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Department of Chemistry, Northwestern University, 2145 Sheridan Road,  
Evanston, IL 60208, USA
chadnano@northwestern.edu
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A DNA-Based Method for Rationally Assembling Nanoparticles

Figure 1.2 Cuvettes with the Au colloids and the four DNA strands responsible 
for the assembly process. Left cuvette, at 80°C with DNA-modified colloids in 
the unhybridized state; centre, after cooling to room temperature but before 
the precipitate settles; and right, after the polymeric precipitate settles to the 
bottom of the cuvette. Heating either of these cool solutions results in the 
reformation of the DNA-modified colloids in the unhybridized state (shown in 
the left cuvette).
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A DNA-Based Method for Rationally Assembling Nanoparticles

Figure 1.4 TEM images of: (a) an aggregated DNA/colloid hybrid material; (b) 
a two-dimensional colloidal aggregate showing the ordering of the DNA-linked 
Au nanoparticles. Images were taken with a Hitachi 8100 Transmission Electron 
Microscope.
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aggregates with uniform particle separations -60 A. This distance 
is somewhat shorter than the maximum spacing (95 A.) expected 
for colloids connected by rigid DNA hybrids with the selected 
sequences. But because of the nicks in the DNA duplex, these are 
not rigid hybrids and are quite flexible. It should be noted that, in 
principle, this is a variable that can be controlled by reducing the 
system from four overlapping strands to three (thereby reducing the 
number of nicks) or by using triplexes instead of duplexes. 

This work gives entry into a new class ofDNAjnanoparticle hybrid 
materials and assemblies, which might have useful electrical, optical 
and structural properties that should be controllable through choice 
of nanoparticle size and chemical composition, and oligonucleotide 
sequence and length. We note that it should be possible to extend 
this strategy easily to other noble-metal (for example, Ag, Pt) [22] 
and semiconductor (for example, CdSe and CdS) [23, 24] colloidal 
nanoparticles with well established surface coordination chemistry. 
Our initial results bode well for the utility of this strategy for 
developing new types of bios en sing and sequencing schemes for 
DNA. The Au colloidal particles have large extinction coefficients 
for the bands that give rise to their colours (Fig. 1.2). These intense 
colours, which depend on particle size and concentration and 
interparticle distance, make these materials particularly attractive 
for new colorimetric sensing and sequencing strategies for DNA. 
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because of their (1) small size (1–100 nm) and correspondingly 
large surface-to-volume ratio, (2) chemically tailorable physical 
properties, which directly relate to size, composition, and shape 

Introduction
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(Fig. 2.1), (3) unusual target binding properties, and (4) overall 
structural robustness. The size of a nanomaterial can be an 
advantage over a bulk structure, simply because a target binding 
event involving the nanomaterial can have a significant effect on 
its physical and chemical properties, thereby providing a mode of 
signal transduction not necessarily available with a bulk structure 
made of the same material. Tailorable physical properties are a 
very important aspect of nanomaterials. Indeed, in this regard, 
nanomaterials and biology have a long history as nanoparticles have 
been used in bioconjugation and as cellular labeling agents for the 
past four decades [15]. However, new synthesis, fabrication, and 
characterization methods for nanomaterials have evolved to the point 
that deliberate modulation of their size, shape, and composition is 
possible, thereby allowing exquisite control of their properties. The 
ability to carefully tailor the physical properties of nanomaterials is 
essential for their application in biodetection [1]. Specifically, the 
sizes, shapes, and compositions of metal nanoparticles and quantum 
dots can now be systematically varied to produce materials with 
specific emissive, absorptive, and light-scattering properties  
(Fig. 2.1), which make these materials ideal for multiplexed analyte 
detection [1, 16–19]; the composition of nanowires and nanotubes 
also can be controlled, thus allowing for measurement and variation 
of their conductive properties in the presence of target analytes 
[20]. Additionally, tools and techniques for surface modification 
and patterning have advanced to a point that now allows generation 
of nanoscale arrays of biomacromolecules and small molecules on 
surfaces [21–24]. Along with synthetic advances for varying the 
size, shape, and composition of nanostructured materials has come 
the ability to tailor their binding affinities for various biomolecules 
through surface modification and engineering [25–28]. Each of 
these capabilities allows researchers to design materials that can 
potentially be implemented into new assays having improved modes 
of signal transduction that can compete favorably with the molecular 
fluorophore-dominated methods of PCR and ELISA.
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Figure 2.1 Sizes, shapes, and compositions of metal nanoparticles can 
be systematically varied to produce materials with distinct light-scattering 
properties.

2.2 Nanoparticle-Based Detection Methods

2.2.1 Optical Detection

2.2.1.1 Nucleic acids

An early indication of the potential of nanomaterials as biodetection 
agents, 
in 1996 

bey
with 
ond con

the 
ventional 

observation 
histochemical 

that oligonucleotide-modified 
staining, was reported 

nanoparticles 

with 
induced 

unusual 
by tar

and 
get 

sequence-specific 
DNA, could be used 

particle assembly events, 

when 13-nm gold 
optical 

particles 
and melting 

were used 
properties 

to generate materials 

the solution changed from red to blue upon 
in the assa

[25]. 
y, the 

Specificall
color of 

y, 

particle 
aggregation of 

the analyt

surface 
gold 

plasmons 
nanoparticles, 

and aggr
a 

eg
consequence 

ate scattering 
of 

pr
int
e-dir

eracting 
ected 

This simple phenomenon 
operties. 

tar
as 

gets, 
DNA 

and 
detection 

indeed, 
agents 

it was 
in 
point

a type 
ed t

of 
ow

found that 
“litmus 
ard the use of nanoparticles 

spotting 
test” 

the 
f
solution 
or nucleic 

w
ont

acid 

hite support enhanced 
o a 

indicat
permanent 

ed that 
reco

the 
rd 

melting 
for each 

the 
test 

colorimetric 
(Fig. 2.2) [29, 

change 
30]. 

and 
Further 

provided 
studies 

a 

profiles of the nanoparticle-labeled DNA 

Nanoparticle-Based Detection Methods



18 Nanostructures in Biodiagnostics

aggregates were extraordinarily sharp, occurring over a temperature 
range much more narrow than 

led 
the 

tw
con

o 
v

observ
entional 

ations, 
fluor

both 
ophore-labe DNA 

transition 
(Fig. 2.2) 

for 
[29–32].

unlabeled 
 These 

or 

unique 
interest 

optical 
in exp

acti
loring 

vity of 
consequences 

the 
the 

in biodiagnostic applications. 
pot
gold 

of the high surface area and 

ential 
nanoparticles, created worldwide 

to a simple and inexpensive w
The 
ay of 

colorimetric 
for designer 

change 
nanomat

point
erials 

ed 

upon 
unanticipat

such nanostructur
ed sharp melting 

es should 
profile suggest

diagnosing 
ed that 

disease, 
assay

and 
s based 

the 

br
con

oad 
ventional 

melting 
molecular 

profiles w
fluor
hen 

ophor
ha
e-labeled 

ve higher selectivities than the 

The sharp melting transitions 
hy

associat
bridized 

ed 
with 

structur
complementary 

es that exhibit 

with these nanoparticle 
DNA. 

pr
surf

obes 
aces 

deri
and 

ve from 

cooperative manner 
their ability 

the dense
to bind 

 loading 
to complementary 

of oligonucleotides on their 

with microparticle pr
[32]. 

obes, 
These 

partly 
pr

because 
operties 

the 
hav

loading 
e not 

DN
been 

A in 
observ

a highl
ed 

y 

oligonucleotides 
efficiency of 

been 
thiol 

utilized 
system. It is 

does 
worth 

not 
noting 

compar
that 

e with 

in viral detection systems 
colorimetric 

the gold 
r
nanoparticle—

based upon supr
esponses 

amolecular 
have 

polydiacetylene liposomes [33].

