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Abstract: DNA and RNA are building blocks with excellent

programmability for nanoscale assembly. Owing to their ap-
pealing properties such as precision in bottom-up fabrica-

tion, enhanced stability and cellular internalization, designed
nucleic acid nanodevices (NANDs) have been widely ex-
plored in biomedical research. Compared with pristine nu-

cleic acids, chemically modified NANDs exhibit a wider spec-

trum of applicability. In this Focus Review, we highlight
recent advances of NANDs functionalized with small mole-

cules, peptides/proteins or inorganic materials, and elucidate
their promising future for biomedical application.

1. Introduction

Nucleic acid nanotechnology has garnered widespread atten-

tion since its debut in 1980s as a facile and robust method for
precise nanoscale fabrication and assembly. First introduced by

Nedrian Seeman,[1] the field has seen a boom in the last three

decades. By taking advantage of the classic Watson–Crick
base-pairing (A-T/U and G-C), numerous tools were developed,

for example, tile-based assembly,[2] DNA origami[3] and dynamic
strands replacements.[4] Those elaborate nanostructures were

not made simply for aesthetic reasons, but also for realistic ap-
plications in many other disciplines such as hierarchical assem-

bly,[5] DNA computing[6] and supramolecular chemistry.[7]

Nucleic acids are generally known as the carriers and trans-
porters of genetic information; in designed NANDs, however,

nucleic acids are typically recruited as basic building blocks
owing to their excellent programmability. Given by the biologi-

cal nature, it naturally occurs to scientists that NANDs could be
applied in biomedical research. As such, one remarkable fea-

ture of NANDs over other nanotechnologies is the ability to

precisely control the size, shape and surface property of the
final products and the spatial arrangement of cargos at molec-

ular level, which is normally difficult to realize in other nano-
scale self-assembled systems. Moreover, NANDs such as origa-

mi and tetrahedron often show enhanced stability[8] and re-
markably prolonged half-life in biological systems as compared
to their linear counterparts. Similar to other nanomaterials,

NANDs are frequently designed to exhibit favorable properties
such as multivalence for specific purposes. For instance, the

immunostimulatory effects of non-methylated CpG oligonucle-
otides were greatly enhanced when they were assembled into

nanostructures.[9] Together, these characteristics consolidate
the basis of NANDs for biomedical applications. Those advan-

ces have been comprehensively discussed in a number of out-

standing perspectives and reviews.[10]

Nevertheless, pristine NANDs alone are often insufficient to

satisfy the growing needs partially due to the lack of essential

functional units, necessitating the modification of NANDs with

a vast variety of functional components. In this Focus Review,
we highlight recent progress of chemically functionalized

NANDs and focus on their biomedical applications. Indeed,
functionalization of NANDs allows the installation of targeting

ligands (e.g. , aptamers[11] and folic acid[12]), stimuli-sensitive
modules, therapeutic and diagnostic molecules. These mole-

cules add new weapons to the arsenal of NANDs, drastically

enriching their capabilities and extending their applications. Al-
though RNA nanotechnology is rapidly developing and exhib-

its considerable promise for the future,[13] DNA nanotechnology
is currently more mature and will be the major focus of this

review.

2. Chemical Functionalization of Nucleic Acids

The chemical functionalization of nucleic acids has been exten-

sively studied. Inasmuch as exhaustively presenting the whole
field is beyond the scope of this review, the purpose of this

part is to give a general overview of the most widely adapted

nucleic acid modifications. For more detailed reactions and
strategies, our readers are referred to reviews published

earlier.[7, 14]

The 3’ and 5’ ends of nucleic acids are the commonest

modification sites, in part benefiting from the modular solid-
phase synthesis of oligonucleotides and the abundance of end

modifications from commercial sources. The modification strat-

egies have been extensively studied[15] and functional groups
such as amine, thiol, alkyne, and azide (Figure 1 a) have been

routinely used for conjugation of nucleic acid to modules such
as chromophores, probes, polymers[16] and proteins.[17]

