an Au surface can even denature the duplexes of polyA and polyT. The remarkably
strong binding affinity of polyA on Au has practical applications for designing thiol-free DNA
immobilization strategies (12).

In order to independently control the conformation and grafting density of DNA, polyA nu-
cleotides were used as both an anchoring group and a density control module (26, 97). The tunable
length of polyA provides density control: The density decreases as the length of polyA increases.
In addition, polyA preferentially binds to Au and blocks other possible adsorption sites, which
strongly prevents nonspecific adsorption. This strategy was used to assemble polyA-tailed 15-
nucleotide DNA probes on the Au surface (97). Quantitative analysis of immobilization indicated
the preferential binding of polyA on Au and the upright conformation of probe portion. The pref-
erential binding of polyA on Au can also be used to detect non-nucleic acid targets such as DNA
methyltransferase. Ai and coworkers (98) developed a novel electrochemical method to detect
DNA methyltransferase. In the presence of DNA methyltransferase, the designed hairpin probes
were methylated and then cleaved into two parts by endonuclease Dpn I, releasing the polyA-tailed
products with a methylene blue label. The strong binding affinity of the polyA-tailed products
adsorbed on the Au surface and produced a signal for the quantification of DNA methyltransferase.

The polyA-mediated interfacial engineering can be extended to the nanoscopic range for
preparing DNA-conjugated Au nanoparticles (AuNPs). The preparation of Au–S chemistry-based
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DNA–AuNP nanoconjugates requires the modification of DNA and lacks the density and con-
formation control of tethered DNA. Recently, to circumvent this problem, a new strategy was
developed to immobilize DNA probes via the strong interactions between polyA and Au (99, 100).
By regulating the length of polyA, Pei et al. (99) could readily regulate the lateral distance and
density of tethered DNA on AuNPs. DNA–AuNPs conjugates with polyA anchoring exhibited
significantly faster DNA hybridization kinetics, indicating the proper conformation of DNA on
AuNPs. The property of multipoint anchoring of polyA on AuNPs minimizes nonspecific in-
teractions between other bases and Au, eliminating the use of diluent molecules or short DNA
sequences employed in a traditional assembly strategy. The conformational change of polyA-tailed
DNA on AuNPs was simulated through the finite-difference time-domain method, indicating that
longer polyA tails provided a stronger repulsion force for the DNA probe to adopt an upright
conformation (101). The polyA-based anchoring method was also used to improve the DNAzyme
assembly on AuNPs (102). By tuning the length of polyA, the activity of DNAzymes can be pro-
grammed to be regulated, resulting in the maximum 75-fold enhancement in binding affinity. The
polyA and hairpin diblocks (DHPs) were designed to amplify the DNA detection signal to achieve
0.01 pM of DNA detection (103). DNA targets triggered the catalytic assembly of DHP1, DHP2,
and DHP3 to form numerous polyA-tailed branched DNA junctions. Coupled to AuNP-based
colorimetric detection, the polyA-tailed branched DNA junctions brought the AuNPs into close
proximity via the assembly of polyA–AuNP, which resulted in remarkable color change. The target
DNA can be quantitatively detected.

The strategy of polyA-mediated interfacial engineering can be generalized to the functionaliza-
tion of nanocarbons, transition-metal dichalcogenides, metal oxides, and several other nanopar-
ticles (104, 105). For example, polycytosine (polyC) DNA has high affinity for the interface en-
gineering of silver nanoparticles (AgNPs). The intrinsic Ag–cytosine (Ag–C) coordination allows
for the assembly of DNA–AgNP conjugates. These DNA–AgNPs showed favorable stability at
high ionic strength (300 mM of NaCl) and high temperature (up to 90◦C). Compared to thio-
lated DNA-modified AgNPs, the polyC-mediated DNA–AgNP assembly possessed more efficient
molecular recognition capability and faster hybridization kinetics (4.5-fold improvement in rate
constant) (104). Lu et al. (105) systematically investigated the assembly of polyC DNA on MoS2,
WS2, and Fe3O4 nanoparticles, providing a simple solution for functionalizing nanomaterials
with polyC DNA. Thus, the use of polyA or polyC to engineer the biosensing interface provides
a simple solution for biosensor development.