Figure 2.2 In the presence of complementary target DNA, oligonucleotide-
functionalized gold nanoparticles will aggregate (A), resulting in a change of 
solution color from red to blue (B). The aggregation process can be monitored 
using UV–vis spectroscopy or simply by spotting the solution on a silica support 
(C). From Ref. [29]. Reprinted with permission from AAAS.
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Figure 2.3 Quantum dots can be employed for detecting multiple targets in a 
single assay. Specifically, varying the numbers and ratios of different quantum 
dots per target results in a unique fluorescent signal for each individual target. 
Reprinted by permission from Springer Nature Customer Service Centre GmbH: 
Springer Nature, Nature Biotechnology, Ref. [54], Copyright (2001).
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Figure 2.4 Scanometric DNA assay. In this assay a surface-bound capture 
oligonucleotide binds one-half of the target of interest, and an oligonucleotide-
functionalized gold nanoparticle probe binds to the other half. Catalytic 
reduction of silver onto the capture/target/probe sandwich results in a signal 
that can be detected scanometrically. From Ref. [66]. Reprinted with permission 
from AAAS.
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Figure 2.5 If Raman dyes (blue spheres) are attached to the labeling probe in 
the scanometric assay, the targets can be encoded and detected via the Raman 
signal of their labels. From Ref. [68]. Reprinted with permission from AAAS.
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Figure 2.6 Nanostructure-based bio-barcode amplification scheme. In this 
assay magnetic microparticles capture either the target DNA or the protein. 
Gold nanoparticles loaded with barcode oligonucleotides and target capture 
molecules are added to the assay to form a sandwich system. The sandwich 
complexes are magnetically separated from the assay mixture and then washed 
with water to remove the barcode DNA that code for the target DNA or protein 
of interest. The barcodes are detected using the scanometric approach.
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Figure 2.7 When the capture/target/probe sandwich is positioned in the gap 
between two electrodes, catalytic reduction of silver onto the sandwich system 
results in a signal that can be detected electrically. From Ref. [93]. Reprinted 
with permission from AAAS.
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Figure 2.8 Magnetic microparticles (large brown spheres) labeled with DNA 
capture strands can bind target DNA, and then oligonucleotide-functionalized 
nanoparticle labels (small spheres) with different electrochemical signatures 
can be used to code for the specific target DNA of interest.
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detection limit for p24 using this assay is 0.025 pg/mL, which is 
much better than conventional ELISAs (5 pg/mL).

FFigure igure 2.102.10  In In a ca conventional onventional micrmicroarray oarray spot spot sizsizes es arare e typictypically ally 200 × 200 200 x 200 
µm2
Ilm2. . Using Using lolow-resolution w-resolution dip-pen dip-pen nanolithogrnanolithography aphy (DPN), 50 000 250-nm {DPN}, 50 000 250-nm 
prprotein otein spots spots ccan an be spotbe spotted ted in in an equivan equivalent alent ararea. ea. PPatterns atterns ccan an be further be further 
miniaminiaturized turized usingusing  high-rhigh-resolution esolution DPN DPN tto o ggenerate enerate a ta total otal of of 13 000 000 spots 13 000 000 spots in in 
a 200a 200  × 200 x 200 µm2

Ilm2  ararea ea (A). Similarly{A}. Similarly, , DPN DPN ccan an be used tbe used to o cconstruct onstruct nanopananopatterns tterns 
of oligof oligonucleotides onucleotides on on SiOSiOxx  surfsurfaces. aces. The rThe reactivity eactivity of of the pathe patterns tterns ccan an be be 
ininterrogated terrogated using using either either fluorfluorescence escence micrmicroscopy oscopy or or aatomic tomic fforce orce micrmicroscopy oscopy 
(AFM) (B). Fr{AFM} {B}. From om RRef. ef. [114]. R[114]. Reprinted eprinted with permission frwith permission from om AAAS.AAAS. 
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detection limit for p24 using this assay is 0.025 pgjmL, which is 
much better than conventional ELISAs (5 pgjmL). 
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wev

escent 
er, the 

Electr
to the 

ochemical 
assay, which 

assa
mig
y

ht negate the impr
of 
ov

synthetic complexity 

because of their low 
s 
cost 
based 

and 
upon 

simplicity 
molecular 

[5]. 
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ement 

obes 
in 
are 

sensiti
attracti

vity
ve 

. 

amplified 
DNA assay 

by 
in 
det

w
ecting 
hich each 

electr
target 

ochemical 
recognition 

An 

signal 
ev

fr
ent 

electr

the om 
is 

ochemical 

a micr
indir

obead 
ectly 

imbedded 
[136]. This 

with 
repr

electr
esents 

oacti
the 

ve 
lo

molecules 
west detection 

exhibits 
limit 

~100 
report

aM 
ed 
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to dat
vity 

e 
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for an electrochemical assay and one that competes favorably with 
molecular 
the best report

fluor
ed 
ophor

for 
e-based 
a nanostructur

assays; 
e-based 
however, it is 

Indirect protein amplification schemes also 
assa
have 

y 
still 
(500 

hig
zM) 
her 

[71]. 
than 

attention for the 
received much 

involves tagging 
sensiti

oligomers followed 
antibodies 

ve detection 
specific 

of 
t
pr
o 

ot
tar

eins. 
get 

Immuno-PCR, 

by PCR amplification after 
pr
the 

oteins 
detection 

with 
w

DN
hich 

step, 
A 

offers significantly higher sensitivities than ELISA [76, 

f
PCR 
avor

intr
able 

oduces
than 

 
the 
complications 

simpler and 
[13], 

mor
thus 

e user-friendl
making immuno-PCR 

77]. Howe
less 
ver, 

nanoparticle-based bio-barcode approach for 
y ELISAs. The 

eliminates 
detecting proteins 

W
or

ang 
ders 

and 
of magnitude 

the need for PCR amplification 

coworkers 
mor

adopt
e sensiti

ed a 
ve than ELIS

and is approximately 6 

code approach for pr
method similar 

As [75]. 
to 

V
the 
ery r

bio-bar-
ecently, 

det
detecting 

ected the 
bar

bases 
code DN

ot
A, 
ein 

the
det

y 
ection, 

fragment
but 

ed 
inst

ochemicall
the 

ead 
bar

of scanometricall
and then 

y 

electr y, resulting in a 
codes 

detection limit 
of ~13 fM [137].

Table 2.1 Detection limits of nucleic acid assaysa

PCR Genomic 
Assay ssDNA products DNA

Nanostructure- Colorimetric29 ~4210 nM
based methods (cross-linked Au 

nanoparticles)
Colorimetric36 60 nM
(non-cross-linked 
Au nanoparticles)
Magnetic 
relaxation97 

20 pM

(iron oxide 
nanoparticles)
Electrochemical96 

(nanoparticles)
270 pM

Scanometric35,66,67 50 fM 100 aMb 200 fM
(Au nanoparticles 
with Ag 
amplification)
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Assay ssDNA
PCR 
products

Genomic 
DNA

Other non-
enzymatic 
based methods

Raman 
spectroscopy68 (Au 
nanoparticles with 
Ag amplification)
Electrical93 (Au 
nanoparticles with 
Ag amplification)
Electrical99 (Si 
nanowire)
Electrical103 
(carbon nanotube)
Resonant light-
scattering61-66 
(metal 
nanoparticles)

Fluorescence56 
(ZnS and CdSe 
quantum dots)
Surface plasmon 
resonance41 (Au 
nanoparticles)
Quartz crystal 
microbalance94 (Au 
nanoparticles)
Laser diffraction42 
(Au nanoparticles)
Fluorescence45 
(fluorescent 
nanoparticles)
Bio-barcode 
amplification71 (Au 
nanoparticles with 
Ag amplification)
Fluorescence35 
(molecular 
fluorophores)