Modifications of specific nucleotides on both ribose and
bases are also growing rapidly. For ribose modifications, the 3’
and 5’ positions of the five-membered sugar ring are less ex-
plored likely due to the low yield.[14d] Instead, modifications at

the 2’ and 4’ position are relatively easy to achieve and hence
frequently used to alter the stability, hydrophobicity and im-
munogenicity of the products. 2’-methylation and 2’-fluorina-
tion are among the most popular modifications (Figure 1 b). Of
note, changes on these positions always have an impact on

DNA which may stabilize[18] or destabilize[19] the double helix
structure. One emblematic example is the locked nucleic acid

(LNA)[20] (Figure 1 b) in which the conformation of the five-

membered pyranose ring is locked at the 2’-hydroxyl and 4’-
carbon by a bridging methylene group. This confined confor-

mation results in higher melting temperature and binding af-
finity, which has been widely exploited for detection and thera-

peutic purposes.[21] Other reported examples include pyr-
enes,[18, 22] dansyl[23] and amino linkers[24] etc.
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Modifications and replacement of nucleobases have been

widely exploited. To maintain the helical structure and the
base pairing, pyrimidines are normally modified at the 5-posi-

tion, and purines are often replaced with 7-deaza-purines to in-
troduce additional modifications at the 7-position[25] (Fig-

ure 1 c). Some of the analogues showed excellent biocompati-
bility and have already been employed as tools for chemical

biology (e.g. , 5-ethynyluridine (EU) labeling to study RNA tran-

scription and turnover[26]). Introduction of artificial nucleobases
furnishes DNA/RNA with additional characters such as fluores-

cence[27] and can even expand the genetic alphabets.[28] Fea-
tured examples include Kool’s expanded nucleobases,[29]

pyrene and porphyrin as reviewed earlier.[30] Some of these arti-
ficial nucleobases show ability of metal ion chelating and have
been applied for multimetallic catalysis, sensing, artificial pho-

tosynthesis, data storage, nanooptics, and nanoelectronics.[5]

The introduction of bioorthogonal groups on nucleobases for

subsequent ligation is also frequently reported.[31]

Replacement of the phosphodiester by phosphothioester
(Figure 1 d) is adaptable to solid phase synthesis and has been
widely used in the antisense oligonucleotides (ASO) industry.[32]

Generally speaking, this modification significantly improves the
stability against nuclease of oligonucleotides[33] and prolongs
their half-life in vivo.[34] Moreover, phosphothioate bond helps

elicit plasma protein binding in circulation (which prevents
rapid renal clearance) and more efficient RNase-H cleavage

inside cells.[35] Recently, Dowdy et al. developed an interesting
charge-convertible phosphotriester modification (Figure 1 d) in

which the neutral siRNA were designed to restore its negative-

ly charged phosphodiesters upon cleavage of the pendent
thioester by intracellular thioesterase.[36]

It should be pointed out that non-covalent modifications
such as intercalation were also frequently exploited for DNA

functionalization. Intercalation is the insertion of ligand, typi-
cally aromatic and planar molecules, into the base-pairing

plane that alters the conformation,[37] thermo-stability[38] and

surface properties of DNA.[39] Many intercalators were devel-
oped for DNA staining (e.g. , ethidium bromide) or as anti-

tumor drugs to disrupt the helix structure of DNA, which ulti-
mately leads to replication arrest. The growing understanding

of intercalation has shed light on nucleic nanotechnology. For
example, Sleiman et al. illustrated that intercalators such as

ethidium bromide served as chaperones in DNA self-assem-
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Figure 1. Examples of nucleic acid modifications. (a) Modifications at the 5’ and 3’ ends of nucleic acids; (b) Modifications on ribose. (c) Modified pyrimidines
and purines. (d) Phosphodiester modification.
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bly.[40] In another context, DNA was designed as the carriers of
those therapeutic intercalators (e.g. , doxorubicin, Dox).[41]

Other common noncovalent nucleic acid modifications include
polyamide-based groove binders[42] and cationic polymers for

complexing with nucleic acids by electrostatic interactions.

