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CONSPECTUS: Highly specific DNA base-pairing is the basis
for both fulfilling its genetic role and constructing novel
nanostructures and hybrid conjugates with inorganic nanoma-
terials (NMs). There exist many remarkable differences in the
physical properties of single-stranded (ss) and double-stranded
(ds) DNA, which play important roles in regulation of
biological processes in nature. Rapid advances in nanoscience
and nanotechnology pose new questions on how DNA and
DNA structures interact with inorganic nanomaterials or cells
and animals, which should be important for their biological
and biomedical applications. In this Account, we intend to
provide an overview on many facets of DNA and DNA
structures in artificial and living systems, with the focus on
their properties and functions at the interfaces of inorganic
nanomaterials and biological systems.
ssDNA, dsDNA, and DNA nanostructures interact with NMs in different ways. In particular, gold nanoparticles and graphene
oxide exhibit strikingly different affinity toward ssDNA and dsDNA. Such binding differences can be coupled with optical
properties of NMs. For example, DNA hybridization can effectively modulate the plasmonic and catalytic properties of gold
nanoparticles. By exploitation of these interactions, there have been many ways for sensitive transduction of biomolecular
recognition for various sensing applications. Alternatively, modulation of the properties of DNA and DNA structures with NMs
has led to new tools for genetic analysis including genotyping and haplotyping.
Self-assembled DNA nanostructures have emerged as a new type of NMs with pure biomolecules. These nanostructures can be
designed in one, two, or three dimensions with various sizes, shapes, and geometries. They also have characteristics of uniform
size, precise addressability, excellent water solubility, and biocompatibility. These nanostructures provide a new toolbox for
biophysical studies with unparalleled advantages, for example, NMR-based protein structure determination and single-molecule
studies. Also importantly, DNA nanostructures have proven highly useful in various applications including biological detection,
bioreactors, and nanomedicine. In particular, DNA nanostructures exhibit high cellular permeability, a property that is not
available for ssDNA and dsDNA, which is required for their drug delivery applications.
DNA and DNA structures can also form hybrids with inorganic NMs. Notably, DNA anchored at the interface of inorganic NMs
behaves differently from that at the macroscopic interface. Several types of DNA−NM conjugates have exerted beneficial effects
for bioassays and in vitro translation of proteins. Even more interestingly, hybrid nanoconjugates demonstrate distinct properties
under the context of biological systems such as cultured cells or animal models. These unprecedented properties not only arouse
great interest in studying such interfaces but also open new opportunities for numerous applications in artificial and living
systems.

1. INTRODUCTION

DNA is the carrier of genetic information inside a cell and plays
pivotal roles in the survival and functions of an organism. For
example, replication and transcription are two fundamental
biological processes that rely on the highly specific base-pairing
properties of DNA. Meanwhile, there also exist various forms of
DNA secondary structures in nature, including hairpins,
quadruplexes, and ribozymes, providing high versatility for
exquisite modulation of functions of cells and organisms. These

naturally existing 2D structured DNAs, as well as other
functional nucleic acids (e.g., DNAzymes and aptamers), have
become popular tools in many areas.
In a continuous effort to exploit DNA and DNA structures

for materials applications, Nadrian Seeman pioneered the area

Special Issue: Nucleic Acid Nanotechnology

Received: December 31, 2013
Published: March 3, 2014

Article

pubs.acs.org/accounts

© 2014 American Chemical Society 1720 dx.doi.org/10.1021/ar400324n | Acc. Chem. Res. 2014, 47, 1720−1730

pubs.acs.org/accounts


of DNA nanotechnology since the 1980s, which has become a
rapidly growing and prosperous area.1 Compared with peptides
or proteins, DNA has a much simpler composition of four
nucleobases (versus 20 amino acids in the former), which are
chemically stable, easy to design, and inexpensive to synthesize.
More importantly, DNA hybridization processes can be
precisely controlled following the simple and predictable A−
T and G−C pairing rules and finely tuned with rational design
of the sequence. Because of these unique properties of DNA,
we have witnessed dramatic increase in the number and
complexity of designed DNA nanostructures in the past 2
decades.1,2 These DNA nanostructures with different sizes,

shapes, and geometries have characteristic uniform size, precise
addressability, excellent water solubility, and biocompatibility.
Hence, they offer new opportunities for bottom-up con-
struction of nanodevices and plasmonic nanostructures, and
biomedical applications.2−4