431 fM

500 fM

10 fM

54 aM

170 fMb

2 nM

10 pM

431 fM

4350 fM

431 fM

500 zM

~600 fMb

33 fM

(Continued)
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Table 2.1 (Continued)

PCR Genomic 
Assay ssDNA products DNA

Fuorescence 2.5 mg
(dendrimer 
amplification)134

Electrochemical 100 aM
amplification136 
(electroactive 
reporter 
molecules)

aDetection limits can vary based on target length and sequence; therefore, 
it is difficult to compare assays without testing them using identical targets 

band conditions. Values taken from Ref. [34].
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have shown that gold nanoconjugates, when functionalized with 
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research, 

 
and the pr

In this r
omise f

eview w
or their e

e describe 
ventual use as ther

nanoconjugat
apeutic agents.

es in cellular biology 

nanoconjugates for cellular and ther
the curr

apeutic uses. 
ent status of 

As surf
gold 

chemistry is one of the key features that controls the properties 
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Table 3.1 AuNP surface functionalities

Surface functionality Application Reference
Citrate Cell uptake [18, 19]
Transferrin Cell uptake [20, 21]
CTAB Cell uptake [14, 94]
Amine Gene transfection [26, 30, 31]

Antiviral activity [34]
Drug delivery [34]
Oligonucleotide transfection [36]

Oligonucleotide Antisense gene regulation [25, 77, 88, 102]
mRNA detection [87, 88]
Small-molecule detection [89]
RNA interference [90]
Cancer cell detection [93]

Peptide Nuclear translocation [23, 100]
Antisense gene regulation [102]

Antibody Imaging [15, 106, 107, 110]
Photothermal therapy [108, 109, 110]

Lipid Imaging [112]
Cholesterol binding [111]

Introduction
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3.2 Citrate and Transferrin
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transferrin-coated citrate-functionalized gold nanoconjugates enter 
cells through the clathrin-mediated endocytosis pathway [21].

FFigure igure 3.13.1  TTransmission ransmission electrelectron on micrmicroscopy oscopy imaging imaging and and measurmeasurements ements of of 
ggold old nanonanoparticles particles in in cells. cells. (A) Gr(A) Graph aph of of number of number of ggold old nanopartnanoparticies icles per vpervesicie esicle 
diamediameter ter ffor or vvarious arious nanopartnanoparticie icle sisizes. zes. (B–F) TEM imag(B-F) TEM images es of gof gold old nanonanoparticies particles 
with sizwith sizes es of 14, of 14,30,50, 30, 50, 74, 74, and 100and 100  nm, nm, rrespectively, espectively, trtrapped apped inside inside vvesicles esicles of of 
a Hea HeLa La cecell. ll. AdapAdapted ted with permissiowith permission n frfrom om RRef. ef. [19]. [19]. CopCopyright yright (2006) (2006) AmericAmerican an 
ChemicChemical al SocieSociety. ty.
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transferrin-coated citrate-functionalized gold nanoconjugates enter 
cells through the clathrin-mediated endocytosis pathway [21]. 
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have been developed. The Brust–Schiffrin method allows for the 
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photoactive o-nitrobenzy
thiol-modified alkyl amines 

the 
v
positi
ed with 

vel
near-UV irr
y charged alky

adiation 
l amine 

(Fig. 3.2) [35]. Irr
l ester linkages, w

adiation 
hich can 

releases 
be 

nanoparticle. 
resulting in a 

The r
net 

e
neg
versal in char

atively charged car
from the 

boxylat
particle, 

e-functionalized 
thereby 

ge provides an effectiv

fr
releasing a negatively charged payload such as an oligonucleotide 

e means of 

phot
om the nanoparticle surf

ocleavable ligands wer
ace. These 
e sho

cationic nanoparticles with 

r
bound oligonucleotide; 
ecovered following the clea

however, the tr
wn to inhibit tr

anscription acti
anscription of 

vity can be 
the 

of the bound oligonucleotide w
vage r

as also demonstr
eaction. Intr

at
acellular delivery 

clea
Fluor

v
escence-based xperime

ed in MEF cells. 

age, the bound DN
e

A is released fr
nts sho

om the nanoparticle 
w that, upon phot

surf
oinduced 

ace to 

Amines



62 Gold Nanoparticles for Biology and Medicine

the intracellular environment where it then localizes in the nucleus. 
A similar strategy has been developed to deliver anticancer drugs 
[36].

Figure 3.2 (A) Schematic illustration of the release of DNA from a 
photocleavable AuNP complex (NP-PC) upon UV irradiation within the cell. 
(B) Schematic presentation of light-induced surface transformation of NP-PC. 
Adapted with permission from Ref. [35]. Copyright © 2006, John Wiley and 
Sons.
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esults 

ands 
in 

[37].

3.3.3 Stability

In addition to providing functional groups, surface-bound ligands 
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e t
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these properties have been applied to areas such as programmable 
cry
48]. 

stallization 
Indeed, the optical, 

[44–46] and 
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detection 

and 
approved by the American Food and Drug Administration [51].

Figure 3.3 The synthesis of the oligonucleotide gold nanoconjugates: 
Alkanethiol-terminated oligonucleotides are added to citrate-stabilized AuNPs, 
thereby displacing the capping citrate ligands through formation of a gold–thiol 
bond. Subsequent addition of a salt shields repulsion between the strands, thus 
leading to a dense monolayer of oligonucleotides.

3.4.1 Synthesis
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enzyme activity, since it is known that high concentrations of Na  
ions result in a reduction of enzymatic activity [61, 62]. Experiments 
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emphasized when comparing DNA-AuNPs to other types of AuNPs. 
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Table 3.2 Cell types that internalize polyvalent DNA gold nanoconjugates. 
Cellular internalization was determined using mass spectrometry 
and cell-associated fluorescence measurements

Cell type Designation or source

Breast SKBR3, MDA-MB-321, AU-565
Brain U87, LN229
Bladder HT-1376, 5637, T24
Colon LS513
Cervix HeLa, SiHa
Skin C166, KB, MCF, 10 A
Kidney MDCK
Blood Sup T1, Jurkat
Leukemia K562
Liver HepG2
Kidney 293T
Ovary CHO
Macrophage RAW 264.7
Hippocampus neurons primary, rat
Astrocytes primary, rat
Glial cells primary, rat
Bladder primary, human
Erythrocytes primary, mouse
Peripheral blood mononuclear cell primary, mouse
T cells primary, human
Beta islets primary, mouse
Skin primary, mouse

	 Given the surprising ability of DNA-AuNPs to enter cells, the 
mechanism of uptake is of great interest. Interestingly, biophysical 

Oligonucleotides
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characterization of DNA-AuNPs after exposure to serum-containing 
media reveals changes in the charge and size of the nanoconjugates. 
Exposure to cell culture conditions results in greater positive charge 
and larger nanoparticle diameter (as measured by zeta potential 
and light scattering), which was further shown to be caused by 
the adsorption of proteins [65]. The interaction of polyvalent 
nanoparticle conjugates with proteins provides a possible 
mechanism of recognition and subsequent internalization of these 
highly negatively charged particles, the details of which are still 
under intensive investigation.

Figure 3.4 Fluorescent microscopy images of C166-EGFP cells incubated for 
48 h with gold nanoconjugates functionalized with dual-fluorophore-labeled 
oligonucleotides (3¢-Cy3 and 5¢-Cy5.5) only reveal fluorescence from Cy5.5 
(706–717 nm, upper left). Negligible fluorescence is observed in the emission 
range of Cy3 (565–615 nm, upper right). Transmission and composite overlay 
images are shown in the lower left and lower right quadrants, respectively. 
The arrows indicate the location of the cell. From Ref. [25]. Reprinted with 
permission from AAAS.