3. Biomedical Applications of Functionalized
NANDs

Functionalized NANDs are promising candidates for biomedical
research. In this part, we focus on recent advances in biomedi-

cal applications of these materials, typically for therapy and di-
agnostics. Based on the molecules that were introduced to

NANDs, we focus on three types of functional groups: namely

small molecules, peptides/proteins and inorganic materials.
Other materials such as lipids[43] and block copolymers[21d, 44]

functionalized NANDs will not be discussed in detail due to
limited space.

3.1. NANDs modified with small molecules

Small molecules such as probes, ligands and drugs have been
covalently attached or intercalated to NANDs to achieve de-

signed purposes such as imaging, targeting and delivery of
therapeutics.

Dox is a well-known chemotherapy drug for various cancers.

It works by intercalating DNA and interrupting the transcrip-
tion process of tumor cells. As such, many drug delivery sys-

tems (DDS) have been designed to incorporate Dox to various
DNA nanostructures through intercalation to achieve con-

trolled release and reduced systematic toxicity. Ding et al. de-
signed a set of Dox-loaded DNA origami[41, 45] (Figure 2 a) dis-
playing remarkable efficacy not only to regular but also to

Dox-resistant cancer cells in vitro. In vivo studies implied that
the Dox-loaded origami accumulated in tumor site and re-
leased the cargo in a pH-dependent manner without inducing

significant systematic toxicity, underscoring the biocompatibil-
ity of the DNA origami in live animals. By using a twisted

12 bp/turn design, Hçgberg et al.[46] improved the loading effi-
ciency and enhanced the anti-tumor effect of the Dox-loaded

DNA origami. Taking advantage of strand displacement, Tan
et al. facilely developed a DNA nanotrain for targeted delivery

of Dox[47](Figure 2 b). The system, composed of only three DNA
strands, showed high loading efficiency of Dox and was im-
parted tumor-targeting function by an aptamer. In other ap-

proaches, Dox was attached to the vehicles through covalent
bonds. For example, Tan et al. fabricated a series of Dox-apta-

mer conjugates[48] for targeted delivery. Except of Dox, NANDs
were able to carry other payload molecules as well. Very re-

cently, Zhang et al. constructed DNA-drug nanostructures as-
sembled from photolabile DNA-camptothethin amphiphiles

which were able to release drug and DNA upon light irradia-

tion[49] (Figure 2 c). The nanostructured DNA showed enhanced
stability against DNase I and comparable efficacy as free drug

to cancer cells.
For imaging purpose, numerous fluorescent and radioactive

agents have been attached to NANDs to monitor the activities
such as pH fluctuation, metabolism and protein trafficking

both in vitro and in vivo.[50] Sando et al. anchored a fluorescent

aptamer to astrocytes[51] (Figure 3 a) to monitor the real-time
release of a adenine-derived gliotransmitter. Chen and Liu

et al. developed a DNA-based turn-on fluorogenic probe meas-
uring cellular traction and adhesion with unprecedented reso-

lution[52] in 2014 (Figure 3 b). Moreover, fluorophore-modified
aptamers also showed promising results for in vivo imaging:[53]

as aptamers are rapidly cleared from circulation, the resulting

low background ensures better sensitivity in visualizing tumor.
Another unique application of NANDs is harnessing DNA as

a template to construct DNA sequence-encoded small-mole-
cule libraries for drug discovery,[54] termed DNA-templated syn-

thesis. Some featured works in this field include those from
Liu,[55] Harbury,[56] Neri[57] and Li.[58] The fundamental concept is