4.3. Inorganic Nanostructure–Supported Interfacial Engineering

Nanostructured interfaces provide a direct means to improve the accessibility of immobilized
biomolecular probes by altering mass transfer at the interface (Figure 4c). Kelley and coworkers
(1, 2, 4, 5, 7, 9, 21, 33, 106–116) developed nanostructured microelectrodes (NMEs) that could
be employed to investigate biosensing sensitivity as a function of degree of nanostructuring states.
NMEs were prepared via electrodeposition on silicon wafers, which were then assembled with
thiolated DNA probes (9). Importantly, the nanostructuring states could be finely tuned with
electrodeposition time and plating potential. All-atom molecular dynamics simulation revealed
that high curvature structures of NMEs suppress DNA probe aggregation between adjacent probes
and increase interfacial mass transfer, resulting in high accessibility of immobilized DNA strands
(21). The detection limit of NME-based sensors for DNA/RNA reached 10 aM, which represents
a 10,000-fold improvement as compared to that with macroelectrodes (9).

The ultrahigh sensitivity of NME-based sensors presents many opportunities. For example,
bacterial RNA can be detected within 30 min using NMEs (111). This detection platform can be
generalized to analyze a spectrum of clinically relevant analytes, including antibiotic resistance
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markers and cancer biomarkers (7). One remarkable example is the use of chip-based NME
sensors for rapid analysis of tissue levels of preimplantation mRNA markers, which is related to
the development of primary graft dysfunction in recipients after transplant (116). The results can
be obtained within 20 min (versus 5 h for quantitative PCR), and small differences in interleukin
(IL)-6, IL-10, and adenosine 5′-triphosphate (ATP)11B mRNA can be quantified in a donor’s lung
biopsy. More recently, to detect cell-free nucleic acids without prior enzymatic amplifications, an
electrochemical clamp assay was demonstrated to identify the mutations within 15 min (113). In
this strategy, researchers used a collection of oligonucleotides that could sequester closely related
sequences in solution to prevent the interference, allowing only the mutated sequence to bind to
the probe. The sensor was able to detect 1 fg/μL of A549 exosomal RNA. The accuracy of this
NME-based detection is comparable with that of PCR, with the added advantage that it is faster
and can be used directly in unpurified serum.

4.4. DNA Nanostructure-Guided Interfacial Engineering

DNA nanostructures can precisely control the anchoring of functional molecules and nanoparticles
in a site-specific manner (39, 42, 45, 71, 117–123) (Figures 4d, 5). For example, DNA or aptamers
can be site-specifically positioned on DNA origami as extensions of staple stands. Yan’s group (124)
first demonstrated the linear S-shaped and face-shaped arrangement of proteins by programming
the positioning of protein-specific ligands (e.g., aptamers) on DNA origami. Enzyme cascade
pairs can also be precisely positioned on DNA origami (Figure 5d ), through which the distance-
dependent cascade activity can be systematically investigated (23, 125). Wilner et al. (126) first
demonstrated the use of a hexagon-shaped DNA framework for the topological arrangement
of enzyme cascade pairs, leading to the activation of an enzyme cascade (Figure 5e). Yan and
coworkers (22) encapsulated enzymes in a DNA nanocage with well-controlled stoichiometry and
architecture. The impact of encapsulation and proximal polyanionic surface increased the substrate
turnover rate of the enzymes (Figure 5d ). Our group (127) demonstrated that rectangular DNA
origami could be folded into tubular DNA origami to constrain the space of enzyme cascade
reaction and enhance the reaction activity. Beyond the static arrangement of proteins, reversible
conjugation of proteins can be achieved through toehold-mediated stand-displacement reaction.
Similarly, AuNPs (128, 129) and nanorods (130) were selectively placed on the rectangular DNA
origami with nanometer accuracy to form “hot spots” of enhanced electromagnetic field between
nanoparticles.