3.4.4 Applications in Cells

Methods based on nucleic acids for detecting and controlling gene 
expression have had a significant impact on fundamental studies 
of gene pathways and functions [29]. Methods for controlling gene 
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expression include the use of antisense oligonucleotides [66] and 
small interfering RNA (siRNA) [67], which can be directed against 
messenger RNA (mRNA) through Watson–Crick pairing. While the 
promise of “gene therapy” based on nucleic acids was recognized 
over 20 years ago, its development has faced challenges with 
regard to entry into cells, delivery of intact oligonucleotides, and 
efficacy [68]. Various transfection agents, such as cationic lipids and 
polymers [69], modified viruses [70], dendrimers [71], liposomes 
[72], and nanoparticles [26, 73], have thus been developed to 
shuttle nucleic acids into cells. Despite the use of these materials, the 
toxicity of these agents and their off-target effects limit the amount 
of oligonucleotides that can be delivered safely. An ideal gene 
regulation system—from a research standpoint—should feature 
high uptake efficiencies across all cell types, high intracellular 
stability, strong binding affinity for target nucleic acids, and very 
low toxicity. Recently DNA-AuNPs were used as agents to alleviate 
several of the challenges that are commonly associated with the 
application of nucleic acids in cells [25].
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with a suite of designer oligonucleotides that confer enhanced 
pr
enhanced 

operties, 
biological pr

ranging from 
ocessing 

increased 
[74, 

tar
75]. 

get 
In a r

specificity to catalytically 

and in
nucleic acid (LN

vestigated [76, 77]. LN
A) nanoparticle 

As incorpor
conjugat

at
es ha

ecent e

e bridged 
ve been s

xample,
ynthesized 

 locked 

incr
back

ease duple
bones, which 

x stability 
have been shown to 

sugars in their 

[78]. AuNPs densel
increase 

y functionalized with 
binding affinity and 

LNA form remarkably 

r
acids, 
elevant 

and 
conditions. 

can be easil
For 

y handled 
stable duplexes with complementary nucleic 

A
application 

and manipulated under biologically 

uNPs increases the effectiveness of gene knock
in cells, the use 

down 
of LN

compar
A-modified 

ed to 
analogous DNA-modified AuNPs [77].

Figure 3.5 (A) Representative Western blots showing the expression of 
glyceradlehyde 3-phosphate dehydrogenase (GAPDH) in HeLa cells treated with 
various concentrations and compositions of the gold nanoconjugates. GAPDH 
expression is reduced in a dose- and sequence-dependent manner. α-Tubulin is 
shown as the loading control. (B) Relative decrease in GAPDH expression in HeLa 
cells. α-Tubulin was used as a loading control and for subsequent normalization 
of GAPDH knockdown. The error bars represent the standard deviation from at 
least three Western blots. From Ref. [102], Copyright (2008) National Academy 
of Sciences.



71

3.4.4.2 Intracellular detection and imaging

Oligonucleotide-based probes to visualize and detect intracellular 
RNA, including those used for in situ staining [79, 80], molecular 
beacons [81, 82], and fluorescence resonance energy transfer 
(FRET) probes [83, 84] are important biological tools to measure 
and quantify biological activity in living systems. However, cells do 
not readily internalize molecular probes, they require the use of 
transfection agents or microinjection for uptake. In addition, as a 
consequence of their oligonucleotide structure, such imaging agents 
can have limited stability to nuclease degradation, which can lead to 
a high background signal and decreased ability to specifically detect 
target structures.
 Much work has thus gone into the development of structures that 
overcome these limitations, including chemically modified molecular 
beacons [85] or their corresponding peptide conjugates [86]. Recently, 
our research group has developed novel intracellular detection 
probes termed “nanoflares” that take advantage of the properties of 
DNA-AuNPs [87–89]. Nanoflares are oligonucleotide-functionalized 
gold nanoparticles that are hybridized to short, fluorophore-labeled 
complements designed to provide an intracellular fluorescence 
signal that correlates with the concentration of a specific nucleic 
acid or molecular target. In the absence of a target, the fluorophore 
is close to the nanoparticle surface, which quenches its fluorescence. 
Target binding releases the fluorophore, thereby generating a signal 
that can be detected inside a live cell. Nanoflares can distinguish 
between different cell types on the basis of the expression profile, 
and give a semiquantitative real-time readout of gene expression in 
a living sample (Fig. 3.6).
 Several problems commonly associated with intracellular RNA 
detection, including the difficulty associated with cell entry, toxicity, 
and intracellular instability, are obviated as these nanoparticles 
are densely functionalized with oligonucleotides. These probes do 
not require microinjection or auxiliary reagents to enter cells and 
are more resistant than molecular nucleic acids towards enzymatic 
degradation, thus lowering background signal and improving 
detection ability.

Oligonucleotides
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Figure 3.6 “Nanoflares” are gold nanoconjugates functionalized with 
oligonucleotide sequences complementary to a specific nucleic acid target 
(messenger RNA) hybridized to short fluorescent sequences. In the absence of a 
target the nanoflares are dark, because of quenching by the gold nanoparticle. In 
the presence of a target binding displaces the short flare through the formation 
of a longer (more energetically favorable) duplex. The result is a fluorescence 
signal inside the cell, which indicates the target has been detected. Scale bar: 
20 µm. Adapted with permission from Ref. [87]. Copyright (2007) American 
Chemical Society.
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3.5.1 Peptide Nanoconjugates
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Figure 3.7 Images of nanoparticle–peptide complexes incubated with HepG2 
cells for 2 h. Complexes were: (A) nuclear localization peptide, (B) receptor-
mediated endocytosis peptide, (C) adenoviral fiber protein, and (D) both 
nuclear localization and receptor-mediated endocytosis peptides. Adapted with 
permission from Ref. [23]. Copyright (2003) American Chemical Society.
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3.5.2 Peptide/DNA-Gold Nanoparticle Conjugates
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3.6.2 Photothermal Therapy
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Figure 3.8 Templated synthesis of spherical HDL nanoparticles through use of 
thiol-terminated peptides and the protein (APOA1). Adapted with permission 
from Ref. [111]. Copyright (2009) American Chemical Society.
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3.8 Summary and Outlook
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char
surfaces [21, 65]. Identifying the pr

ged gold nanoconjugates to penetr
ot
pr

eins 
oteins 

that 
with the nanoparticle 

ate cells 
allow the neg

stands as a 
atively 

formidable challenge.

3.8.2 Targeting

The use of gold nanoconjugates provides a highly effective method 
f
unique ensemble pr
or introducing substances int

operties of 
o cells. W
these materials 

e have described 
allow for multi

ho
v
w the 

drug and antisense agents. These agents can be used to contr
alent 

ol 
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cellular function, regulate gene expression, and detect intracellular 
analytes with greater efficiency than molecular systems, w is in 

acr
part due t

hich 

dev
oss 
elopment 

div
o 
erse 

composit
cell 

e properties and proven cellular uptake ability 

cells and eventuall
of these 

types. An important 
materials 

challenge for the continued 

delivery may include the use of biomolecules such as antibodies 
y tissues and or

as ther
gans. Str

apeutics 
at

is 
egies 

to tar
for 

get 
tar
specific 

geted 

[108], aptamers [114], peptides [23], or small molecule lig

 
[115].

ands 

creat
Tar

e multifun
geting str

other therapeutic 
ctional 
ategies 

particl
need t

es f
o be int

or deli
egr

v
at
ering 

ed with 
oligonucleot

functionality 
ides or 

to 

should 
targeted ag

be able 
ainst surf

car
ace 
gos t

recept
o tar

ors f
get 

or appr
cells. For e

opriat
xample, 

e cellular 
antibodies 

targets 

uptak
and pr

e, but 

A
operties 

the
t
y must 
o effect 

also 
cell-specific 

maintain 
uptak

the other desir
e and limit nonspecific 

uNPs, moieties such 
of nanoconjug

as antibodies must be attached in a manner 
ates. In the case of polyvalen

ed acti
t DN

vity 
A-

that 
properties 

does not limit the degr
that result from the density of DN

ee of DNA functionalization 
A. While this 

or 
is not 

the 

trivial, it is noteworthy that cofunctionalized 

w
been s

hich 
ynthesiz
successfull

ed 
y incorpor
and preliminaril

ate peptides 
y studied, 

without compr
including structur
AuNPs have alread

es 
y 

complementary binding to nucleic acids [102]. These results ar
omising 

promising steps towards the next generation of targeted polyvalent 
e 

nanoconjugate therapeutics.