Figure 2. Drug-functionalized NANDs as delivery vehicles. (a) DNA origami for doxorubicin delivery,[45] Dox was loaded to the NANDs via intercalation. Reprint-
ed with permission from ref. [45] . Copyright (2014) American Chemical Society. (b) Self-assembly of DNA nanotrains for the delivery of molecular drugs.[47] The
assembly was triggered by a chimeric aptamer, forming the structure where the aptamer serves as the ‘locomotive’ and the repetitive dsDNA serves as the
‘boxcars’; the drug molecules were then loaded to into the ‘boxcars’ through intercalation and released from the nanotrain upon degradation of dsDNA. Re-
printed with permission from ref. [47] . Copyright (2013) National Academy of Sciences. (c) A light-triggered, self-immolative nucleic acid-drug nanostruc-
tures,[49] the amphiphilic DNA-camptothecin conjugate initially assembled into micellar nanostructures in an aqueous environment, upon the UV light, cleav-
age of the 2-nitrobenzyl group led to the release of DNA from the nanostructure and degradation of the prodrug core to generate free camptothecin mole-
cules. Reprinted with permission from ref. [49] . Copyright (2015) American Chemical Society.
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taking advantage of DNA hybridization to provide spatial prox-
imity and therefore high reactivity (Figure 4 a). The hit com-

pounds can be identified by subsequent PCR-amplification and
high-throughput DNA sequencing. Over the years, many DNA-

encoded chemical libraries were built and held great promise

for the discovery of bioactive molecules.[54] Notably, peptide
nucleic acids (PNA), a family of synthetic analogues of DNA,

were also extensively studied for similar purposes as recently
reviewed by Winssinger et al.[59] Beyond this, the DNA-templat-

ed synthesis has also been utilized to generate sequence-de-
fined synthetic polymers. One recent elegant example is from
Liu and coworkers, who developed a templated synthesis

method generating such polymers with backbones unrelated
to nucleic acid.[60] It is reasonable to envision that fishing in

pools of these unprecedented polymers, one might be able to
identify interesting bioactive molecules such as binders and

drug candidates.
Taking advantage of the structural rigidity and precision,

functionalized NANDs were employed as scaffolds to study
how the spatial arrangement of small-molecule ligands affects
its receptor binding. Biard et al. utilized a hapten-functional-

ized Y-shaped DNA nanodevice to crosslink IgE-FceRI complex
on cell surface. The results revealed distance-dependent signal-

ing transduction and stimulation across the cellular membrane
due to different level of receptor aggregation[61] (Figure 4 b).

Seitz et al. presented two copies of the same ligand to estro-

gen receptor on a double-stranded DNA (dsDNA) for spatial
screening.[62] By controlling the distance of the two ligands on

the so-called DNA ruler, they observed different binding affinity
to the receptor (Figure 4 c). This work shed light on optimizing

the linker length for those homo-dimeric drug–drug conju-
gates.

Briefly, NANDs modified with small molecules showed prom-

ising effects in DDS, imaging and drug discovery. Small in size,
these modifications may impose minimized or well-controlled

impact to the fundamental physicochemical properties of

NANDs such as hybridization, secondary structure and aqueous
solubility. This is critical and beneficial because the original

properties of the NANDs are often indispensable in order to
yield adducts with desired functions.

3.2. NANDs functionalized with peptides and proteins

The original purpose of DNA nanotechnology, posed by
Seeman,[1] is to position macromolecules such as proteins in
a spatially controlled manner in order to simplify the crystalli-
zation process for structure study. Indeed, the ability to present

molecules in a highly ordered and programmable manner
makes NANDs one of the most powerful tools for programmed

protein assembly[63] and enzyme cascade.[64] Although the origi-

nal idea is still yet to be fully accomplished,[65] proteins and
peptides have been frequently applied in DNA nanotechnolo-

gy to produce hybrid materials with novel applications.[28, 66, 71]