DNA origami nanostructures have been employed as soluble nanoscale chips for nucleic acid
detection. Ke et al. (13) anchored pairs of 20-base ssDNA probes on rectangular DNA origami
to detect complementary DNA/RNA (Figure 5b). Hybridization to their targets in solution was
readily visualized using atomic force microscopy (AFM), which could quantify binding events in a
label-free manner. We developed a map-based origami chip for single nucleotide polymorphism
(SNP) typing (67) (Figure 5c). The spatial addressability of an asymmetric map obviated the use of
index oligonucleotides and supported multiplexing detection of SNPs. In addition, a direct visual
readout of the target sequence was developed to visualize the SNP by combining kinetic methods
with AFM imaging (131) (Figure 5a).

4.5. Framework Nucleic Acid–Based Interfacial Engineering

The hollow structure of FNAs maximizes their spatial occupation with minimal use of DNA
materials, which are ideal for assembling higher-order DNA architectures at the interface (132–
135). Although inorganic nanostructures can be created on a macroscopic interface by ei-
ther surface etching or deposition of metal nanoparticles, reproducible preparations of such
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Figure 5 (Figure appears on preceding page)

(a) Direct visual detection of SNPs using DNA origami nanochips. Modified with permission from Reference 131. Copyright 2011,
American Chemical Society. (b) Visualized detection of multiple targets (control, Rag-1, C-myc, and β-actin) using DNA tiles.
Modified with permission from Reference 13. Copyright 2008, AAAS. (c) The principle of toehold-mediated strand displacement
reaction on the China map–shaped DNA (left) origami and AFM images for DNA origami before and after strand-displacement
reaction (right). Modified with permission from Reference 67. Copyright 2010, Wiley-VCH. (d ) The NAD+-modified swinging arm
was arranged between two dehydrogenases to facilitate enzyme cascade reaction. Modified with permission from Reference 23.
Copyright 2014, Nature Publishing Group. (e) Programmable arrangement of HRP and GOx enzymes on two-hexagon and
four-hexagon strips. Modified with permission from Reference 126. Copyright 2009, Nature Publishing Group. ( f ) Enzyme cascade
pairs were encapsulated in a DNA nanocage. Modified with permission from Reference 22 under the terms of the Creative Commons
Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0. Abbreviations: A, adenine; ABTS, 2,2′-Azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid); AFM, atomic force microscopy; C, cytosine; G, guanine; G6PDH, glucose-6-phosphate
dehydrogenase; GOx, glucose oxidase; HRP, horseradish peroxidase; MDH, malic dehydrogenase; SNP, single nucleotide
polymorphism; ssDNA, single-stranded DNA; STV, streptavidin; T, thymine.

nanostructured surfaces remain technically challenging (11). Photolithography provides a po-
tential solution for the preparation of nanostructures, but it is hampered by its high cost and the
difficulty in making 2D/3D structures with 10-nm–scale resolution. In this regard, FNAs can pro-
vide high-resolution nanostructured interfaces with relatively low cost and high reproducibility
(3, 29).

The secondary structures of DNA, including hairpin, pseudoknot, and quadruplex, can be used
as building blocks to engineer the biosensing interface, which may help avoid interstrand entan-
glement due to the increased rigidity (6, 28, 136–140). Fan, Plaxco, and Heeger (6) first developed
an electrochemical DNA sensor by immobilizing ferrocene-labeled DNA stem-loop probes on
Au electrodes (Figure 6a). DNA hybridization at the interface induces a large conformational
change in the immobilized hairpin probes, which significantly alters the electron transfer distance
and leads to measurable electrochemical signals. As little as 10 pM of target DNA can be detected
when using ferrocene labels. The detection sensitivity can be improved down to 10 fM via sig-
nal amplification using horseradish peroxidase (HRP) (134) (Figure 6a). The superiority of 2D
probes over single-stranded ones ensures better orientation and less interprobe entanglement at
the interface. Based on this principle, various types of DNA sensors were developed using pseu-
doknot, triple-stem, and partially hybridized probes, which exhibit high specificity and selectivity
for direct use in blood serum. This principle has also been generalized to detect other types of
molecular targets, including proteins, small molecules, and metal ions, by changing 2D DNA
probes to structured aptamers or DNAzymes (138).