3.8.3 Toxicity

The toxicity of several types and sizes of gold nanoconjugates has 
been investigated by a number of 

can be dr
Although r

a
esults 
wn from these 

have varied t
studies. 

o dat
P
e, se

independent 
veral important 

resear
conclusions 
ch groups. 

the toxicity of gold nanoconjugates is dependent on the chemical 
erhaps the most salient is that 

composition of the surface lig

nanoconjug
group itself that leads t

ates functionalized with 
o toxicity

ands. In f
. For 

act
e
, it is oft
xample, 

en the surf
although gold 

ace 

det
bromide 

ermined 
(CTAB) w

that the particles 
ere initially thought to be t

cety
oxic, it w

ltrimeth
as subsequentl

ylammonium 
y 

washed to remove excess ligand 
do not 

[18]. A
cause cyt

dditional 
oto

w
xicity 
ork in this ar

if they ar
ea, 

e 
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has shown how the toxicity of a ligand such as CTAB is reduced when 
complexed with an AuNP [116], presumably because of an 

ha
of the cellular 

ve also sho
localization 
wn 

of the toxic agent. Rotello and co
alt

w
er
or

ation 
kers 

f
nanoconjug
ound that 

at
while 

e surf
ho
ace 

w 
lig

the chemical functionality 
ands influence toxicity. These 

and char

amine-functionalized particles were onl
researchers 

ge of 

under all the conditions e
toxic, particles functionalized with 

xamined [117].
carboxylic acids were nont

y mildl
oxic 

y 

 Several recent studies ha
at

ve f

fibr
capped nanoconjug

ocused 

oblasts determined 
es. One stud

that the rate 
y in

of cell 
vestig

on the t
ating 

oxicity 
human 
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dermal 

ate-

and adhesion 
nanoconjugates [118]. The authors pr

is slowed by the presence 
prolifer

of 
ation, 

citrat
spr

e-capped 
eading, 

stress is the cause of these eff
esented evidence that actin 

nanoconjug
also reports 

at
decr

es, and in this case, the authors pr
eased cell growth in the pr

ects. A second, 
esence 

independen
of citr

vidence 
at

t study 

esent e
e-capped 

this is the result of oxidative damage [119]. Similar 
that 

been r
[120]. 

eport
Althoug

ed w
h acut

hen similar particles w
e and gross toxicity w

er

cases, the ad
as not observ
e used in m

results 
yeloma cells 

have also 

ed in these 

 
further att

Intriguing r
ention.

verse effects of citrate-capped nanoconjugates merit 

the conjugate also 
ecent in

Jahnen-Dechent
determines

vestigations demonstrat

, and coworkers 
 its t

ex
o

amined a panel 
xicity. In a recent stud

e that the size 
y, Simon, 

of 

functionalized A
of phosphine-

w
These 

hereas 
resear

f
nm diamet
chers 

uNPs with diameters ranging 

15 
found that 1.4 nm diamet

from 0.8 to 15 nm. 

old higher concentrations [121]. In 
er particles w

the case of these 1.4 nm diamet
ere nont

er 
oxic, e

particles w
ven at up t

ere 
o 

t
100-
oxic, 

ho
particles, 

wever, neither 1.2 nor 1.8 nm diamet
evidence is presented that to

er 

Chan and coworkers have recently investig
er particles displa
xicity results from necrosis; 

herceptin-coated gold nanoparticles within the 2–100 
ated the cell 

nm size 
r
y this eff
esponse 

ect
to 

. 

and found that 40 and 50 nm particles ha
range 

need 
signaling 

to be e
functions 

xplored 
[122]. 
further

Clear

of particle sizes 
. The 

ly, these ar
ve the gr

e important 
eatest eff

findings 
ect on cell 

challenge will be preparing a range 
that 

by using a common s

 
exact chemical surf

Gold nanorods and 
ace functionality f

mouse models. Halas, W
nanoshells 

or accur
ynthetic str

ate comparison.
ategy and ensuring 

est, and co
ha

w
v
or
e r

kers 
ecentl

ha
y been 
ve evaluat
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ed the 

ed in 
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photothermal efficacy of PEG-coated nanoshells injected into 
tumors in a mouse model. These 
could be ablated by treatment with 

r
lig
esear

ht, and the animals 
chers found that 

remained 
tumors 

healthy after more than 

of 
nanoconjug

CTAB-functionalized gold nanor
ates in vivo [123]. 

90 da
A r
ys, thus 

esearch 
pointing 

group in
t
v
o a 
estig

low 
ating the use 

toxicity of 

the tail 
the particles w

vein [124]. Another stud
ere rapidly cleared fr

ods 
om the blood aft

as imaging agents f
er injection int

ound that 
o 

f
Int
ound that the

er
e accumul

y on very similar nanorod particles 

l
ated in the li

PEG, v
esting

y ar

ery few particles r
y, however, w

emained 
hen the surf

in the li
ace gr

ver 
oups w
ver after 

ere changed t
72 h [125]. 

o 

should moti
were cleared. These 

vate futur
initial 

e studies that 
animal studies are indeed 

after 72 
promisi

h, and 
ng, and 

most 

of gold nanoconjugates as a function 
inv

of size, shape, and 
estigate the biodistribution 

properties of the lig
chemical 

[25]. It 
 To date, no cytot

ands.
oxicity of the DN

unique 
is 
size, 

again important t
charge, and surf

o not
ace functionality

e that 
A-

these 
AuNPs has been observ

nanoconjugates ha
ed 

, with 
ve 

t
deri
oxicology scr

ved from the combination of 
eening of these unique mat

the DNA and the A
erials will 

uNP

and 
be a necessity

. Ext
properties 

ensive 

determining w
, 

contribut
Preliminary w

e to a biological 
hat component 

response 
or components of the structur

will be an exciting endeavor
e 

ork in our research group on the innat
. 

first 
response, 

little 
path

(as 
e immune 

ways 
char
activ

act
ated 

erized 
in an 

b
innat
y int

e 
erf

immune 
eron pr

r
oduction, one 
esponse) has sho

of the 
wn 

t
e
o analogous 

interferon-β 
molecular 

production 

xamine any changes in the 
DN

gene 
A [126]. F

caused by 

expr
urther w

the DNA-AuNPs compared 

from the introduction of these structur
ession 

es. In 
profile 

ork 
that 
is requir

may r
ed t
esult 

o 

assays, preliminary work to examine biodistribution and t
addition to in 

oxicity in 
vitro 

vi
sho

vo is 
wn 

no
utility 

w underw
in cell 

ay. While polyvalent DNA-AuNPs have already 

required to assess the f
cultur

easibility of 
e assays, such animal 

these nanomaterials 
studies will 

becoming 
be 

possible therapeutic agents.