The concept of a DNA ruler for interrogation of ligand–re-

ceptor interactions was also readily applicable to explore and
control protein–peptide or protein–protein interactions.[67] Re-

cently, Seitz and coworkers explored the heterobivalent bind-

ing pattern to the endocytic AP-2 adaptor complex by a DNA-
based nanodevice.[68] Similarly, Hçgberg et al. developed

a nanocaliper to investigate the spatial arrangement of ephrin
ligands (ephrin-A5) for efficient activation of EphA2 receptor

(Figure 4 d).[69] By adjusting the distance between two ligands
with origami, they found that 40 nm is an optimal distance for

Figure 3. Functionalized NANDs for imaging. (a) The detection of gliotrans-
mitter using modified aptamers;[51] left : a tocopherol and fluorophore modi-
fied aptamer (toc-fApt) was directly linked to astrocytes for detection of glio-
transmitter ; right: illustration of a biotinylated fluorescent aptamer (bio-
fApt) anchored on the cell surface with the aid of avidin. Reprinted with per-
mission from ref. [51] . Copyright (2012) American Chemical Society. (b) A
DNA-based probe for reversible and optical visualizing of cellular traction
forces.[52] Cell adhesion and force unfold the nucleic acid hairpin, restoring
the initially quenched fluorescence of the fluorophore. Reprinted with per-
mission from ref. [52] . Copyright (2014) Nature Publishing Group.

Figure 4. Functionalized NANDs as a tool in drug discovery and chemical
biology. (a) Illustration of DNA-templated synthesis.[54] As the product infor-
mation was encoded in the templated strand, it allows fast and large-scale
identification of bioactive lead compounds. Reprinted with permission from
ref. [54] . Copyright (2015) American Chemical Society. (b) Y-shaped DNA
scaffolds for investigating stimulation pattern of IgE-FceRI,[61] left : hapten-
modified Y-shaped DNA, right: illustration of IgE-FceRI cross-linked by the
rigid scaffold. Reprinted with permission from ref. [61] . Copyright (2007)
American Chemical Society. (c) Illustration of the DNA ruler : small-molecule
or peptidyl ligands were bivalently presented of on the DNA scaffold with
variable distances; the distance of the two ligands for optimal binding affini-
ty was recorded by the DNA template. (d) DNA nanocaliper for spatial con-
trol of membrane receptor function.[69] Binding handles were placed at dif-
ferent positions of the nanocaliper by varying their sequences (green and
blue) and the complementary strands carrying the protein ligand on their 3’
ends were subsequently attached to the handles, achieving ligands presen-
tation with various distances. Reprinted with permission from ref. [69] . Copy-
right (2014) Nature Publishing Group.
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stimulation. They further showed that in vitro EphA2 activation
in MDA-MB-231 cells by ephrin-A5 nanocalipers decreased

cell invasiveness compared to cells treated with empty nano-
calipers or ephrin-A5 monomer. This method can be used to

uncover the role of the nanoscale spatial distribution of
protein ligands in signaling pathways regulating cell–cell

communication.
It has been implied that NANDs are excellent materials for

DDS as growing evidences[70] demonstrated the efficient

uptake by cells despite of their highly negative-charged
nature.[71] In 2012, Yan et al. designed a virus-mimicking DNA
tetrahedron for antigen presentation[72] (Figure 5 a). Combining
antigen and immunostimulatory CpG oligonucleotide in a tetra-

hedron, they showed a strong and enduring antigen responses
in vivo that outperformed antigen alone. The study also infer-

red that the size, shape, and stability of the NANDs may affect

their delivery ability to antigen presenting cells (APCs).