As a new type of nanoscale materials, DNA and DNA
structures have been extensively exploited in both artificial and
living systems. In particular, it is highly interesting to explore
biomedical applications of DNA and DNA structures given the
biological nature of DNA.3,5 Along these lines, there have been
great efforts to interrogate unique physical and biochemical
properties of DNA and DNA structures at various interfaces

Figure 1. Interactions between DNA and unmodified AuNPs. (A) Unmodified AuNPs differentiate flexible ssDNA and rigid DNA structures. (B)
DNA hybridization-regulated catalytic activity of AuNPs.12 (C) DFM images of DNA hybridization-regulated seeded growth of AuNPs.12

Reproduced from ref 12 with permission. Copyright 2011 Wiley-VCH. (D) AuNPs-enhanced allele-specific sequencing and haplotyping.
Reproduced from ref 21. Copyright 2011 Nature Publishing Group.
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Figure 2. GO-based detection of biomolecules. (A) MD simulation of interactions between GO and ssDNA or dsDNA. Reproduced from ref 13.
Copyright 2009 Wiley-VCH. (B) Protein identification with a GO-based sensing platform. Reproduced from ref 16. Copyright 2012 American
Chemical Society. (C) In situ simultaneous imaging of ATP and GTP in living cells. Reproduced from ref 58. Copyright 2013 American Chemical
Society.
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ranging from artificial inorganic nanomaterials (NMs) to live
cells and animals. Notably, hybrid DNA−metal nanoconjugates
or pure DNA nanostructures demonstrate unique properties
under the context of biological systems. In this Account, we
intend to provide an overview on many facets of DNA and
DNA structures in artificial and living systems, which are largely
based on the research activities ongoing in our laboratory.

2. NATURALLY EXISTING DNA STRUCTURES
DNA and DNA structures can interact with inorganic NMs in
various ways via electrostatic or hydrophobic interactions,
hydrogen bonds, and coordination. NMs have been widely
utilized in biological sensing applications, with AuNPs as a
prominent example. Li et al. first found that single-stranded
DNA (ssDNA) possessed greater adsorption affinity to AuNPs
than double-stranded DNA (dsDNA).6 This strikingly large
difference should come from a combination of factors
associated with the structural differences of ssDNA and
dsDNA. First, ssDNA is a soft polymer, while dsDNA is a
largely rigid rod-like helix, which can be reflected from their
persistence lengths (ssDNA < 1 nm; dsDNA ≈ 50 nm). Hence,
ssDNA has the flexibility to wrap the surface of AuNPs, while
the greater rigidity of dsDNA prevents such binding. Second,
nitrogen atoms of DNA bases are known to coordinate with
gold, with adsorption energy larger than 100 kJ/mol. Given
that, the exposed bases in ssDNA can strongly bind to the
AuNP surface via Au−N coordination, which are shielded by
the phosphate backbone in dsDNA. Third, citrate-stabilized
AuNPs are negatively charged. DNA is also a highly negatively
charged polyelectrolyte, so the surface charge of dsDNA
doubles that of ssDNA. Thereby, the electrostatic repulsion
between AuNPs and dsDNA is larger than that for ssDNA due
to the doubling of surface negative charges in dsDNA.
Importantly, the binding of ssDNA to the AuNP surface
significantly increases the net negative charges of the latter and
greatly stabilizes AuNPs in solutions of high ionic strength.
This discovery has led to the development of a large number

of simple colorimetric bioassay methods.6−9 These assays
typically rely on the red-to-blue color change of AuNPs in their
dispersed and aggregated forms, which provides a convenient
means to visually detect target DNA with unmodified AuNPs.6