3.8.4 Conclusion

Although the properties of colloidal gold have been investigated for 
over a century, their application as intracellular agents in living cells 
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emerged only prominently a few years ago. These investigations have 
demonstr
provide significant 

ated that multi
ad

valent and/or composite nanomaterials can 

uptak
studies 

e and 
have r

efficacy 
einforced the under

in 
vantages 

cellular 
o
models. 
ver molecular 

lying concept in nanot
More fundamentall

systems in terms of 

that composition, surface derivatization, charge, size, and 
echnology 

y, these 

are all critical to materials properties, and that this translates int
shape 

a unique ability
o 

hlighted classes 
o inter

important 
The hig

 t

sample of possible conjug
of 
act 

gold nanoconjug
with a biological 

ates 
sy
repr

stem such as a cell. 
esent a small but 

classes 
nanomat

hig
erials must 

hlights one very important conclusion: 
ate materials. The study of these 

This is exemplified in 
be 

the 
in

studies 
vestigated and 

surf epeat
nanoparticle 

e
y, unique 

of 
valuated indi

Namel
vidually

ace functionalization has r edly been 
toxicity, where 

. 

ear
par

lier w
ameter 

ork 
that

using CT
 influences 

AB-funct
toxicity

ionalized 
. If one 

nanoconjug
were 

sho
to 

wn 

at
conclude 

to be a 
fr

k
om 
ey 

nanoconjugates were to
es that all gold 

ha
regulation 

ve been missed, 
[25] or amine-functionalized conjug

for ex
xic, 
ample 

then important 
the use of DN

opportunities w

at
A-

es 
AuNP

for drug 
s for genetic 

ould 

[36], where toxicity has been sho
delivery 

and e
delivery 

valuat
syst

e 
ems [25]. As such, w

nanoconjugates on 
e encour

wn to be lo
age inv

w
estig

er than pol
ators 

ymer 

generalization wherever possible.
a case-by-case basis and a

to stud
void 
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continues t

The preparation and use of functionalized gold nanoconjug

This field continues 
o be an extr

to 
emel
tantalize 

y activ

with 
the 

e and important area of resear
at

ch. 
es 

also in
major 

volving cr
disco

oss-disciplinary 
veries as well as 

in
new 

chemical 
scientific 

resear
challenges, 

ch community 
while 

out 
scientists, 

thus far pr
biologists, 

ovides onl
engineer

y a glimpse of the wide r
s, and clinicians. The 

vestigators including mat
work carried 

erials 

ange of potential 
applications for gold nanoparticles in biology and medicine.
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4.1 Introduction
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densely functionalized and hig
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structur
nucleic 

es r
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epr
(SN
esent 

A) 

both the nanoparticles (NP
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the initial work, these materials have been used 
A from which 

in man
they deri

y important
ve. Since 

of 

and in certain cases, commercially viable applications; indeed, 
, 

the
nanostructur

y have catal
es as no

yzed w
v
or
el labels 

ldwide int
for 

er
in vitr
est in using w

o biodet
ell-char

ection schemes 
acterized 

[2−7] 
[12−15], 

and 
ther

intr
apeutic 
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studies 
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much to be learned from the use of these materials, an important 
goal of this Perspective is to inspire future investigations of spherical 
and other three-dimensional (3D) nucleic acid-based structures.

Introduction

much to be learned from the use of these materials, an important 
goal of this Perspective is to inspire future investigations of spherical 
and other three-dimensional (3D) nucleic acid-based structures. 

Figure Figure 4.14.1  {A} (A) ExisExisting ting sstructural tructural fforms orms of of nucleic nucleic acids acids include include linear linear 
duplexes, duplexes, circular circular plasmid plasmid DNA, DNA, and and 3D SNA3D SNA. . (B) Nucleic acid s{B} Nucleic acid structures tructures with with 
well-defined well-defined shapshapes es are are made made naturally naturally thrthrough ough sequence selectsequence selection ion and base and base 
pairing pairing interactions interactions or thror through ough synthetic synthetic means (lemeans {left}. ft). Alternatively, Alternatively, ttemplates emplates 
such such as pras proteins oteins or sor synthetic ynthetic nanostructures nanostructures can can be used tbe used to o makmake e highly highly 
functional functional architectures architectures based based upon upon the sizthe size e and and shape shape of of the the ttemplate emplate (righ{right}. t). 
Figures Figures arare e not not drawn drawn to to scale. scale. Transfer Transfer RNA RNA image image adapadapted ted bby y permission permission from from 
Springer Springer Nature Nature CusCustomer tomer SerService vice CenCentre tre GmbH: SpringGmbH: Springer er NaNature, ture, Nature, Nature, RRef. ef. 
[33]. [33]. Copyright Copyright (2011). Nucleosome c{2011}. Nucleosome core ore adapadapted ted bby y permission permission from from SpringSpringer er 
Nature Nature CusCustomer tomer Service Service Centre Centre GmbH: SpringGmbH: Springer er Nature, Nature, Nature Nature Structural Structural & & 
Molecular Molecular BiologyBiology, , Ref. Ref. [32]. [32]. Copyright Copyright {1997}. (1997). DNA DNA origami origami imagimage e adapted adapted 
by by permission permission from from SpringSpringer er Nature Nature Customer Customer Service Service Centre Centre GmbH: SpringGmbH: Springer er 

Nature, Nature, Nature, Nature, RRef. ef. [36]. Cop[36]. Copyright yright (2003).{2003}. 



94 Spherical Nucleic Acids

4.2 The Emergence of DNA as a Surface Ligand 
for Nanoparticles

The ligands attached to a NP’s surface (the ligand shell) are 
responsible for governing much of a NP’s overall chemistry 

designed 
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with a headgr
in comple

oup moiety 
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plasmon ruler [30, 31], but they do not possess the structure and 
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this perspecti

operties of 
v
the SN

e. Furthermor
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[36−38]. 
independent of nucleic acid sequence 

The physical SNA structures described 
ationally designed 

and hybridization; 
herein are 

they are formed via chemical bonds, not recognition processes.

4.3  Structural Considerations for SNA and SNA−
NP Conjugates

SNA nanostructures are chemically quite sophisticated and can have 
mar
and their 

kedly diff
place

er
ment within such structur
ent properties depending upon the components 

fr
the

ee str
y ha

ands of the same seque
ve higher binding constants 

and subsequent 
nce [39], e

for their complements than 
es (Fig. 4.2). For example, 

xhibit cooperative binding 
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nuclease 

the need f
degradation 

sharp 
[41], and ar

melting tr
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ansitions [1, 40], 

of transf
ar
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additional functionality, all of which can be exploited in the design 
of molecular 
[51, 52], and 

diagnostic s
in materials 

yst
s
ems [11] and gene r
ynthesis 

egulating structures 
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of 

operties, 
the gener

and 
al design 
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underst
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[20]. 
of SN
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A−NP

w, w
s, 

e 
their 
outline some 

ood about the structure−function 
unusual 

relationships of these materials.

Figure 4.2 The anatomy of SNA nanostructures. An inorganic core is densely 
functionalized with oligonucleotides containing three segments: a recognition 
sequence, a spacer segment, and a chemical-attachment group. Additionally, 
other functional groups such as dye molecules, quenchers, modified bases, and 
drugs can be attached along any segment of the oligonucleotide.

	 An initial design consideration for SNA conjugates is the core 
mat
studied 

erial. The 
and hig
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hl
operties 
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of the cor
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high extinction coefficients, can be easily functionalized with a 
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When 
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to 
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NPs 
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t
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o not
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e that 
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r
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chemistry tailored to the particles of interest, which is a nontri
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ve the 
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vide infr
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r
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phosphoramidite chemistry (usually at the 5  or 3  ends, but in 
principle can be incorpor
lack of side reactions for 

at
the adsorption 

ed anywhere along 
of thiols on gold allo

¢
the sequence). 