Protein/peptide-functionalized NANDs also showed consider-
able potential in tissue engineering. May et al. designed an ar-

tificial extracellular matrix (ECM) based on a DNA-protein
hybrid[73] (Figure 5 b), in which the DNA was assembled into

a linear ribbon overhanging RGDS peptide. A remarkable cy-
toskeletal response was achieved by controlling the stiffness of

the matrix, which in turn manipulated a number of integrin-

mediated processes. Similarly, Stupp et al. periodically attached
a RGDS peptide that facilitating cell adhesion on a self-assem-

bled DNA-nanotube (RGDS-NT, Figure 5 c),[74] which showed en-
hanced ability to induce neural differentiation when compared

to RGDS alone. Moreover, RGDS-NT induced a less percentage
of astrocytes than the negative control on (3-aminopropyl)tri-

ethoxysilane (APTES) coated glass. Though the underlying
mechanism is still unclear, it appeared that both the mechani-

cal stiffness of nanotube and the spatial location of cargos
play important roles. Liu and Weil et al. designed a DNA-pro-
tein hydrogel for the release of functional proteins responding
to digestion by DNase I and trypsin,[75] which holds great inter-

est for cell culturing.
Proteins are the most intricate machinery created by nature,

superior to any artificial nanodevices. Harnessing the power of

both protein and DNA nanotechnology, strong synergy in pro-
tein/peptide functionalized NANDs have been realized and

elaborately controlled. Along this direction, ‘the mechanical
surgeon inside the blood vessel’ predicted by Richard P. Feyn-
man[76] might not just be a fancy dream.

3.3. NANDs functionalized with inorganic materials

Aside from functional molecules mentioned above, inorganic

materials such as gold nanoparticles (AuNPs), carbon nano-
tubes[77] (CNTs) and quantum dots (QDs) were also routinely in-

corporated to NANDs to generate hybrid materials for biomed-

ical research. The high affinity of DNA (specially ssDNA) to
many inorganic materials enables wide applications, ranging

from biosensing to targeting delivery.[78]

AuNPs are one of the most-exploited inorganic materials in

the context of biomedical research[71, 79] exhibiting excellent
biocompatibility[80] and tunable cytotoxicity.[81] The fabrication

of AuNPs is straightforward and well-documented, allowing

fine tuning of their size, shape,[82] and surface properties.[79]

Moreover, the unique electronic and optical profiles of AuNPs

make them especially attractive for imaging and diagnostics.[83]

Through thiol, polyadenine sequence[84] and other conjugation

methods,[85] NANDs were easily anchored to the surface of
AuNPs, which resulted in higher stability[86] and enhanced cel-

lular uptake.[87] Notably, the positioning of AuNPs arranged by

NANDs were exploited to adjust the accumulation and elimina-
tion rate.[88]

Spherical nucleic acids (SNAs) are a class of nanostructures
arranging nucleic acid on a spherical core like AuNPs or lipo-
somes,[89] as pioneered by Mirkin and coworkers. The extremely
high density of nucleic acids was proven a key factor for the

rapid cell internalization of SNAs, likely through the scavenger
receptor mediated endocytosis.[90] As such, the SNAs have

been used for the delivering of nucleic acid warheads includ-
ing ASOs, siRNA,[91] as well as immunomodulating oligonucleo-
tides (e.g. , CpG DNA). For instance, SNAs composed of a AuNP

core and a layer of ASO or siRNA shell led to prominent anti-
sense or RNA interference effects.[91] By imparting an antibody-

DNA conjugate to the anti-HER2 ASO-shelled SNA by hybridiza-
tion, cell-selective knockdown of intracellular HER2 mRNA were

achieved[92] (Figure 6 a). Beyond those proof-of-concept works,

the antisense or RNAi-based SNAs have displayed remarkable
efficacy in preclinical research such as reversing impaired

wound healing[93] by knocking down ganglioside-monosialic
acid 3 (GM3) synthase. With these accumulated developments

and advances, the SNA-based systems hold the potential for
clinical trials in the near future.[94]