We extended this strategy to the detection of a variety of non-
nucleic acid targets with the introduction of aptamers, which
are in vitro selected DNA or RNA sequences with high target-
binding specificity (Figure 1A).10 This finding paves the way to
develop a generic strategy for rapid detection of a variety of
metal ions, small molecules, and proteins.7−9

AuNPs have also proven to be catalysts for many chemical/
biochemical reactions, a property that is not present in bulk
gold. For example, we explored the glucose oxidase (GOx)-like
activity of AuNPs to catalyze the oxidation of glucose, which
was extremely sensitive to the surface properties of AuNPs.11

Based on the differential ability of ssDNA and dsDNA in
modulating the activity of AuNPs, we utilized catalytic AuNPs
as a nanoplasmonic probe for studying biomolecular
interactions. As a visual readout, the coupled seeded growth
of AuNPs can be monitored in real time with dark-field
microscopy (DFM) (Figure 1B,C).12

In addition to AuNPs, several other inorganic NMs,
including graphene oxide (GO) and carbon nanotubes
(CNTs), have been explored for their interactions with
DNA.13,14 We are especially interested in GO, a type of
recently discovered one-atom-thick 2D nanomaterial with

excitingly new properties.15 Unlike AuNPs, GO interacts with
ssDNA primarily via π−π stacking interactions between
aromatic bases and graphene sheets. Molecular dynamic
(MD) simulation revealed that nearly all bases in ssDNA
stably lie flat at the surface of GO (Figure 2A).13 Interestingly,
dsDNA has a low affinity for GO, possibly due to the shielding
effect of negatively charged phosphate backbones.
Since GO is flat sheets with relatively homogeneous surfaces,

it provides a reproducible platform for studying the adsorption
of ssDNA with various sequences. Interestingly, we found that
ssDNA of different sequences resulted in similar binding
energies of ∼52.7 kJ/mol with less than 2% in variations.16 This
similarity reflects the homogeneity in the adsorption between
ssDNA and GO via π−π stacking, which differs remarkably with
that in AuNPs that involve multiple distinct interactions
(Figure 2B).
The difference in individual DNA sequences could be

reflected by another parameter, the effective DNA footprint, β,
which is defined as the average area of GO occupied by
ssDNA.16 The differentiation ability of GO toward ssDNA and
dsDNA was exploited to develop fluorescent DNA sensors. By
exploiting the superquenching ability of GO, we developed
multicolor fluorescent DNA nanosensors for rapid detection of
tumor-suppression genes13 and other molecular targets17,18 in
homogeneous solution. In an alternative approach, we
developed a GO-based platform for high-precision identifica-
tion of a wide range of molecular or cellular targets. A small set
of nonspecific ssDNAs, rather than specific receptors, were
employed to interact differentially with GO, providing olfactory
or gustatory-like pattern-recognition ability.16

The unique interactions between DNA and AuNPs/GO
were also exploited to boost certain biological reactions. We
previously found that the addition of AuNPs to the system of
polymerase chain reaction (PCR) greatly increased the
specificity.19 Wen and co-workers found similar effects with
GO in their studies.20 In the machinery of DNA replication,
single-stranded DNA binding (SSB) protein selectively binds to
the ssDNA template, which forms the basis of the natural
mechanism to avoid the occurrence of mutations. Apparently,
AuNPs and GO resemble SSB in the in vitro PCR system,
serving as chaperones to decrease the error rate. This
nanomaterials-assisted PCR (nanoPCR) has proven highly
useful in genetic analysis. We demonstrated that AuNP-based
nanoPCR increased the ability for single-nucleotide-poly-
morphism (SNP) genotyping via inhibiting the amplification
of mismatched primer/template pairs. This improvement in
SNP genotyping is critically important for highly specific
molecular haplotyping of long genome sequences.21 A
haplotype is a set of statistically associated SNPs on a single
chromatid, which provides valuable genetic information for
disease studies. By exploiting simple DNA−AuNP interactions,
our nanoPCR provides the first inexpensive and scalable
method for high-throughput analysis of long-range haplotypes
(Figure 1D).21