¢
The 

for the functionalization reaction to proceed for as long as desired, 
ws 
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Table 4.1

Property Spherical nucleic acids Linear nucleic acids

Melting 
transition
Cellular uptake

Immune 
response

Stability

Properties 
from inorganic 
core

Binding 
strengthb

Cooperative and narrow 
(~2−8°C)
Transfection agents not 
required, (1−1.5) × 106 
NPs per cella

Minimal141

Nuclease resistance 
due to high local salt 
concentration41

Plasmonic, catalytic,5,20 
magnetic,43 
luminescent44

Keq = 1.8 × 1014, activated 
binding motifs150

Broad (~20°C)

Transfection agents 
required (e.g., Dharma 
FECT, Lipofectamine, Ca2+)
Elevated interferon-β 
levels (25-fold increase 
compared to DNA-AuNP 
conjugates)141

Subject to degradation 
by nucleases (e.g., DNase 
degradation 4× higher rate 
than SNA)

n/a

Keq = 1.8 × 1012

aNumbers vary depending on cell type and nucleic acid sequence. 
b 39

eqK  values for 15-mer AT-rich strand.
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and sequences 
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number of str
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e multifunctional 
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Figure 4.3  Synthesis of SNA−AuNP conjugates. Citrate-stabilized particles are 
incubated with alkylthiol-functionalized oligonucleotides in water to form a low-
density monolayer. By incubating the nanoparticles in aqueous solutions with 
successively higher concentrations of salt (typically 0.15−1.0 M) and surfactants 
over 12 h, a high-density SNA shell is formed.~
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Figure 4.4 (A) The oligonucleotides that comprise SNAs are arranged in a 
dense, oriented fashion. On a nanoparticle surface, the geometric configuration 
confers a natural deflection angle between strands. On smaller particles, this 
angle is greater due to their higher relative curvatures. Ultimately, this results 
in reduced Coulombic repulsion at the termini of the strands, and hence 
higher densities in the overall structure. (B) The density of oligonucleotides 
of SNA−AuNP conjugates is controlled in part by the salt concentration of the 
NP/DNA incubation solution. A higher salt concentration results in a higher 
oligonucleotide density. For 15 nm particles, this range spans ~50−200 strands/
particle. Reprinted with permission from Ref. [75]. Copyright (2009) American 
Chemical Society.
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Figure 4.5 (A) Schematic illustration of the aggregation and dispersion of SNA−
AuNP conjugates and the corresponding SPR shift of the Au cores. Dispersed 
particles are red, whereas aggregated particles are purple. Targets can be 
DNA, me

~

tal ions, or any molecule that the SNA shell has been programmed to 
recognize and bind. (B) Aggregation results in the red shift of the SPR (from 520 
nm to 600 nm) and a visible red-to-purple color transition of the particles in 
solution. Reproduced with permission from Ref. [78]. Copyright © 2011, John 
Wiley and Sons. (C) Compared to duplexes of free-strand DNA, which dissociates 
over a broad temperature range, the melting transitions of SNAs are sharp and 
occur over a very narrow temperature range due to the cooperative binding 
of the nucleic acids in the SNA shells. Reprinted with permission from Ref. 
[6]. Copyright (2005) American Chemical Society. (D) Melting temperatures of 
duplexes labeled with

~
 a quencher (green) and a fluorophore (purple), duplexes 

on silica particles ( 100 nm  in diameter), and SNA−AuNP conjugates  (13 nm 
in diameter). The melting transition of free and silica particle-bound duplexes 
are similar because the density achieved on silica particles is typically low 
(1/30th that of the SNA−AuNP conjugates). The melting transition of SNA−AuNP 
conjugates occurs at higher temperatures due to the properties of the dense 
SNA shell.
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the non-close-packed bcc lattice if the particles are added in equal 
amounts 
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Figure 4.6 (A) Schematic illustration of DNA-programmable nanoparticle 
assembly into ordered superlattices (fcc lattice shown). TEM images show the 
transition from disordered aggregate (10 nm AuNPs shown) to ordered lattices 
(30 nm AuNPs shown) after annealing at a temperature slightly below the 
melting temperature of the aggregate. TEM image of the ordered NPs from Ref. 
[95]. Reprinted with permission from AAAS. The programmable parameters that 
can be controlled using this technique are (B) the lattice parameter, which can 
be tuned by using different linker lengths and NP diameters (figure not to scale), 
(C) NP shape, where directional bonding of different anisotropic NPs leads to a 
variety of one-, two-, and three-dimensional lattices, and (D) crystallographic 
symmetry, which can be controlled by linker lengths, linker sequences, and 
molar ratios of particles. Panel B is reprinted by permission from Springer 
Nature Customer Service Centre GmbH: Springer Nature, Nature Materials, Ref. 
[85]. Copyright (2011).

	 This system has evolved to one that offers a high level of 
predictability based upon a set of design rules that we recently 
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introduced [95]. The seven rules, which are summarized below but 
explained in detail elsewhere [95, 153], are as follows:
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in the 
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4.7 Moving beyond Spherical Conjugates to 
Other Forms of 3D Nucleic Acids

In addition to size-dependent properties, many physical and optical 
pr
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operties 
o NP
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e dependent 
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of DNA-functionalized anisotropic particles in the formation of 
nonspherical 3D nucleic acids (Fig. 4.7A).

Figure 4.7 (A) Illustration of 3D SNA conjugates formed from different particle 
templates: spheres, rods, and triangular prisms. (B) Schematic demonstrating 
the difference between anisotropic 3D nucleic acid hybridization and SNA 
hybridization. Reprinted with permission from Ref. [115]. Copyright (2011) 
American Chemical Society.
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4.8 Diagnostics
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strategies can be used to detect any target that has the ability to 
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Figure 4.8 (A) Schematic illustration of a scanometric detection assay. A 
chip is synthesized with capture strands for a number of different targets. The 
targets will hybridize to the appropriate spots if they are present. The chip is 
then exposed  to a  solution of SNA−AuNP probes, which will hybridize  to  the 
appropriate  targets  if  they  are  on  the  chip.  The  binding  of  the  SNA−AuNP 
probes can be visualized by reducing metal ions (Ag or Au) on the NP cores, 
which creates a macroscopic structure. The SNA probes can be modified with 
many recognition elements, such as antibodies, which allows for the detection 
analytes beyond nucleic acid targets. (B) Large macroscopic structures created 
by reduction of Ag (left) and Au (right). The Au is a better signal enhancer due 
to its mechanism of reduction, which results in larger macroscopic particles. 
(C) Read-out of a scanometric detection assay. If the target is present, the 
macroscopic structure can be detected via light scattering and a conventional 
optical flat-bed scanner. A bright spot indicates that target is present, and the 
signal intensity permits quantification of target concentration. Panels B and C 
reprinted with permission from Ref. [71]. Copyright (2009) American Chemical 
Society.
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Figure 4.9 (A) Synthesis of hollow SNAs. Alkyne-modified oligonucleotides 
are adsorbed onto AuNPs, which then catalyze the cross-linking of the alkyne 
groups. After purification from excess oligonuceotides, the cores are dissolved 
with potassium cyanide, which yields hollow SNAs. (B) Schematic of hollow 
SNAs interacting with scavenger receptors in the cell membrane, which induces 
endocytosis of the particles. Reprinted with permission from Ref. [20]. Copyright 
(2011) American Chemical Society.
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Figure 4.10 (A) Oligonucleotide density determines the cellular uptake 
numbers of SNA−NP conjugates; higher densities result  in more particles per 
cell. Reprinted with permission from Ref. [74]. Copyright (2007) American 
Chemical Society. (B) SNAs are degraded much more slowly by nonspecific 
serum nucleases compared to duplexes of the same sequence. In an in vitro 
experiment where the concentration of nuclease was at elevated levels to 
shorten experimental time windows, less than 10% of the SNA duplexes were 
degraded after 300 min. In contrast, all of the free duplexes are completely 
degraded in 200 min. Reprinted with permission from Ref. [148]. Copyright 
(2011) American Chemical Society. (C) Relative amounts of interferon-β 
produced after  transfection with  SNA−AuNP conjugates  and  lipoplexed DNA. 
Reprinted with permission from Ref. [141]. Copyright (2009) American Chemical 
Society. (D) Gene knockdown of siRNA-based SNA conjugates is more persistent 
than with lipoplexed siRNA. Studies show that this effect is likely due to the 
higher stability of SNAs in biological media as compared to free duplexes. 
Reprinted with permission from Ref. [17]. Copyright (2009) American Chemical 
Society.
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Figure 4.11 SNAs offer a different paradigm for gene regulation. Negatively 
charged nucleic acids do not need to be precomplexed with synthetic positively 
charged carriers to enter cells and effect gene regulation. If the nucleic acids 
are densely oriented at the nanoscale, they enter cells in high numbers, resist 
degradation, exhibit nuclease resistance, show no apparent toxicity, and do not 
activate the innate immune response.
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4.10  Combined Intracellular Diagnostics and 
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of the sequence complementary to the target exhibit much higher 
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Figure 4.12  (A)  Schematic  of  nanoflares.  Short  fluorophore-labeled  “flare” 
sequences are hybridized to SNAs targeted for a disease gene of interest. 
Upon flare particle binding to its mRNA complement, the short flare sequence 
is displaced and released from the gold core. The flare is no longer quenched 
when it is released, and therefore a large signal increase is observed. (B) SKBR3 
cells, which overexpress survivin, are treated with nanoflare probes targeted for 
survivin (left) and a nonsense control (right). Samples treated with the survivin 
flare  show  3  times  the  fluorescence  of  cells  treated  with  the  control  flare 
particles. Reprinted with permission from Ref. [11]. Copyright (2007) American 
Chemical Society.
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Figure 5.1 (a) The table of “programmable atom equivalents” arranges nucleic 
acid–nanoparticle conjugates across multiple dimensions: composition, shape, 
and size. In reality, this table extends nearly infinitely in the size dimension 
within the nanoscale regime, and for many material compositions, further into 
the shape dimension. Not all particles in this nanoscale ‘periodic table’ have 
been experimentally realized, and some (semi-transparent images in the table) 
represent potential building blocks that may be discovered in future synthetic 
efforts. This table merely presents a representative concept to demonstrate 
that the table of PAEs has an inherently larger number of variables than the 
corresponding Periodic Table of the elements, rather than imply that there is a 
specific relationship between different blocks in the table. Thus, it is best used 
as an empirical guide to aid in materials development, rather than an inherent 
representation of the intrinsic properties and characteristics of these materials. 
(b) The core composition and manner of bonding are compared between 
atoms and PAEs. Note that the comparison being drawn is only in the structural 
sense—DNA strands are the “glue” holding the nanoparticles in place and are 
not expected to directly mimic all of the inherent properties of electrons (such 
as band structure or orbital shape). In this sense, bonds between spherical 
PAEs could be considered more analogous to metallic-type bonds, while 
more covalent-like interactions can be observed by imparting anisotropy to 
nanoparticle interactions.
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sub-nm level precision in interparticle distances (i.e., “bond 
lengths”), can be attained, simply by synthesizing a DNA strand of a 
specified number of nucleobases.