Figure 5. Protein/peptide-functionalized NANDs for delivery and tissue engi-
neering. (a) DNA tetrahedron as a scaffold to assemble streptavidin (model
antigen) and CpG oligonucleotides for antigen presenting.[72] Reprinted with
permission from ref. [72] . Copyright (2012) American Chemical Society. (b) A
DNA/protein-based ECM[73] constructed from a DNA ribbon surface-function-
alized with RGD-containing proteins; top: scheme of the fabrication process,
proteins were attached on the surface of DNA ribbon through hybridization,
ECMD : DNA ribbon, ECMDP : DNA/protein-based matrix; down: structure of
protein-functional group and proposed mechanism; functional protein
(ECMP) contains an FNIII10 domain, a flexible (Gly4Ser)3 linker, a monomeric
streptavidin (mSTV) domain for conjugation to 5’-biotin DNA, and a His6 tag.
Reprinted with permission from ref. [73] . Copyright (2010) American Chemi-
cal Society. (c) Peptide-decorated DNA nanotube for enhanced differentia-
tion of neuron stem cells.[74] The bioactive peptide RGDS was covalently at-
tached to a building block strands (s1a) of the DNA nanotube. Reprinted
with permission from ref. [74] . Copyright (2015) American Chemical Society.

ChemNanoMat 2016, 2, 354 – 363 www.chemnanomat.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim359

Focus Review

http://www.chemnanomat.org


More recently, the same group reported a type of immuno-
modulatory SNA that was able to either stimulate or regulate

the immune system, depending on the specific sequence of
the attached nucleic acids[95] (Figure 6 b–c). Comprehensive in

vitro and in vivo experiments showed that the SNAs are more

potent than their single-stranded counterparts. When the
immune-stimulatory SNAs were applied to cancer therapy, en-

hanced in vivo immune responses were detected. Interestingly,
the results suggested that it was the spatial orientation and

high-density presentation of oligonucleotides instead of the
AuNP core that contributed most to the unprecedented prop-

erties of SNAs, as they have demonstrated that SNAs with dif-

ferent core materials also showed similar effects, consistent
with what they discovered previously.[96]

Integrated NAND and AuNP were explored for DDS[71, 97] as
well. Jon et al. designed an aptamer-AuNP hybrid where Dox

was intercalated into DNA duplex for targeted therapy of pros-
tate cancer.[98] Taking advantage of the photothermal proper-
ties of AuNPs, Farokhzad et al. designed near-infrared (NIR)-re-

sponsive DNA-AuNP hybrids for Dox delivery[99] (Figure 7 a).
Under NIR irradiation, the photothermal property of AuNPs re-
sulted in elevated temperature and DNA denaturation, which
in turn triggered the release of Dox. Aside from Dox, Mirkin

and Lippard et al. constructed a platinum(IV) prodrug coated
DNA-AuNP DDS (Figure 7 b).[100] The DDS were efficiently inter-

nalized by cells and showed remarkable cytotoxicity to cancer
cell lines comparable to free cisplatin.

Owing to the unique electrical and optical properties of

gold, integrated NANDs-gold nanomaterials were commonly
designed for biosensing[101] and theranostics.[102] For example,

Heeger et al. devised an electrochemical DNA (E-DNA) sensor
by immobilizing a stem-loop structure on gold surface in

2003.[103] Upon hybridization to the loop-binding strand,

a major conformational switch of the stem-loop structure in-
duced a dramatic distance change between the 5’-terminal fer-

rocene and the gold surface, which consequently resulted in
a measurable change of electrochemical signal. Later, Fan et al.

applied the tetrahedral structure to E-DNA sensor (Figure 7 c)
enabling detection of DNA[104] and microRNA[105] with higher

sensitivity (attomolar) and better specify even in complex bio-
logical fluids. Meanwhile, there is a growing tendency using
DNAzyme functionalized AuNPs for biosensing.[106] For exam-
ple, Lu et al. designed a DNAzyme-gold nanoparticle probe for

uranyl detection inside living cells[107] (Figure 7 d). In the ab-
sence of uranyl, the chromophore was quenched by both the