The use of 2D DNA structures increases the order of the biosensing interface; however, the
limited rigidity of the 2D structure leads to an inherent reproducibility problem, especially at a
high probe density that perturbs the formation of 2D structures. Three-dimensional FNAs, espe-
cially polyhedra, are potentially highly rigid structures that may circumvent this problem (141).
Pei et al. (75) developed a tetrahedral DNA nanostructure (TDN)-based platform for biosensor
development (Figure 6b). To design such a biosensing interface, a TDN was appended with a
DNA recognition probe at one vertex and three thiols on the other vertices. The three thiols
formed strong Au–S bonds on gold, which served as a three-point attachment for anchoring the
DNA tetrahedron. The DNA recognition probe could be well oriented at the top vertex. This
TDN structure led to a stable and reasonably homogeneous DNA recognition layer with improved
recognition capability. The sensitivity of the TDN-based biosensing interface was enhanced by a
factor of 250 as compared to that using ssDNA probes. This TDN-based electrochemical DNA
sensor also exhibited high specificity that could differentiate single-base mutations by approxi-
mately 100-fold on TDNs.
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Figure 6 (Figure appears on preceding page)

DNA detection using framework nucleic acid–based probes. (a) Two-dimensional stem-loop structures for the construction of DNA
biosensors. Either Fc or enzyme (e.g., HRP) can be used to produce a measurable signal. (Top) Modified with permission from
Reference 6. Copyright 2003, National Academy of Sciences. (Bottom) Modified with permission from Reference 134. Copyright 2008,
American Chemical Society. (b) Three-dimensional TDNs for the construction of DNA biosensors. HRP or poly-HRP can be used for
signal amplification. (Top) Modified with permission from Reference 75. Copyright 2010, Wiley-VCH. (Bottom) Modified with
permission from Reference 135. Copyright 2012, Nature Publishing Group. (c) The size of TDNs can program the lateral distance and
detection limit of DNA biosensors. (d ) Protein detection using TDNs. Antibodies or aptamers can be conjugated on TDNs and used as
recognition probe for protein detection. (Top) Modified with permission from Reference 75. Copyright 2010, Wiley-VCH Verlag.
(Bottom) Modified with permission from Reference 132. Copyright 2014, American Chemical Society. (e) TDN-based biosensing
design for small molecules. Modified with permission from Reference 133. Copyright 2011, American Chemical Society.
Abbreviations: AuNP, gold nanoparticle; Fc, ferrocene; HRP, horseradish peroxidase; ssDNA, single-stranded DNA; TDN,
tetrahedral DNA nanostructure.

In addition to the homogeneity, the ability to program the size of the TDNs is another impor-
tant feature of the 3D TDN-based biosensing interface (Figure 6c). By simply changing the size
of TDNs, the lateral distance between DNA probes can be programmed (11). For example, the
lateral distance changes from 2.4 nm to 12.6 nm when the edge length of TDNs is increased from
7 base pairs (bp) to 36 bp. As a result, both the thermodynamics and kinetics of the interfacial
DNA hybridization reaction are improved, as manifested by the increased hybridization efficiency
and reduced reaction time. The sensitivity can be improved from 10 pM to 1 fM. In addition,
the TDN-based biosensing interface shows excellent anti-nonspecific adsorption ability, which
can effectively minimize the adsorption of nonspecific interferences in complexed matrices. Be-
cause of these superior properties of TDN-based sensors, they can be directly used for analyzing
low-abundance microRNAs in real clinical samples (142). As an example, using an electrochemical
TDN sensor, Wen et al. (135) detected let-7 and miR-7 microRNAs with 10 aM sensitivity, which
were also applied to differentiate microRNA expression levels in tumor tissues.

