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T
he properties of alkanethiol-
protected Au nanoparticles, also
known as monolayer-protected clus-

ters (MPCs), are size-dependent. In addition

to the well-known relationship between Au

core size and physical properties such as

optical absorbance, the molecular packing

in the alkanethiol self-assembled monolayer

(SAM) also varies with core size, leading to

variations in the properties of the MPC.1

Packing density of the monolayer decreases

and disorder increases, moving away from

the particle surface. This can be understood

on the basis of the volume per molecule,

which increases for spherical particles as the

square of the radius with distance from the

particle center (in the shape of a truncated

cone), but does not change with distance

from a plane.2 Consequently, phase transi-

tions can be observed in MPCs for high mo-

lecular packing densities, at which SAMs

on planar Au surfaces are quasi-crystalline

and do not exhibit these transitions.3 Re-

duced steric hindrance due to the curved

surface of the particle can also facilitate su-

perior partitioning of solutes into the SAMs4

and increased reactivity of the SAM

molecules.5,6 The MPC core size depen-

dence is most important for few-

nanometer-diameter particles, with dode-

canethiol packing densities on larger core

sizes (�10 nm) having properties more

similar to planar Au.3

In this issue, Mirkin and co-workers dem-

onstrate related curvature effects for mono-

layers of thiolated DNA on Au nanospheres

10�200 nm in diameter (Figure 1).7 The

DNA oligonucleotides differ from the al-

kanethiols introduced above both in their

greater length (e.g., a 25-nucleotide se-
quence has an estimated length of nearly
10 nm, as compared with �2 nm for dode-
canethiol) and their greater intermolecular
repulsions, due largely to the negative
charge of the phosphodiester backbone.
On planar Au surfaces, maximum coverages

for single-stranded (ss) DNA are on the or-

der of �5 � 1013 molecules/cm2 (2 nm2/

molecule),8 as compared with 4.2 � 1014

molecules/cm2 (0.2 nm2/molecule) for

dodecanethiol.9

DNA:Au nanoparticle conjugates have

already found use as building blocks for

nanomaterials and in a wide range of differ-

ent analytical and bioanalytical detection

strategies, including schemes based on
their high density, their ability to bind large
numbers of probe molecules, and their op-
tical properties (e.g., intense absorbance
and scattering, surface-enhanced spec-
troscopies).10 For example, DNA:Au conju-
gates have been used to detect prostate-
specific antigen at attomolar levels11 and
recently were employed to detect telom-
erase activity in just 10 HeLa cells without
PCR amplification.12 In addition to signal
amplification, these conjugates can provide
improved selectivity due to their sharper
melting curves, which result from multiva-
lency on the particle surface.13,14 Selectivity
for perfectly matched sequences over those
containing a single mismatch was improved
threefold by substituting DNA:Au conju-
gates in place of fluorescently tagged DNA
due to the cooperativity possible for the
conjugates.15 Antisense DNA:Au bioconju-
gates have been used to bind intracellular
mRNA in living cells for gene regulation or
RNA detection.16,17 Careful characterization
of the DNA environment on the particle sur-
face is crucial to understanding and control-
ling the behavior of these conjugates at
the high level required for ultimate use in
medical diagnostics, gene therapy, or elec-
tronic applications.

DNA Surface Coverage and Curvature. DNA sur-
face coverage is traditionally controlled via
solution conditions during assembly (i.e.,
ionic strength, DNA concentration, diluents)
and is extremely important for many
DNA:Au bioconjugate properties, including
the stability of the conjugates, and the ac-
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ABSTRACT DNA-coated Au

nanoparticles have myriad applications as

versatile building blocks in nanomaterials

assembly, powerful amplification tags for

bioanalysis, and promising new

approaches to medical therapeutics.

Characterization, control, and a thorough

understanding of the DNA surface interface

are essential in the development of these

conjugates. A new paper in this issue

explores the impact of nanosphere

diameter on DNA adsorption and

demonstrates that particle curvature plays

an important role in controlling the DNA

surface density. The study proposes a

model that can be used to predict DNA

packing on nonspherical particles and

validates it using Au nanorods. This work

paves the way for improved understanding

of the DNA:Au interface in these versatile

bioconjugates.
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cessibility of bound oligonucle-
otides for hybridization to comple-
mentary strands, or enzymatic
processing.18,19 In this issue, Mirkin
and co-workers highlight particle
size as an additional key variable:
as the curvature of the Au surface
increases, it is possible to pack con-
siderably more oligonucleotides
into a given area. Because DNA cov-
erage is strongly dependent upon
electrostatic repulsion due to the
negative charges on adjacent
strands, Mirkin and co-workers at-
tached their DNA at a relatively high
salt concentration, 1 M, to screen
the charges during DNA adsorption.
They found that the molecular area
occupied by each 25-nucleotide
DNA strand decreased threefold
from nanospheres with 200 to 10
nm diameters, from a maximum of
15 nm2 (6.8 � 1012/cm2) for the larg-
est particles to only 5 nm2 (2.0 �

1013/cm2) for the smallest (Figure
2).7 These DNA packing densities
were observed for adsorption un-
der identical conditions and can
therefore be ascribed as resulting
from differences in particle radius
of curvature. The effect is most strik-
ing for the smallest diameter par-
ticles: molecular area increased

more than twofold for particles be-

tween 10 and 30 nm, but essentially

leveled off by 60�80 nm, where

the DNA surface density already ap-

proaches that for planar surfaces.

