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Study of Gold Nanorods Aggregation
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Gold nanorods (AuNRs) were used as spectroscopic sensing elements to detect specific DNA sequences with a
single-base mismatch sensitivity. The assay was based on the observation that the stabilizing repulsive forces
between CTA"-coated AuNRs can be removed by citrate ions, which causes aggregation among AuNRs;
whereas nucleic acids of different structures| i.e., peptide nucleic acid (PNA), single-stranded DNA (ssDNA),
PNA-DNA complex, and double-stranded DNA (dsDNA)] can retard the aggregation. Moreover, the dsDNA
PNA-DNA duplexes provide larger retardation than that by unhybridized ssDNA and PNA probe. This assay
can differentiate single-base mismatched targets with base substitution at different locations (center and end)
with AuNRs of a larger aspect ratio. Besides ultraviolet—visable spectroscopy measurement of particle assembly-
induced plasmonic coupling that in turn provides a spectroscopic detection of the specific DNA, dynamic light
scattering and transmission electron microscope (TEM) were used to measure smaller degree of aggregation that

can reveal sodium citrate—- and dsDNA—-AuNRs interactions in fine detail.

Introduction

NOBLE METAL NANOPARTICLES (mNPs) have unique op-
tical properties that arise from their ability to support a
localized surface plasmon resonance (LSPR) (Murray and
Barnes, 2007; Stewart et al., 2008). The LSPR properties can be
adjusted by changing inter-particle distance (i.e., altering the
dispersion/aggregation status), and this will result in an ob-
servable color change of the mNPs solution or a shift in LSPR
spectrum (Zhao et al., 2008). This phenomenon has captured
great attention and is widely applied in colorimetric detection
of biological molecular interactions and/or biological pro-
cesses that can alter the particles” aggregation and dispersion
status.

Attributed to the ease of synthesis and biofunctionaliza-
tion, spherical mNPs (e.g., gold and silver nanoparticles) have
been widely used as colorimetric sensing probes to detect a
large variety of analyses (e.g., nucleic acids, proteins, enzymes
etc) (Zhao et al., 2008).Compared with the wide application of
spherical mNPs, the use of nonspherical nanoparticles with
anisotropic configuration has always been underdeveloped.
So far, the colorimetric assays employing nonspherical na-
noparticles remain limited except the few examples using
gold nanorods (AuNRs) (Dujardin et al., 2001; Pan et al., 2005;
Sudeep et al., 2005; Huang et al., 2007; Nakashima et al., 2007;
Wang et al., 2007; He et al., 2008; Li et al., 2008).

AuNRs exhibit 2 distinct Plasmon resonance bands arising
from their anisotropic configuration, transverse bands and
longitudinal bands, which correspond to the oscillation of
electrons in the shorter and longer axis respectively. These 2
bands are reflected on the plasmon resonance spectrum as 2
distinct peaks. The longitudinal band is extremely sensitive to
changes in local environment and interparticle distance
(Perez-Juste et al., 2005) that depends on the aggregation and
dispersion status. The principles used in designing AuNR-
based aggregation assays are similar to those using gold na-
noparticles (AuNPs) as a probe, that is, a cross-linking
mechanism facilitated through formation of chemical bonds
between receptor-modified-AuNRs (Sudeep et al., 2005; Na-
kashima et al., 2007; Wang et al., 2007; Li et al., 2008) and a
non-crosslinking mechanism that involves the controlled re-
moval of stabilization forces of unmodified AuNRs (Jain etal.,
2006; Huang et al., 2007; Kawamura et al., 2008; Sethi et al.,
2009). Attributed to the anisotropic configuration of AuNRs,
there are 2 manners through which the nanorods aggregate,
end-to-end and side-by-side, whereby the rods join at the tips
and sides, respectively. End-to-end aggregation is character-
ized by a significant red shift of longitudinal peak and re-
tainable transverse peak on LSPR spectrum (Pan et al., 2005;
Sudeep et al., 2005; Nakashima et al., 2007; Sethi et al., 2009;
Varghese et al., 2008; Zhen et al., 2009). Side-by-side aggre-
gation is signified by a red shift of transverse peak and blue
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shift of longitudinal peak (Dujardin et al., 2001; Pan et al.,
2005; Nakashima et al., 2007; Wang et al., 2007). The distinct
fashions through which aggregates are formed imply regions
on which aforementioned receptor molecules are coated.