The TDN-based platform provides a powerful method for protein immobilization (Figure 6d ).
Proteins are usually immobilized on the interface via physical adsorption or covalent conjugation,
which does not support proper orientation and tends to have aggregations. Hence, the activity loss
is a major problem in protein assays in enzyme-linked immunosorbent assays (ELISAs), protein
microarrays, and immunosensors. Our group (132) employed TDN-engineered interfaces to site
specifically anchor DNA–conjugated antibodies via the DNA bridge. Based on this new strategy,
we found that the sensitivity of the electrochemical immunosensors could be improved by 2–3
orders of magnitude for a range of analytes, including tumor necrosis factor-α, prostate-specific
antigen, and alpha-fetoprotein.

Aptamer can also be anchored on a TDN–decorated interface for biosensing development (75,
133). Pei et al. (75) appended an aptamer on the tops of TDNs to specifically detect thrombin
(Figure 6d ). After binding with a biotin–modified aptamer signal strand, thrombin and the ap-
tamer pairs formed a stable sandwich structure to signal the presence of 100 pM of thrombin.
Similar strategies were applied to the detection of small molecules or ions by using correspond-
ing aptamers or DNAzymes. For example, Wen et al. (133) devised a TDN-decorated biosensor
using a cocaine aptamer (Figure 6e). The aptamer was split into two fragments: One was used
as the capture probe and the other used with a biotin label as the signaling probe. The entan-
glement between aptamers at the interface was minimized due to the nanoscale distance control
of TDNs. Target binding triggered the formation of an intact aptamer that brought biotin and
related avidin–conjugated HRP to the electrode surface, which could sensitively detect as little as
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33 nM of cocaine. This high sensitivity arises from the homogeneous distribution of TDNs on
the interfaces that facilitate aptamer assembly and cocaine recognition.

5. IN VIVO BIOSENSING

FNAs hold great promise for intracellular and in vivo biosensing owing to their efficient cell
penetration and resistance to cleavage by nucleases. The stability of probes in biological fluids
is a crucial factor for in vivo biosensing detection. Wang and colleagues (143) investigated the
degradation properties of double-stranded DNA (dsDNA) and TDNs in serum. They found that
20-bp dsDNA could stay stable for ∼1 h in 80% mouse serum (Figure 7a), whereas TDNs remain
stable after incubation for 12 h. After 24 h of incubation, TDNs still exist in the serum, which
demonstrates TDNs’ high resistance to cleavage. Liang et al. (144) found that TDNs were intact
for many hours, even in lysosomes. Interestingly, a DNA nanostructure can not only protect
itself from degradation, but it can also sequester linked DNA strands and protect them from
cleavage by multiple nucleases. Yan and colleagues (22) further analyzed the protection ability of
DNA nanostructures on proteins (Figure 7a). They encapsulated enzymes in DNA nanocages
and compared the degradation of proteases on enzymes inside the nanocages and free in solution.
They found that the enzymes can retain more than 95% of their initial activity in DNA nanocages
after 24 h of being subjected to degradation with trypsin (22).

To detect intracellular targets, the probes have to move across the cell membrane. Our group
(144) as well as that of Turberfield (145) found that TDNs could be readily internalized by
mammalian cells without using transfection reagents. We further systematically investigated the
transportation pathways of TDNs across the cell membrane using total internal reflection fluo-
rescent microscopy (144) (Figure 7b). We observed that TDNs were internalized through the
cytomembrane primarily via the caveolin-dependent pathway. Then TDNs were transported in a
microtubule-dependent manner and eventually located inside the lysosomes. We also found that
when TDNs were labeled with a nuclear localization sequence, they could escape from lysosomes
and enter the nuclei, suggesting that TDN-based probes can be located by subcellular organelles.
By exploiting these properties, Pei et al. (146) designed a TDN-based biosensor for intracellular
detection of ATP (Figure 7b). An ATP aptamer was incorporated into one edge of TDN; binding
of ATP triggered the conformational change of TDN, resulting in the variation of fluorescence
resonance energy transfer that can be imaged under a confocal microscope.