3. DESIGNED DNA NANOSTRUCTURES
DNA can be used as engineering materials to construct artificial
nanostructures via rational design and bottom-up molecular
self-assembly. Since the 1980s, tile-based assembly and DNA
origami technology have generated numerous DNA nanostruc-
tures including 2D and 3D crystal lattices, nanotubes,
polyhedra, and even curved shapes.22 Designed DNA
nanostructures have exhibited unprecedented advantages
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including predictable size and shape, capacity of multiple
functionalization with high site-specificity, and excellent
biocompatibility.
Since the early days of DNA nanotechnology, Seeman and

co-workers have attempted to create periodic three-dimensional
DNA lattices that can site-specifically anchor proteins in a
confined space, with the hope to crystallize proteins that were
otherwise impossible.23 While this goal has not been realized,
DNA nanotechnology has shown great power in protein
structure determination with NMR. Rigid DNA origami rods
were utilized in residual dipolar coupling (RDC) experiments
to align detergent-reconstituted membrane proteins, which
greatly facilitates NMR measurement and structural determi-
nation.24 Likewise, DNA origami nanostructures provide a
unique way to physically locate a single molecule on any
predefined position of a nanostructure up to ∼100 nm. This
unprecedented ability promoted single-molecule biophysical
studies for DNA−DNA, DNA−protein, and other ligand
binding processes at the single-molecule level (Figure 3A).25−27

In addition to their active roles in biophysical studies,
designed DNA nanostructures have also proven of high utility
in various applications including biological detection, bio-
reactors, and nanomedicine. We recently designed a rigid and
structurally well-defined DNA tetrahedral scaffold to effectively
modulate the lateral interaction between anchored DNA probes
and greatly facilitate target accessibility at the biosensing
interface.28 Consequently, a DNA tetrahedral-based electro-
chemical sensor for microRNAs was developed with an

extremely low detection limit of 10 aM, exceeding conventional
electrochemical DNA/RNA sensors by 2−5 orders of
magnitude.29 We also demonstrated that this tetrahedral
scaffold provides a versatile platform for the detection of a
broad range of targets, including proteins, metal ions, and other
small molecules, by simply replacing the pedant probe with
various functional nucleic acids.28

Since DNA nanostructures are completely water-soluble,
anchored molecular probes can in fact interact with their targets
in homogeneous solution rather than at the heterogeneous
interface. Ke et al. first reported the use a DNA origami-based
rectangular structure to site-specifically anchor DNA probes
and develop a solution-phase DNA array (Figure 3B).30 As a
step further, we developed a fully addressable DNA array by
using an asymmetric DNA origami substrate with the shape of a
Chinese map, which obviated the use of an internal index.31 By
introduction of a toehold strand-displacement reaction that
could effectively differentiate single-base mismatches, this DNA
origami chip demonstrated the ability to perform SNP
genotyping (Figure 3C).32 Seeman and co-workers later
reported an ingenious design that converted the SNP
genotyping results to visual graphical representations of four
nucleotides (Figure 3D).33

Although these DNA origami arrays are essentially in the
solution phase, there still exist significant steric and crowding
effects at the interface of the DNA substrate. Pinheiro et al.
investigated several steric parameters that could affect the
hybridization kinetics of ssDNA probes anchored on a

Figure 3. DNA nanostructures for biophysical and biosensing applications. (A) DNA frames for visualizing DNA methylation-induced
conformational switch. Reproduced from ref 25. Copyright 2012 Wiley-VCH. (B) A rectangular DNA origami chip for label-free detection of
microRNAs. Reproduced from ref 30. Copyright 2008 AAAS. (C) A map-shaped asymmetric DNA origami chip for SNP genotyping. Reproduced
from ref 31. Copyright 2010 Wiley-VCH. (D) Visual SNP genotyping on DNA origami with a symbolic display. Reproduced from ref 33. Copyright
2011 American Chemical Society.
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rectangular six-helix tile.34 More recently, single-particle
fluorescence resonance energy transfer (FRET) studies
revealed that both the hybridization kinetics and thermody-
namics were significantly altered on dense probe arrays while
they were altered to a much less extent on sparse ones.35