AuNRs are synthesized in a solution of hexadecyl-
trimethylammonium bromide (CTA*Br~: CTAB) (Perez—
Juste et al., 2005). The resulting AuNRs have a positively
charged CTA™ bilayer that provides repulsion forces to sta-
bilize the AuNRs. Introduction of negatively charged species
can neutralize the surface charge and thus remove the stabi-
lization forces that in turn cause aggregation through
hydrophobic-hydrophobic interaction whereby insoluble
AuNRs are grouped together by water molecules (Jain et al.,
2006; Huang et al., 2007; Kawamura et al., 2008; Sethi et al.,
2009).

In a previous work (Kanjanawarut and Su, 2010), we re-
ported that the trivalent sodium citrate ion can largely ag-
gregate AuNRs and double-stranded DNA (dsDNA) or
DNA-peptide nucleic acid (DNA-PNA) hybrids can retard
sodium citrate-induced AuNRs aggregation better than a
single-stranded DNA or PNA probe. Using ultraviolet-
visiable (UV-vis) spectroscopy, we detected DNA hybridiza-
tion based on the spectrum shift. In this current paper, we
extended the study designed DNA assay with the following
extensions. Firstly, not only UV-vis spectroscopy but also
dynamic light scattering (DLS) was used to reveal the fine
details of AuNRs aggregation under different sampling con-
ditions (i. e., sodium citrate or dsDNA of low to high con-
centration). DLS is one of the most popular methods used to
determine particle size. Shining a monochromatic light beam,
such as a laser, onto a solution with particles in Brownian
motion caused a Doppler shift when the light hits the moving
particle, changing the wavelength of the incoming light. This
change is related to the size of the particle (Urban and
Schurtenberger, 1998; Murdock et al., 2008). We have previ-
ously proved that with spherical gold nanoparticles, DLS can
observe a smaller degree of aggregation by direct measure-
ment of particle size than UV-vis spectroscopy, which mea-
sures size change based on plasmon coupling (Murdock et al.,
2008). In this study using DLS we have observed a smaller
degree of AuNR aggregation as seen under transmission
electron microscope image (TEM), but which is not detectable
under UV-vis measurement. Secondly, we compared different
nucleic acids molecules (dsDNA, single-stranded DNA
[ssDNA], PNA-DNA complex, and PNA) in their ability to
retard the citrate ion-induced aggregation, and discussed
their distinct behavior with the support of i TEM measure-
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ment. Thirdly, we evaluated the sensitivity of the assay using
AuNRs of different aspect ratios (ARs) and found that AuNRs
of a higher aspect ratio are more sensitive than those with
lower aspect ratios in response to aggregation forces. Lastly,
we have demonstrated that this assay is highly feasible, being
able to detect single-base mismatches at different positions
(i.e., having a mismatch-position selectivity), which is im-
possible by the solid-liquid phase method, like surface plas-
mon resonance spectroscopy. The development of rapid
methods for detecting single-nucleotide polymorphisms
(SNP) and identifying specific SNP positions in short DNA
bases is practical for diagnostic and nucleic acid therapy re-
search (July et al., 2004; Zienolddiny et al., 2012).

Methods and Materials
Reagent

Supernatant of gold nanorods (deionized water with
<0.1% ascorbic acid and <0.1% CTAB surfactant capping
agent) of 25-nm radius and aspect ratio of 2.5 (62 nm length),
30 (73nm length), and 3.5 (86 nm length) were purchased
from the Nanopartz™ Inc. The trisodium citrate dihydrate
(99.9%) was obtained from Aldrich. Ultrapure water (18MQ,
prepared with Millipore Elix 3 purification system) was used
as solvent for nucleic acid and sodium citrate. Single-stranded
DNA probe (13-mer and 20-mer) and their fully comple-
mentary target and 1-base mismatch targets for the 13-mer
probe (with the base substitutes at either center or end) were
purchased from Research Biolabs Pte Ltd. Thirteen-mer and
twenty-mer PNA probe was synthesized by the Eurogentec
S.A. Leige. (See Table 1 for sequences of nucleic acids used).To
form DNA-DNA and PNA-DNA duplexes, DNA target was
annealed with the DNA or PNA probes at a 1:1 molar ratio in
phosphate buffered saline buffer (pH 7.2) containing 0.1IM
NaCl, 0.001M EDTA for 5 minutes at 92°C.