	 In addition to altering superlattice symmetry by controlling the 

DiscussionDiscussion 1147 

sub-nm level preClslOn in interparticle distances (i.e., "bond 
lengths"), can be attained, simply by synthesizing a DNA strand of a 
specified number of nucleobases. 
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building building blocks blocks of the same sizof the same size e and and composition composition by by changing changing the the nanature ture of of 
the the nuclenucleic ic acid acid bonds bonds (e.g. (e.g. nucleobase nucleobase sequence, sequence, lenglength). th). Top: Top: a a single, single, self­self-
complementary complementary nucleic nucleic acid sequence acid sequence enables enables all all PAEs PAEs tto o bond bond to to one anotherone another. . 
This This situation situation results results in in a a crcrystal ystal structure structure thathat t mamaximizes ximizes the tthe total otal number number of of 
nearest nearest neighborneighbors s ffor or each parteach particle icle within within a a lalattice: ttice: face-centered face-centered cubic cubic (FCe). (FCC). 
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bonding interactions for each particle shape. Note, however, that in this 
assembly strategy, each surface is densely functionalized with oligonucleotides. 
Below each nanoparticle is the corresponding ball-and-stick model of its 
bonding pattern and an electron microscopy image of synthesized particles. 
Scale bars in electron microscopy images are 100 nm.
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characterization. These data indicate that the nanoparticles have 
been 
physicall

lock
y 
ed 
mor

in 
e 
place 
robust 

by 
than 

the silica 
the DN

netw
A duple

ork, 
x
w
es. 

hich 
Ongoing 

is chemica
work 

ll
in 
y and 

area involves understanding the full extent of stability conferr
this 

and examining the collecti
ed 

unencapsulat
behaviors of 

ed 
the 

structur
encased 

es 
structur
ve plasmonic, 

where possible. 
es and comparing 

catalytic, and magnetic 

Althoug
them to the 

represents a step in the right 
h this strategy 

 
needed depending on the int

It would also be beneficial 
ended use of the lattices.
direction, other strategies may still be 

fr
t either 

super
materials 

o 

lattices di
om 

rectl
the 

y at a spec
solution 

ific 
phase 

surface location. Ideall
to surfaces, 

transf
or 
er 

to 
super

grow 
lattice 

the 

t
to 
o 

contr
atomic 

ol la
la

y
y

er
er 

-b
deposition 

y-layer depo
needs 

sition 
to 

of 
be 

PAEs 
developed, 

in a manner 
y, a method 

such 
analogous 

layer 
that each 

f
chemical 
or int

could 
egration 

be uniquel
of these 

y tailor
materials 

ed [131–133]. 
into prot

This 

and physical properties can be measur
otype 

would both allow 

ed, 
de

and 
vices, 

allo
w
w 

her
for 

e 

great

design 
 One 

er contr
can also 

ol of super
envision 

lattice size.

and 
that it would also be advantageous to 

super
lattice 

lattice 
paramet

synthesize 
ers or the 

dynamic 
cry

nanoparticle 
ymmetry of 

structur

can 
stal s a given 

es 
nanoparticle 
in which the 

lattices 
have alread

into 
y 

“smart” 
be v

functional 
aried at will, 

structur
effecti

es. 
vel

St
y 

been made 
eps 
turning 

in this 
these 

direction 
static 

o
of 

ver 
the 

a 
so
limit

lution 
ed r

t
ange 
o vary the 

utilizing 
lattice par

the 
amet
temper

er of 
atur

DN
[62, 

these 
e or 

cry
ionic 

stals, 
strength 

134]. It is also possible to imagine 
albeit 

A hairpins 
using 

viable str
manner, as initial 

to bring 
wor

about 
k by Gang 

such 
and 
structur

cow
al 
or

changes 
kers suggests this is a 

in a reversible 

 Finally
ategy [135].

reliably synthesizing 
, now that 

nanoparticle 
substantial pr

must 
super

ogress 
lattices, 

has been made towards 

utilize 
be 
their 

put 
pr

int
operties 

o developing 
(e.g., optical, 

new w
plasmonic, 
ays to anal

mor
yze 

e 
and 
resear

ultimat
ch effort 

ely 

v
It 

ariety 
has long 

of tunab
been 

local 
le 
known that individual nanoparticles 

magnetic, 
possess 

catal
a 

ytic). 

phenomena that 
wide 

26, 32, 
en

40, 
vironment 

41]. The 
and 

DN
position
A-based 

 of near
are 

by 
significantl

nanoscale 
y 
objects 
affected 

[3, 
b

4, 
y the 

18, 

int
allo

erparticle 
ws such par

distance, 
ameters 

number 
to be tailor

assembl
ed 

y 
(these 

strategy 
par

discussed
amet

 herein 

of nearest neighbors, 
ers 
number 

include 
of 



157
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Figure 6.1 Differentiating nanoscale DNA bonds. (A) Multiple strand crossover 
events and DNA hybridization produce a conformationally constrained molecule 
with a rigid core. (B) A rigid nanoparticle acts as a scaffold for the immobilization 
and organization of DNA strands in a surface-normal direction.
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