Clearly, these studies highlight the significance of systematic
investigations of biomolecular interactions at the interface.
In addition to the anchoring of DNA probes, Willner’s group

and Yan’s group attached an enzyme pair of glucose oxidase
(GOx) and horseradish peroxidase (HRP) on either DNA
strips or DNA origami (Figure 4A).36,37 The precise spatial
control of the bienzyme pair greatly reduced diffusion distances
and increased the efficiency of enzyme cascade. Very recently,
we constructed a high-efficiency nanoreactor by confining GOx
and HRP in the internal side of short DNA origami nanotubes.
The activity enhancement is a synergetic effect arising from
both the stabilizing effect of the DNA nanostructure and the
confining effect within the nanotube that resembles the
crowded environments within cells (Figure 4B).38

Naked DNA oligonucleotides have a very short half-life in
serum and are usually unable to penetrate cell membranes.

However, recent studies have revealed that DNA nanostruc-
tures possess the ability to enter various cell lines with high
resistance to enzymatic degradation.5,39 We designed a DNA
tetrahedral nanostructure appended with multivalent CpG
oligonucleotides (ODNs). Unmethylated CpG ODNs can
activate the mammalian immune system for both innate and
adaptive immunity, which is a promising therapeutic tool to
treat diseases including infection, cancer, and allergies (Figure
4C). We found that these nanostructures could be readily
internalized by macrophage-like RAW264.7 cells and remained
substantially intact in the cytoplasm for many hours. These
CpG-pendant tetrahedral nanostructures are highly active as
immunostimulatory agents, inducing high levels of cytokine
secretion (TNF-α, IL-6, and IL-12).5 More importantly, the
ability to precisely control the valence of payloads offers the
opportunity to tune the dosage of drugs. Liedl’s group and our
group later designed large DNA nanostructures that carried
high loading of CpG ODNs, which further increase the efficacy
as immunostimulatory drugs.40,41

A DNA tetrahedron was also utilized for siRNA delivery in a
mouse model. Lee et al. designed a DNA tetrahedron modified

Figure 4. DNA nanostructures for biomedical applications. (A) Organization of GOx/HRP cascades on a two-dimensional DNA strip. Reproduced
from ref 36. Copyright 2009 Nature Publishing Group. (B) Bienzyme cascade of GOx and HRP in short DNA nanotubes. Reproduced from ref 38.
Copyright 2013 American Chemical Society. (C) CpG-bearing DNA tetrahedron with immunostimulatory effects. Reproduced from ref 5. Copyright
2011 American Chemical Society. (D) DNA tetrahedron-based delivery of siRNA in mice. Reproduced from ref 4. Copyright 2012 Nature
Publishing Group. (E) Reconfigurable DNA tetrahedra for logic detection of intracellular ATP. Reproduced from ref 44. Copyright 2012 Wiley-
VCH. (F) Targeted delivery of antibodies with nanorobots. Reproduced from ref 3. Copyright 2012 AAAS.
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with six RNA strands, and a tumor-targeting molecule, folate
acid, which decreased both mRNA and protein levels of
luciferase to ∼50% in xenographic tumors (Figure 4D).4 In a
different study, Jiang et al. developed a DNA origami-based
drug delivery system for doxorubicin (Dox), a widely used
antitumor drug. Their system showed high levels of Dox
loading and efficient cellular uptake, which could be used to
reverse multiple drug resistance (MDR) of drug-resistant MCF-
7/ADM human breast cancer cells.42 In addition to these

therapeutic systems, Delebecque et al. demonstrated an
interesting example that RNA nanostructures could act as a
scaffold to carry well-organized enzymes into bacteria, which
greatly increase the hydrogen-producing cascade. Significantly,
this nanoscale bioreactor could improve the hydrogen output of
living bacteria.43