AuNP and quencher; while in the presence of uranyl, the DNA-
zyme cleaved the substrate strand with fluorescent label, re-
sulting in the detachment of the chromophore with the

quencher and hence increased fluorescence. This probe can be
efficiently taken up by cells, implying its potential for metal ion

sensing in biological systems.
The development of quantitative point-of-care testing ena-

bles fast, portable, low-cost and accurate detection of mole-
cule-of-interest in complex biological samples, which offers

enormous potential for purposes such as anti-doping drug-
testing, early diagnosis and monitoring of patients. Along this
direction, Yang et al. have elegantly designed a few systems
that transfer the molecular recognitions by aptamers to signals
such as pressure and volume changes, which were then quan-

tified by simple tools such as volumetric bar-chart chip or port-
able pressure meter.[108] In one system, they generated an Au

core/Pt shell nanoparticle (Au@PtNP)-encapsulated hydrogel

crosslinked by a DNA aptamer and its complimentary stran-
d.[108a] The hydrogel dissolved upon introducing the target mol-

ecule of the aptamer, released the Au@PtNP to catalyze the
decomposition of H2O2 to produce oxygen gas. The pressure

generated by the gas was then reflected and measured by the
distance traveled of the ink bar of V-Chip (Figure 7 E).

Other inorganic materials including carbon nanomateri-

als,[109, 110] magnetic nanoparticles (MNPs),[109] QDs[110] and meso-
porous silica nanoparticles (MSNs)[111] have also been explored

to functionalize NANDs to fulfill various biomedical goals. Par-
ticularly, the hybrid materials coupling the NANDs with carbon

nanomaterials (e.g. , single walled nanotube and graphene)
and QDs offer good opportunities for sensing and imaging.[112]

On the other hand, NAND-MSN hybrids were extensively ex-

plored for DDS.[111]

Overall, the physicochemical properties of inorganic materi-

als impart desired complementarity to NANDs. For example, in-
troduction of inorganic materials enabled interactions with ex-

ternal physical signals such as light and temperature, allowing
stimuli-sensitive and on-demand controlled release. Moreover,

the rapid internalization of these inorganic materials renders
them promising candidates for intracellular delivery.

4. Conclusions

To summarize, we have witnessed the prosperity of functional
NANDs for biomedical applications such as diagnostics, drug

delivery and immunomodulation in the past decade. Because

the functions of pristine NANDs are limited, chemical modifica-
tion thus emerged as a powerful strategy to circumvent this

limitation. The development of advanced synthetic methodolo-
gies (in particular various bioorthogonal reactions) coupled

with the maturation of DNA/RNA nanotechnology have collec-
tively enabled the facile synthesis of more complex structures

Figure 6. SNAs and their applications in biomedicine. (a) Antibody-linked
SNA[92] for cell-selective gene regulation via antisense or RNAi. Reprinted
with permission from ref. [92] . Copyright (2012) National Academy of Scien-
ces. (b and c) Immunomodulatory SNA[95] for the modulation of immune re-
sponses; TLR agonistic or antagonistic oligonucleotides were assembled on
the surface of gold nanoparticles or liposomes. Reprinted with permission
from ref. [95] . Copyright (2015) National Academy of Sciences.
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for sophisticated applications. This review summarizes recent
progress in functional NANDs modified with small molecules,

proteins and inorganic materials, with emphasis on their bio-
medical applications.

Despite these achievements, there is no royal road to ad-
vance the NANDs from bench to bedside. One major and prac-

tical problem is the cost of generating the functionalized
NANDs.[10b] Moreover, although NANDs have substantially im-

proved the stability and cell permeability of nucleic acids, the
in vivo pharmacokinetics and potency are still suboptimal. Fi-
nally, as exciting results are accumulating rapidly in animal

models, more evidences endorsing the benefits of functional-
ized NANDs in human patients will be immensely appreciated.

To address these unmet needs and translate those promising
systems to real clinical applications, close collaborations that

integrate the state-of-the-art technologies and insights from

multiple disciplines including biology, chemistry, nanotechnol-
ogy, biomedicine and engineering are of great importance.
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