Apparatus and characterization

UV-vis absorption spectra were measured using TECAN
infinite M200 spectrophotometer (Tecan Trading). Ninety-six-
well clear flat bottom UV-transparent microplates (Corning
Incorporated) were used as reaction carriers. Zeta potential
measurements were carried out using a Zeta Plus zeta potential
analyzer (Brookhaven Instruments). Zeta Plus dynamic light
scattering particle size analyzer (Brookhaven Instruments) was
used to measure the size distribution and effective hydrody-
namic diameter of the AuNRs and their aggregates.

TaBLE 1. OLIGONUCLEOTIDE SEQUENCES

Oligonucleotides (denoted name) Sequences
13-mer PNA (PNA13) N’-TTCCCCTTCCCAA-C’
13-mer ssDNA (ssDNA13) 5-TTCCCCTTCCCAA-3’
13-mer target DNA Fully complementary (fc13) 5-TTGGGAAGGGGAA-3’

Single-base mismatch at center (m113c)
Single-base mismatch at end (m113e)

20-mer PNA (PNA20)
20-mer ssDNA (ssDNA20)
20-mer fully complementary DNA (fc20)

5- TTGGGAGGGGGAA-3’

5- TTIGGGAAGGGGAC-3
N-TTGCACTGTCCTCCTCTTGA-C’
5-TTGCACTGTACTCCTCTTGA-3
5-TCAAGAGGAGTACAGTACAA-3’

PNA, peptide nucleic acid; ssDNA, single-stranded DNA.
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Sodium citrate- and dsDNA-induced AuNRs aggregation

For UV-vis spectroscopy measurement of AuNRs aggre-
gation induced by sodium citrate, 150 pL. AuNRs in a 96-well
plate was mixed with sodium citrate (final concentration of
sodium citrate was 0.5-2.5mM) for 1 minute, and UV-vis
spectra was taken from 400 nm to 900 nm wavelengths. The
same aggregation experiments were performed for DLS
measurement with 2.5mL of AuNRs solution and the same
concentration of sodium citrate.

To study the behavior of AuNRs in dsDNA, 150 uL. AuNRs
(for UV-vis measurement) and 2.5mL of AuNRs (for DLS
measurement) was mixed with 13-mer dsDNA (final con-
centration 0.5-3.0 pM) prior to the UV-vis spectrum scan and
DLS measurement. For DLS, two sets of measurements con-
sisting of 10 runs each were conducted.

Nucleic acids retarded aggregation and DNA detection

In 150 pL. of AuNRs solution, 1.875puL of 40 uM nucleic
acids (i.e., ssDNA, PNA, or preannealed dsDNA and PNA-
DNA complex) were added, followed by addition of 15 uL of
10 mM sodium citrate. The final concentration of the nucleic
acids and sodium citrate are 0.5 tM and 1.0 mM, respectively.
After 1 minute of incubation, UV-vis spectra were scanned
from 400 nm to 900 nm wavelengths.

Results and Discussions

UV-vis and DLS measurement of AuNRs aggregation
induced by sodium citrate and short dsDNA

Figure 1A is the UV-vis spectra of AuNRs (AR 2.5) in the
presence of sodium citrate of different concentration. A con-
centration of 2mM of citrate ion is required to aggregate the
AuNRs (437 pM) to the degree that is detectable under UV-vis
spectrum. We believe the aggregation is caused by the neu-
tralization of positive charges by the negatively charged cit-
rate ions that remove the stabilizing repulsive forces between
AuNRs. Based on the UV-vis adsorption spectrum, we inter
that the aggregates formed mainly adopt a side-by-side ar-
rangement as shown by the red shift and the blue shift of the
transverse and longitudinal peaks, respectively. The reason
for this observation is presumably that the CTA" coating
density (i.e., charge density) is higher along the longitudinal
rather than the tip (Sudeep et al., 2005). Therefore, more citrate
ions will be attracted electrostatically to the longitudinal, re-
sulting in greater charge neutralization and larger longitudi-
nal (side-by-side) aggregation. In addition, we believe the
more preferable formation of side-by-side aggregation rather
than end-to-end is a result of greater surface area of contact at
the side, which confers stronger van der Waals force between
AuNRs.

