1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
Plasmonics. 2007 August 1; 2(4): 193-199. doi:10.1007/s11468-007-9034-y.

Phase Transition and Optical Properties of DNA-Gold
Nanoparticle Assemblies

Young Sunl, Nolan C. Harrisz, and Ching-Hwa Kiang2
1 Institute of Physics, Chinese Academy of Sciences, Beijing, People’s Republic of China

2 Department of Physics and Astronomy, Rice University, 6100 Main St. - MS 61, Houston, TX
77005, U.S.A

Abstract

We review recent work on DNA-linked gold nanoparticle assemblies. The synthesis, properties, and
phase behavior of such DNA-gold nanoparticle assemblies are described. These nanoparticle
assemblies have strong optical extinction in the ultraviolet and visible light regions; hence, the
technique is used to study the kinetics and phase transitions of DNA-gold nanoparticle assemblies.
The melting transition of DNA-gold nanoparticle assemblies shows unusual trends compared to those
of free DNA. The phase transitions are influenced by many parameters, such as nanoparticle size,
DNA sequence, DNA grafting density, DNA linker length, interparticle distance, base pairing
defects, and disorders. The physics of the DNA-gold nanoparticle assemblies can be understood in
terms of the phase behavior of complex fluids, with the colloidal gold interaction potential dominated
by DNA hybridization energies.

Keywords
DNA,; Nanoparticle; Phase transition; Disorder

Introduction

DNA plays a crucial role in all living organisms because it is the key molecule responsible for
storage, duplication, and realization of genetic information [1]. Since the discovery of DNA’s
double-helix structure in 1953 [2], numerous disciplines have embraced this biomolecule —
from biology, medicine, materials, chemistry, to physics. In particular, with recent rapid
development in nanotechnology, the versatile DNA molecule has found many applications
ranging from biology and medicine to biotechnology and computing.

DNA has shown a great potential in self-assembly of nanostructures and devices. A variety of
DNA-based nanostructures have been successfully synthesized during the past several years,
such as DNA-linked metal nanoparticles [3-6], semiconductor particles [7-10], fullerene
molecules [11], DNA-directed nanowires [12-14], and DNA-functionalized carbon nanotubes
[15-20]. The unique physical properties of nanoscale solids (dots, nanowires, nanotubes) in
conjunction with the remarkable recognition capabilities of DNA molecules could lead to the
development of miniaturization of biological electronics and optical devices to include probes
and sensors. Such devices may exhibit advantages over existing technology not only in size
but also in performance. There have been plenty of good examples that utilize nanostructured
materials conjugated with DNA molecules as novel biosensors [21-31].
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DNA-linked gold nanoparticle assembly is a prototype of DNA-based nanostructures (see Fig.
1). The optical properties and phase transition of this system have attracted considerable interest
because understanding of these properties would provide essential information about DNA-
based nanotechnology as well as phase transitions in colloidal systems [32]. These structures
are assembled using individual strands of DNA modified at their ends with an alkanethiol
group, creating a chemical affinity for gold nanoparticles. Adding a complementary linker
DNA sequence induces hybridization of DNA into a double helix, resulting in self-assembly
of gold nanoparticles and a visual change in the optical properties of the solution. The color
change brought about by aggregation has generated the possibility that DNA-linked
nanoparticles may become a tool for DNA detection technology, which has numerous
applications in medical research, including diagnosis of genetic diseases, RNA profiling, and
biodefense [33-37]. Furthermore, these assemblies may also be used as an alternative
technology to genechips [38] and single-molecule sequencing [39]. It has been shown that this
method can detect certain single-base defects, such as a one-base mismatch or deletion [40].

Moreover, it is becoming clear that DNA confined to surfaces behave differently from free
DNA in solution. Experiments have so far demonstrated that phase transitions for this system
are unique, making DNA-linked nanoparticles a new class of complex fluids [41-44]. These
assemblies are formed from the non-covalent hydrogen bonding between single strands of
DNA, making the aggregation process reversible. Unlike the broad melting transition for
double- to single- stranded DNA, DNA-linked nanoparticle networks display a sharp transition
from aggregated to diffuse phase, proving that melting of these assemblies is not simply a DNA
duplex denaturation process. Therefore, DNA-gold nanoparticle assemblies provide a model
system for the study of surface-attached DNA melting and colloidal phase transition.