Bioconjugates in which thiolated

DNA oligonucleotides coat Au

nanospheres are particularly ame-

nable to surface coverage charac-

terization. Both the DNA oligonucle-

otides and the Au nanospheres are

well-characterized, relatively stable,

and commercially available in a vari-

ety of sizes. The attachment chemis-

try is straightforward, with the

thiol�Au interaction dominating,

facilitating single-point attachment

of the DNA. Perhaps most impor-

tantly, thiolated DNA strands can be

displaced from the Au surface by

excess of a short-chain thiol (e.g.,

2-mercaptoethanol or dithiothrei-

tol), releasing the DNA for analysis.

Demers et al. introduced a method

for determination of DNA coverage

in which fluorescently labeled, thi-

olated DNA is attached to Au nano-

spheres and then quantified after its

removal.19 Removal prior to quanti-

fication is important because Au

particles can effectively quench the

fluorescence of bound fluoro-

phores.20 These measurements can

be quite accurate because it is pos-

sible to know the Au surface area in

solution based on the size of the

particles, which can be prepared

with �10% variability in diameter,

and based on the number of par-

ticles in solution, which can be fol-

lowed via their extraordinarily high

extinction coefficient. Mirkin and

co-workers were able to determine

DNA coverage with standard devia-

tions of ca. 10%, sufficient to enable

robust conclusions about the role

of particle curvature in determining
maximum DNA packing densities.

Using their experimentally deter-
mined ssDNA coverages to calcu-
late molecular footprints as a func-
tion of particle curvature, Mirkin and
co-workers derived a formula to
predict the surface coverage of thi-
olated ssDNA on the surface of non-
spherical particles, in this case Au
nanorods (35 nm diameter, 475 nm
long).7 Their calculated surface cov-
erage on the nanorods was within
the error of the experimental cover-
age measurement. The same basic
approach should enable prediction
of oligonucleotide coverages on
other particle shapes. Generalizing
to different DNA sequence lengths
may require collection of additional
footprint data for the various par-
ticle curvatures but should be rela-
tively straightforward following the
methodology introduced in this pa-
per. Since on most surfaces the
maximum coverage of thiolated ss-
DNA is dictated not by the density
of surface reactive groups9,21 but
rather by steric and electrostatic re-
pulsions between adjacent mol-
ecules, the approach introduced
here should translate to other
single-point DNA attachment
chemistries and other nanoparti-
cles, such as metal oxides.

Although DNA surface coverage
is known to be important for
DNA:Au bioconjugate properties,
few studies have examined the role
of curvature in these systems. In
part, this stems from the fact that
bioconjugates of larger diameter
particles are more difficult to stabi-
lize than their smaller diameter
counterparts; preparations for par-
ticle diameters up to 250 nm require
some changes in the DNA adsorp-

Figure 1. Depiction of thiolated DNA immobilized on 10, 30, and 60 nm Au nanoparticles and a planar Au surface. Blue sections
represent the hexyl group linking the thiol to the DNA strand (green).

As the curvature of the

Au surface increases, it

is possible to pack

considerably more

oligonucleotides into a

given area.
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tion procedure.22 Larger diameter

Au nanoparticles have been shown

to carry a substantially greater num-

ber of thiolated ssDNA strands on a

per particle basis, making them at-

tractive for biobarcode assays, in

which these strands are ultimately

released to serve as part of an am-

plification scheme.22 Experiments

that compare particle sizes have

demonstrated that electrostatic re-

pulsions during ssDNA adsorption

are important in determining not

only the DNA coverage but also its

variation with particle curvature.

When adsorbed at moderate salt

concentrations (0.3 M NaCl), DNA

coverage did not vary strongly with

particle diameter in the 15 to 80 nm

diameter range, in contrast to what

was observed at 1 M NaCl.7,22 Ad-

sorption at 1 M NaCl is desirable for

achieving high DNA coverages,

which can facilitate cellular uptake

of DNA:Au conjugates23 and protect

the bound DNA from enzymatic

degradation by nucleases.24

Consequences of Curvature. The con-

sequences of increased curvature

and reduced surface coverage are

related but distinct. For example, at

constant DNA surface coverage, one

might anticipate improved binding

of complementary strands from so-

lution on more highly curved sur-

faces, due to greater molecular vol-

umes away from the particle

surface. This should be especially

true for sequences attached to the

particles via long vertical spacers,
which would enable the hybridiza-
tion reaction to occur entirely in the
lower molecular density region
away from the particle surface. In
contrast, for hybridization-induced
assembly of two or more particles
carrying cDNA strands, particle cur-
vature might reduce the number of
DNA duplexes that spanned the
particles since the surfaces present-
ing the DNA strands curve away
from each other (Figure 3). A re-
cent article by Hill, Hurst, and Mir-
kin25 elegantly demonstrated the
importance of curvature in this type
of two-particle hybridization sys-
tem. They designed pairs of DNA:Au
conjugates for which only the last
few bases were complementary,
and “slipping” these bases away
from a perfect match would yield
reduced stabilization via non-
Watson�Crick interactions. For ex-
ample, if the terminal bases were
�CGCT on particle 1 and TGCG�

on particle 2, slipped interactions
between just the terminal CT/TG or
even T/T could provide some addi-
tional stability, albeit less than the
complementary CGC/GCG interac-
tion. They probed the importance of
the slipped interactions using a se-
ries of terminal sequences and
found that those leading to more
stable slipped interactions led to
particle assemblies with markedly
higher thermal stability. They then
compared melting behavior for
DNA:Au nanoparticle assemblies
formed with spherical nanoparti-
cles to those formed with prism-
shaped nanoparticles and found
that the nanoprisms, which have
flat slides and thus less curvature,
were not sensitive to slipping inter-
actions. The nanoprism assemblies
also exhibited higher melting tem-
peratures, consistent with a greater
number of fully complementary in-
teractions due to the reduced cur-
vature along their sides.25

Curvature in Other Nanobioconjugates.
Peptides adsorbed to Au nanoparti-
cles via cysteines or other thiol moi-
eties also show curvature-
dependent properties. For example,

cellular uptake of peptide:Au conju-
gates in which the surface cover-
age of an arginine-rich peptide was
held constant was more effective
for 30 nm as compared with 60 nm
Au particles.26 Vibrational spectros-
copy has been used to evaluate
peptide secondary structure on Au
nanoparticles for comparison with
free peptides and those bound to
planar surfaces. The effect of par-
ticle curvature on peptide second-
ary structure is not general for all
peptide sequences. Mandal and
Kraatz showed that the secondary
structure of a leucine-rich peptide
that was �-helical in solution
adopted a primarily �-sheet confor-
mation on 5 nm diameter particles
and increasing �-helical character
as particle size was increased.27

They attributed this to differences
in intermolecular interactions be-
tween adjacent molecules at differ-
ent particle curvatures. In contrast, a
different peptide, designed to
adopt a 310 helical structure, main-
tained a conformation similar to
that in solution even on �3 nm par-
ticles, participating in both inter-
and intramolecular hydrogen bond-
ing interactions.28 Still another re-
port shows greater �-helical con-
tent for peptides bound to
nanoparticles as compared to the
free molecule.29 The sensitivity of
peptide secondary structure to lo-
cal environment and the propensity
for binding interactions between
adjacent peptide molecules both
point to sequence as an important

Figure 2. Impact of Au nanoparticle diameter on
thiolated DNA surface coverage. Adapted from
ref 7. Copyright 2009 American Chemical Society.

Figure 3. Illustration of base pair slip-
ping during particle assembly due to hy-
bridization of DNA on the Au nanoparti-
cles. Adapted from ref 25. Copyright
2009 American Chemical Society.
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factor in the response of peptides
to particle curvature.

A variety of more complex nano-
bioconjugates have been prepared
in which various types of biomole-
cules (including not only DNA or
peptides but also proteins and
other biological or biologically ac-
tive molecules) were bound to
spherical and nonspherical par-
ticles of metals, polymers, metal ox-
ides, or semiconductors.30 For
globular proteins, the general trend
regardless of nanoparticle composi-
tion is that greater native-like struc-
ture and function is retained on
smaller, more highly curved par-
ticles; however, this is not true for
all systems.31�34 Serum protein ad-
sorption is thought to occur for
nanoparticles of essentially any
composition upon exposure to se-
rum35 and to mediate nanoparticle
uptake by cells. Curvature-
dependent differences in the ad-
sorption of these proteins may help
explain the unexpected observa-
tion of improved cellular uptake for
50 nm diameter citrate-capped Au
than for either larger or smaller par-
ticles.36 These examples under-
score that particle curvature effects
can be less straightforward for pro-
teins and peptides as compared to
alkanethiols or ssDNA, due to the
greater number of ways in which
these molecules can interact with
the surface and/or each other.
Nonetheless, particle curvature re-
mains a key variable in the proper-
ties of the conjugates. In any appli-
cation, the properties of
nanobioconjugates will depend

upon their composition. Successful

transitions from the academic labo-

ratory environment to diagnostic

laboratories or other real-world ap-

plications will require that these

composite materials have well-

defined compositions and robust,

reproducible behavior. Knowledge

of and control over the biomole-

cule:particle stoichiometry is there-

fore critically important for realizing

the promise of these materials.
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