The sodium citrate-induced AuNRs aggregation is further
evidenced by dynamic light scattering (DLS) characterization
that measures the size distribution and effective particle size.
It is notable that DLS characterization can measure AuNP
aggregation at a smaller degree under a lower concentration
of sodium citrate than UV-vis spectrophotometery, which
is an indirect measurement of size through particle size/
distance-determined plasmon coupling. In DLS size distri-
bution profiles (Fig. 1B), when sodium citrate concentration is
as low as 1.0 mM, a small but noticeable population of parti-
cles of larger size was observed. On the other hand, only a
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FIG.1. Gold nanorod (AuNR; AR 2.5) aggregation induced
by sodium citrate (SC) at concentrations of 0, 0.5, 1.0, 1.5, 2.0,
and 2.5mM, measured using (A) UV-vis spectroscopy and
(B) dynamic light scattering. In (B), from (a) to (f), the final
concentration of sodium citrate is 0, 0.5, 1.0, 1.5, 2.0, and
2.5mM. The corresponding effective particle sizes (deg) are
222402, 224+.2, 247405, 249+04, 196.2+1.7, and
252.4+4.5nm, respectively. AR, aspect ratio. Color images
available online at www. liebertpub.com/nat

large degree of aggregation is measured by UV-vis at 2.0 mM
sodium citrate, whereby the effective diameter increases sig-
nificantly to 196.2 nm.

Besides citrate anions, other negatively charged species
such as dsDNA should be able to induce aggregation among
AuNRs, and this has been proven previously by using large
genome DNA (Dujardin, 2001; Pan et al., 2007). For the 13-bp
dsDNA oligos, we didn’t observe detectable AuNRs aggre-
gation under UV-vis spectroscopy for the tested DNA con-
centration up to 3uM (Fig. 2A). However, under DLS, we
detected the increase of effective size at 0.5uM of 13-bp
dsDNA (Fig. 2B). Zeta potential measurement confirmed the
coating of dsDNA oligo to AuNRs by showing a surface
charge decrease from +53.3+1.8mV to +49.1+1.6mV. The
decreased charge density due to the neutralization is then
responsible for the slight aggregation only measured using
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(A) Ultraviolet/visible (UV-vis) spectroscopy and (B) Dynamic light scattering of AuNR solutions (AR 2.5) in the

presence of 13-bp double-stranded DNA (dsDNA) at concentrations of (a) 0; (b) 0.5; () 2.0; and (d) 3.0 tM. The corresponding des
for each is 21.8+£0.6,25.2+0.4, 28.4+0.7, and 30.3+0.9 nm, respectively. (C) Schematic illustration of coagulation of AuNRs induced
by a short oligo dsDNA and the (D) corresponding TEM image of AuNRs (25nm, AR 3.5) in the presence of 0.5uM of 13-bp
dsDNA. AR, aspect ratio; TEM, transmission electron microscope. Color images available online at www.liebertpub.com/nat

FIG. 3. (A) Differential aggregation
of AuNRs (AR 3.0) induced by sodium
citrate (0.5mM) in the presence of 20-
mer PNA, PNA-DNA complex,
dsDNA, and single-stranded (ss)
DNA. Oligonucleotide concentration is
1uM. Sodium citrate was added 1
minute after oligonucleotides were
mixed with AuNRs. The mixture was
scanned after 1 minute of incubation.
(B) Schematic illustration of formation
of side-by-side aggregate of PNA-
coated AuNRs and corresponding
TEM image. Color images available
online at www.liebertpub.com/nat
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DLS. The exceptional coagulating effect of dsDNA (as at
concentration as low as 0.5 pM) relative to sodium citrate (mM
range) can be explained by the presence of two strands of
negatively charged phosphate backbones. Electrostatic at-
traction between the anionic phosphate backbone and posi-
tively charged CTA " coating on one AuNRs can bridge two
AuNRs together as illustrated by Fig. 2C. Additional attrac-
tion between AuNRs in addition to van der Waals forces
when dsDNA is used as coagulant that results in high degree
of aggregation even at low concentration. TEM image (Fig.
2D) confirmed the small degree of aggregation (i.e., the ap-
pearance of small population of dimer or trimer with side-by-
side arrangement).

Oligonucleotides can protect AuNRs
from citrate-induced aggregation measured
as retarded UV-vis spectrum shift