In this article, we review recent work on DNA-gold nanoparticle assemblies. The paper is
organized as follows: The second section (“Synthesis of DNA-gold nanoparticle assemblies™)
describes the methods of synthesizing DNA-gold nanoparticle assemblies. The third section
(“Optical Properties™) introduces the basic optical properties of DNA-gold nanoparticle
assemblies. The fourth and fifth sections (“Effects of external variables on the phase transition”
and “Effects of disorder and defects on the phase transition™) summarize the effects of various
external parameters and disorders on the phase transition. The last section contains concluding
remarks (“Conclusions”).

Of Dna-Gold Nanoparticle Assemblies

In 1996, Mirkin and coworkers first described a method of assembling colloidal gold
nanoparticles into macroscopic aggregates using DNA as linking elements [3]. This built up a
base for the study of DNA-gold nanoparticle assemblies. As illustrated in Fig. 2 (top), the
preparation of DNA-gold nanoparticle assemblies usually involves two batches of gold
particles that are functionalized, using thiol groups, with non-complementary DNA (probe) of
sequences a and b, respectively. When another DNA (linker) with a complementary sequence
a’b’is introduced, the gold nanoparticles self-assemble into aggregates because of the hydrogen
binding between DNA bases. This process can be reversed when the temperature is raised,
which results in breaking of the hydrogen bonds, i.e. melting of the DNA double helix.

In addition to the linker method, the DNA-gold nanoparticle assemblies can also be synthesized
without a linker DNA [45]. Figure 2 (bottom) shows two batches of gold particles
functionalized with DNA oligonucleotides with sequences a and b, respectively. Sequence a
is complementary or partly complementary to sequence b. When these two batches are mixed,
the direct hybridization between aand b results in self-assembly of gold particles that eventually
form aggregates. Because of the molecular recognition properties associated with the DNA
interconnects, the above strategies allow one to control interparticle distance, strength of the
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particle interconnects, and size and chemical identity of the particles in the targeted
macroscopic structure.

Optical Properties

Itis well known that DNA bases have a strong optical absorption in the ultraviolet region (~260
nm). Meanwhile, the surface plasmon of gold nanoparticles causes a strong extinction in the
visible light region (~520 nm). The extinction coefficient of a collection of gold particles is
dependent on the size of the aggregates. The change in the extinction reflects the aggregation
of the gold nanoparticles. Thus, optical absorption spectroscopy is used to study the melting
properties of DNA-gold nanoparticle assemblies. The kinetics of aggregation of DNA-linked
gold nanoparticles is studied by measuring the optical absorption spectrum as a function of
time at room temperature [41], as illustrated in Fig. 3 (top).

Upon adding linker DNA, the DNA hybridization leads to aggregation of gold nanoparticles,
as demonstrated in the gold surface plasmon peak (520 nm) shift of the DNA-modified gold
nanoparticles [46,47]. The calculated spectra of the assembly process is shown in Fig. 3
(bottom). The assembly starts with the wavelength shift of the plasmon band, followed by
broadening and more shifting of the peak as hybridization continues. These results indicate
that initial aggregation is accompanied by increasing volume fraction, followed by increasing
network size [41,42].

Optical absorption spectrum is also used to monitor the melting properties of the DNA-gold
aggregates. Due to hypochromism, which results from unpaired DNA bases absorbing light
more efficiently than paired DNA bases, the absorption intensity at 260 nm increases as a result
of DNA melting. Meanwhile, the melting also results in sharp changes in the gold nanoparticle
extinction coefficient due to the dissociation of the aggregate. Therefore, the melting can be
monitored as a function of temperature at either 260 or 520 nm. The melting curves at both
wavelengths are observed to be similar, demonstrating that these melting processes are closely
correlated [41].

Effects Of External Variables On The Phase Transition

Much like other colloidal suspensions [48-50], DNA-gold nanoparticle assemblies have been
shown to exhibit unique phase behavior. The aggregation and melting of these assemblies are
sensitive to several experimental parameters, including nanoparticle size [41], DNA grafting
density [51], DNA length, interparticle distance, and electrolyte concentrations.