DNA nanostructures can be embedded with stimuli-
responsive functional nucleic acids, for example, aptamers, i-
motif structures, or DNAzymes, which bring dynamics to the

Figure 5. DNA−NM hybrids for biological applications. (A) AuNP-based multicolor nanobeacons. Reproduced from ref 45. Copyright 2009 Wiley-
VCH. (B) AuNP-based multicolor nanobeacons for imaging of multiple mRNAs in living cells. Reproduced from ref 46. Copyright 2012 Wiley-
VCH. (C) Dark-field images of sebaceous latent fingerprint. Reproduced from ref 48. Copyright 2013 Wiley-VCH. (D) PolyA-based spatial control
of DNA assembly on AuNPs. Reproduced from ref 51. Copyright 2012 American Chemical Society. (E) The density of CpG on AuNPs regulates
cytokine production. Reproduced from ref 56. Copyright 2014 Wiley-VCH.
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above-mentioned static structures. We designed a dynamic
DNA tetrahedral nanostructure with anti-ATP aptamers
embedded in one or more of edges. Binding of the target
ATP induced significant conformational change, which in turn
altered the FRET efficiency of the labeled fluorophore pair
(Cy3 and Cy5). This nanostructure could enter cells and
function as an intracellular sensor for monitoring ATP levels
(Figure 4E).44 Douglas et al. developed a container-like DNA
nanostructure that was locked with two aptamers specific to
two different receptors on the cell membrane. They successfully
applied these DNA containers for targeted, logical release of
proteins upon binding to cancer cells, which effectively induced
cell death or apoptosis (Figure 4F).3

4. HYBRIDS OF DNA AND INORGANIC
NANOMATERIALS

DNA can be anchored on the surface of inorganic nanoma-
terials via covalent or noncovalent attachment. Such nano−bio
hybrids combine the highly specific recognition ability of DNA
and optoelectronic properties of nanomaterials, providing new
tools for both in vitro and in vivo studies.
A classic approach to prepare AuNP−DNA nanoconjugates

is to modify AuNPs with thiolated DNA. These AuNP−DNA
conjugates are extremely stable in solutions of high ionic
strength. Because of the large surface area of AuNPs, many
DNA strands can be loaded on a single nanoparticle, leading to
collective effects that make surface-confined DNA molecules
behave distinctly differently from their counterparts in solution.
Our group developed multicolor nanobeacons by coassembling
multiple hairpin-structured DNA probes labeled with different
fluorophores on the surface of AuNPs, which could
simultaneously detect three different DNA targets in solution
(Figure 5A).45 Recently, Tang and co-workers employed such
nanobeacons to image multiple tumor-related intracellular
mRNA in live cells (Figure 5B).46 Zhang et al. replaced hairpin
DNA probes with several aptamer sequences, which resulted in
multicolor nanoprobes that could simultaneously detect
adenosine, potassium ion, and cocaine with high specificity.47

Very recently, aptamer-bound AuNPs were employed to serve
as plasmonic nanoprobes for identifying latent fingerprints with
fine structures under DFM. In addition to the conventional
fingerprint identification, residual cocaine in the fingerprints
could be detected semiquantitatively (Figure 5C).48

AuNP−DNA conjugates have also proven useful for the
facilitation of biochemical reactions. Plaxco and co-workers
employed DNA primer-modified AuNPs to improve the
sensitivity and specificity of a PCR-based telomeric repeat
amplification protocol (TRAP) for the analysis of expression
levels of an important marker of tumor progression,
telomerase.49 In a different study, Park et al. demonstrated
that AuNP−DNA conjugates could significantly improve the
efficiency of in vitro translation of a protein. They found that
both the nonspecific binding of translation-related factors to
AuNPs and specific binding of target mRNA mediated by
conjugated DNA were critical for the observed 2-fold
enhancement.50