FNA-based biosensors not only work in living cells but also in multicellular living organisms
(19) (Figure 7c). In a recent study (18, 19), a pH-sensitive DNA nanodevice (I-switch) was designed
and applied to indicate endosomal maturation in Caenorhabditis elegans. After cell internalization,
specific recognition of cell-surface anionic ligand-binding receptors enabled the targeting of the I-
switch to scavenger cells. Similarly, a cargo-loaded DNA icosahedron was used to target scavenger
cells and deliver functional substances. TDNs labeled with folate and small interfering (si)RNAs
can be used to target xenograft tumors by recognizing the overexpressed folate receptor on can-
cerous cells. The siRNA was delivered into the cancer cells after cell internalization of TDNs to
reduce the expression level of the target gene.

FNAs have also been exploited to fabricate synthetic channels to mimic biological ion channels.
The highly predictable and programmable nature of DNA nanotechnology can offer great design
flexibility and atomistically define the structure of FNAs. Howorka and coworkers (72) designed
an open-barrel structure using seven concatenated DNA strands, which could regulate the flux of
molecules across a bilayer membrane. This DNA-based nanodevice could control which cargo was
transported across a bilayer and the time when this occurred. Although this study was performed
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Figure 7 (Figure appears on preceding page)

Intracellular and in vivo biosensing using FNAs. (a) DNA probes encapsulated in TDNs and DNA nanocages are resistant to enzymatic
cleavage. Modified with permission from Reference 143. Copyright 2016, American Chemical Society. (b) TDNs facilitate
transmembrane transportation of biosensing probes in living cells. (Top) Modified with permission from Reference 144. Copyright
2014, Wiley-VCH. (Bottom) Modified with permission from Reference 146. Copyright 2012, Wiley-VCH. (c) FNAs can target specific
cells in Caenorhabditis elegans or mice. Modified with permission from Reference 19. Copyright 2015, Nature Publishing Group.
Abbreviations: Cy3/5, cyanine 3/5; EM, emission; EX, excitation; FNA, framework nucleic acid; FRET, fluorescence resonance energy
transfer; GOx, glucose oxidase; HRP, horseradish peroxidase; NLS, nuclear localization sequence; TDN, tetrahedral DNA
nanostructure.

in vitro, it revealed new opportunities to develop intracellular biosensors by incorporating these
synthetic channels in cell membranes.

6. CONCLUSIONS

Advances in biosensing interfacial engineering have continued to develop over the past 20 years.
The ability to immobilize biomolecules for highly controlled orientation, coupled with pro-
grammable density control capabilities, makes this interface engineering method appealing for
a broad range of biosensor designs. In this review, we have summarized several important aspects
of the biosensing interface, including its interfacial and biosensing applications. We highlight the
use of DNA nanotechnology, especially FNAs, for engineering the biosensing interface for high-
sensitivity detection of a wide range of physiologically relevant target molecules. The challenges
associated with interfacial engineering remain. However, the precision of DNA nanotechnology
provides a quantitative approach to probe the underlying mechanisms of biomolecular interfaces.
This understanding not only increases our ability to manipulate the biosensing interface for a bet-
ter biosensor, but it could be generalized to develop various biomolecular devices with electronic,
optical, and acoustic output. We also expect that interfacial engineering-enabled biosensors will
find new applications in quantifying biomolecules in living cells, detecting target-responsive can-
cer biomarkers, intelligent delivery and real-time monitoring of therapeutic agents, surveillance
of infectious disease, and monitoring of environmental pollution.
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