Figure 4 (top) displays the melting curves for 10-, 20-, and 40-nm gold particle assemblies
with linker DNA [41]. The melting transition width is about 5 K, compared to 12 K for melting
of free DNA. The transition width, as well as the melting temperature, has been modified by
the binding to gold particles. It is also evident that the melting properties depend on the gold
nanoparticle size. For bigger gold particles, the melting temperature is higher. Figure 4 (bottom)
shows the melting curves from theoretical calculations, which are consistent with the
experimental observations and provides insight into the aggregation mechanism.

A high DNA grafting density on the gold nanoparticle is expected to provide an advantage in
increasing hybridization efficiency. Experimental results [51] show that, for temperature below
70 °C, the melting temperature is proportional to the DNA grafting density when the
nanoparticle and target concentrations are kept constant. Also, a slight broadening of the
melting transition was observed as DNA density decreases.

The interparticle distance is another parameter to control the melting properties. As gold
nanoparticles are linked together via DNA hybridization, the amount of extinction due to
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scattering is influenced by the interparticle spacing. Interparticle distance also influences van
der Waals and electrostatic forces between the particles, weakly affecting duplex DNA stability
and hybridization properties. Experimental results show that the melting temperature increases
with the length of the interparticle distance for temperatures below 70 °C, and there is a linear
relationship between the two [51].

The melting behavior of DNA-linked nanoparticle assemblies also depends on the salt
concentration. The melting temperature increases as salt concentration is increased from 0.05
to 1.0 M while keeping the nanoparticle and linker DNA concentration constant [51].
Moreover, increasing salt concentration also results in larger aggregates, as evidenced by a
larger absorption change during melting. It is believed that the salt brings about a screening
effect that minimizes electrostatic repulsion between the DNA-DNA bases and between the
nanoparticles, hence, strengthening the effect of the linker bond.

Effects Of Disorder And Defects On The Phase Transition

The melting temperature of the DNA-gold nanoparticle assemblies depends not only on many
external experimental parameters, but also on disorder and defects in the DNA base-pairing.
Experimental results show an unusual trend in the melting temperature of DNA-nanoparticle
assemblies brought about by the disorder introduced when using linkers that result in DNA
duplexes of unequal length [53]. It was observed that, in DNA-nanoparticle assemblies with a
fixed interparticle distance, the melting temperature does not increase monotonically with
DNA linker length, unlike that of analogous free DNA duplexes, as illustrated in Fig. 5.

As the length (measured in number of bases) of linker DNA increases, the melting temperature
of nanoparticle assemblies increases more when DNA linkers are composed of an even number
of bases and increases less or decreases otherwise. For example, ina DNA-nanoparticle system
with two noncomplimentary 12-base probes, a 22-base linker was observed to have a higher
melting temperature than a 23-base linker. Note that a DNA linker with an even number of
bases forms DNA duplexes of equal length, whereas a linker with an odd number of bases
creates unequal duplex lengths. Continuing from the above example, a 22-base linker forms
an 11-base duplex on each probe, while a 23-base linker forms an 11-base duplex on one probe
and a 12-base duplex on the other. Despite the binding energy gain that results from increasing
DNA linker length from 22 to 23 by a single base, DNA linkers with an odd number of bases
result in DNA probe sets with unequal duplex lengths and, thus, different binding energies,
thereby introducing disorder into the assembly and lowering the system’s overall stability.

The melting temperature of DNA-linked nanoparticle aggregates also depends on the types
and locations of base-pairing defects within the linker DNA sequence. While it has been
suggested that the DNA-gold nanoparticle assemblies can distinguish single base defects using
change in melting temperature, it has also been shown that not all base-pairing defects result
in a decrease in melting temperature for an aggregate [54]. In a study of different defects, to
include base pair mismatches and deletions of different types, number, and location, the
surface-bound DNA in nanoparticle assemblies was observed to have different hybridization
behavior than free DNA, as illustrated in Fig. 6.