An alternative approach for preparing AuNP−DNA con-
jugates was recently developed in our laboratory. Instead of
using expensive thiolated DNA to modify AuNPs, designed
diblock ssDNA sequences with polyadenine (polyA) blocks
could irreversibly bind to gold (Figure 5D).51,52 The stability is
comparable to that of thiolated DNA.53 In addition to the
reduced cost and simplified procedures, the use of this new

polyA-based strategy greatly increases the ability to control
DNA assembly on the AuNP surface. The lateral spacing and
surface density of DNA strands can be effectively controlled by
simply changing the length of the polyA.51 By using such
polyA-based AuNP probes, we could construct various DNA
sensors with higher specificity and faster hybridization kinetics
than those with thiolated DNA.
In 2006, Mirkin and co-workers found that AuNP−DNA

conjugates could penetrate the cell membrane with high
efficiency.54 To test its ability to deliver a therapeutic ODN, we
self-assembled thiolated CpG ODNs on the surface of AuNPs
and evaluated their cellular effects. We found that CpG ODNs
loaded on AuNPs were not only resistant to nuclease
degradation but could easily enter RAW264.7 cells. After
entering endosomes, CpG−AuNP conjugates bind to toll-like
receptor 9 (TLR9) and activate the TLR9 signal pathway,
which induces the secretion of proinflammatory cytokines with
high efficiency.55

Our studies also revealed that the conformation of CpG on
the surface of AuNPs is critical for its function.55 To effectively
modulate the surface density of CpG and its conformation, we
adopted the polyA strategy to assemble CpG−AuNP
conjugates with controllable and tunable density.56 We found
that polyA-based nanoconjugates showed higher immunosti-
mulatory activity than their thiolated counterpart, by ∼20%. As
a step further, we examined that whether CpG−AuNP
conjugates could stimulate immune responses in vivo.56

Administration of both CpG−SH−AuNPs and CpG−polyA−
AuNPs via vein injection in mice showed effective stimulation
of cytokine secretion, suggesting that these nanoconjugates
survive in the complicated physiological environment (Figure
5E).56

GO can also be stably assembled with ssDNA. However,
since their binding energy is only half of that of AuNPs
modified with thiolated DNA (∼120 kJ/mol), target binding
can disrupt the adsorption and release ssDNA from GO. For
example, Lu et al. found that either DNA hybridization or
aptamer-target binding released fluorophore-tagged ssDNA
from GO and resulted in fluorescence emission.57 Wang et al.
designed an aptamer−GO nanocomplex for cell imaging, which
could efficiently enter live cells due to the cell permeability of
GO. By using ATP and GTP aptamers, they have successfully
monitored intracellular ATP and GTP levels in real time
(Figure 2C).58

5. CONCLUSIONS AND PERSPECTIVE
In this Account, we have summarized multiple ways DNA and
DNA structures interact and function at the interface with
inorganic materials and cells. Because of the inherent
differences in their physical properties, ssDNA possesses
remarkably higher affinity to many inorganic materials than
dsDNA or DNA structures, which forms the physical basis for
developing various biosensing strategies and opens new
opportunities to regulate biochemical processes in vitro and
in vivo.
The interface between DNA structures and cells is even more

interesting. Naked DNA oligonucleotides are usually unable to
penetrate cell membranes. However, DNA nanostructures and
hybrid DNA−NM conjugates have shown potent ability to
enter a variety of cell lines, which poses a scientifically
interesting question that is also potentially useful in biomedical
applications. While mechanistic studies on these interesting
processes remain to be carried out, preliminary evidence shows
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that these are multifactor processes involving various
physicochemical properties of nanostructures, for example,
size, shape, and charge, and the types of cells.59 Their cellular
fates are also important for the realization of cellular functions,
which are dependent on specific endocytotic pathways. Cellular
uptake usually involves several potential pathways, including
phagocytosis, clathrin-mediated endocytosis, caveolin-mediated
endocytosis, clathrin- and caveolin-independent pathways, and
actin-dependent macropinocytosis. In a specific case, internal-
ization via caveolin-mediated endocytosis does not merge with
lysosomes, which provides a route to escape lysosomal
enzymatic degradation. Given these considerations, it is
important to elaborate the design of nanostructures for
realizing their intracellular and in vivo applications.
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