Itis found that some single base mismatches and deletions near the surface of the probe particles
increase melting temperature of the DNA-nanoparticle assembly. Specifically, one- and two-
base deletions at the ends of certain linker DNA sequences are shown to increase the melting
temperature of the DNA-nanoparticle system. It is concluded that deletions at the end of the

linker, or at the particle surface, tend to increase melting temperature because they decrease

electrostatic repulsion between the particle surface and the nearby paired base. Particular single
base defects, such as a single AA base pair mismatch at the end of the linker sequence, increase
the melting temperature of DNA-nanoparticle aggregates. This is because different DNA bases
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have different levels of affinity for gold particle surfaces. The cases where single base
mismatches at the surface of a probe particle increase the melting temperature of the assembly
can be attributed to nonspecific binding between the surface and the unpaired, dangling base.
These results demonstrate that melting temperature of DNA-nanoparticle systems can be used
to distinguish single base defects within linker DNA sequences; however, hybridization
behaviors for surface-bound DNA differ from those of free DNA, and this should be considered
when using this system for detection purposes.

Conclusions

Due to its unique recognition capabilities, physicochemical stability, mechanical rigidity, and
high precision processibility, DNA is a promising material for biomolecular nanotechnology.
The study of DNA-based nanostructures is, hence, an attractive topic. This review describes a
model system of such DNA-based nanostructures, i.e., the DNA-gold nanoparticle assemblies.
The preparation and the optical properties investigated using optical absorption spectroscopy
are described in detail. The melting transition of DNA-gold nanoparticle assemblies differs
from that of free DNA. The phase transitions are influenced by many parameters, such as
nanoparticle size, DNA sequence, density, length, interparticle distance, and electrolyte
concentration. The change in optical property due to self-assembly of DNA-linked
nanoparticles demonstrates that the system has potential to be used as a novel technology for
DNA detection. In addition, the DNA-gold nanoparticle network is a system with
experimentally tunable parameters that can be used to study the properties of complex fluids.
The organization and structure of the system will allow us to explore compelling science that
is not found in other less ordered systems like a gel. Understanding of the phase behavior of
such a novel nanoparticle system may lead to the development of improved sensitivity and
accuracy in DNA detection that can take advantage of the unique behavior of DNA-gold
nanoparticle assemblies.
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Fig. 1.

Schematic of the aggregation and network formation of DNA-linked gold nanoparticles in
solution. Gold nanoparticles are dispersed in solution and self-assemble when linker DNA is
introduced. The particles aggregate into amorphous, gel-like structures. Reprint from Kiang
[41]
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a’'b’

Fig. 2.

Top: Schematic of DNA-linked nanoparticle assembly formed from two non-complementary
nanoparticle probes and a linker DNA sequence that is complementary to both probes.
Bottom: An alternative method of DNA-nanoparticle network synthesis, in which no linker
DNA is used, and the DNA attached to the gold particles are complementary to one another.
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Fig. 3.

Top: Optical absorption spectra during DNA-linked gold nanoparticle aggregation. Adding
linker DNA to the system results in a shift and broadening of the gold surface plasmon peak
at 520 nm. Reprint from Kiang [41]. Bottom: Calculated extinction spectra for DNA-linked
metal nanosphere assemblies of increasing size. The match between theory and experiments
helps us to understand the particle aggregation process. Reprint from Lazarides and Schatz

[46].
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Fig. 4.
Top: Normalized experimental melting curves from extinction spectra taken at 520 nm for

DNA-linked gold nanoparticle assemblies with various particle sizes. Reprint from Kiang
[41]. Bottom: Melting curves from calculated extinction spectra at 520 nm as a function of
particle size. The inset shows the melting curves for free DNA duplexes and particle-attached
DNA with different aggregated structures. The shape and relative shifts of melting temperature
calculated from a reaction-limited cluster-cluster aggregation cluster of 1000 particles
resembles the experimental melting curves. Reprint from Park and Stroud [52].
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Fig. 5.

Trends in melting temperature with respect to DNA linker length for DNA-linked nanoparticle
assemblies. Experimental data for 10- and 20-nm gold nanoparticles, as well as free DNA in
solution, are shown. The solid line represents melting temperatures for free DNA predicted
from an empirical equation. Reprint from Harris and Kiang [53].
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Melting temperatures for nanoparticle assemblies with various linker DNA defects. The
melting temperature for analogous sequences of free DNA is always lower with the presence
of defects, whereas the melting temperature of surface-attached DNA sometimes increases
when there is a defect in DNA base-pairing. Reprint from Harris and Kiang [54].
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