In the previous session we have shown that dsDNA can
coat on AuNRs and induce minor degree of nanrods assembly
detectable under DLS, but not under UV-vis spectroscopy. In
this session we further demonstrate that dsSDNA and nucleic
acids of other forms (i.e., ssDNA, PNA probe, and PNA-DNA
hybrids) have apparent protection of AuNRs from sodium
citrate-induced aggregation under UV-vis measurement.
Furthermore, the protection effect is of different degree de-
pending on the molecular form (Fig. 3A). For the dsDNA,
ssDNA, and PNA-DNA complex, they contain phosphate
backbones that are overall negatively charged. They can thus
coat onto AuNRs by electrostatic attraction between CAT™*
and negatively charged phosphate groups of the nucleic acids
and then create locally negatively charged regions on the
rods. This provides repulsion against citrate ions (negatively
charged) and retards the neutralization of positive charges on
AuNRs surfaces by citrate ions. Hence, the aggregation is
slowed down. The degree of protection with various oligo-
nucleotides can be explained by the amount of electrostatic
charges carried. Given that the number of bases is constant,
assuming that the ssDNA molecule carries 1 whole unit of
negative charge, the corresponding PNA molecule therefore
carries less than 1 unit of charge. Hence, the amount of
charges carried by oligonucleotides of the same base number
iss PNA (TM™)<ssDNA (-1 unit)<PNA-DNA complex
(TM™ and -1 unit)<dsDNA(-2 units due to double helix
structure). The repulsion against citrate ions increases across
the series, which connotes greater protection.

Since these negatively charged nucleic acids are mainly
attracted electrostatically toward the longitudinal axis where
the CTA™ density is higher, citrate ions will likely experience
greater charge repulsion if they approach the longitudinal,
leading to them coating mainly on the tips (transverse) where
there is less ssDNA, dsDNA or PNA-DNA protection. Hence,
the aggregate will be built up by end-to-end AuNRs aggre-
gation. This hypothesis can be confirmed by the slight red
shift of the longitudinal peak of ~5nm for dsDNA and PNA-
DNA cases. In the case of PNA molecules, the fact that slightly
positively charged PNA molecules (a lysine residue at one
end) are also able to retard the aggregation (to a small extent)
due presumably to the repulsion between the electronegative
oxygen and nitrogen atoms, which bear TM™ charges, and the
negatively charged citrate ions. Since PNA are slightly posi-
tively charged, it would approach AuNRs at the tips (less
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CTA™ density), resulting in side-by-side AuNRs aggregation
when citrate ions are added (Fig. 3B).

Retarted aggregation by ssDNA and dsDNA over time

In previous session, we scanned UV-vis spectrum upon
addition of citrate ions to show the aggregation and retarded
AuNRs aggregation by DNA. To better understand the ag-
gregation kinetics, we perfromed UV-vis scan over 60 min-
utes, for cases where dsDNA and ssDNA are present (Fig. 4).
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FIG. 4. Time-dependent AuNRs (AR 2.5) aggregation in-
duced by sodium citrate (0.5 mM) in the presence of (A) ssDNA
and (B) dsDNA. DNA concentration is 0.5pM. (C) A summary
of aggregation degree (measured as Agq drop) over 60 minutes.
Color images available online at www liebertpub.com/nat
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FIG. 5. Differential aggregation of AuNRs containing 20-mer PNA-DNA complex induced by various concentrations of
sodium citrate in different aspect ratios of AuNRs (A) AR 2.5 (25nm and 62nm length) and (B) AR 3.5 (25nm and 87 nm
length). Color images available online at www liebertpub.com/nat

It is interesting to see that the aggregation become more and
more over time, for both the cases. The summary of aggre-
gation degree measured using A600 (Fig. 4C) shows that the
difference between dsDNA and ssDNA cases increase with
prolonged assay time, indicating that detection of DNA hy-
bridization or formation of dsDNA, prolonged assay time
may introduce higher sensitivtiy.

Since this assay detects DNA hybridization based on the
distinct structural properties between dsDNA (rigid and
heavy negative charges) and ssDNA (flexible and coiled
structure), it would work for longer sequences (>20-mer).
This is because the longer the sequence, the more significant is
of the structural difference between double helix and ssDNA
(longer ssDNA is more flexible and adopts a largely coiled
structure) (Zhang et al., 2001). Saying so, we must acknowl-
edge that for DNA of longer sequences the assay conditions
(SC concentration and DNA-AuNRs incubation time, etc.)
would be re-determined.

Aspect ratio dependence of AuNRs aggregation

The maximum absorption of the longitudinal plasmon
resonance peak of AuNRs shifts to a longer wavelength when
aspect ratio is increased (Tao et al., 2008). Previous study has
shown that AuNRs of larger AR ratio are more responsive to
aggregation factors. We investigated this phenomenon by
using 25nm AuNRs of 2.5 and 3.5 AR. Figure 5 shows the UV-
vis spectra of these AuNRs containing PNA-DNA complex
(20bp) with sodium citrate of 0.5, .0, 1.5, and 2.0 mM. Results
show that for the same diameter, AuNRs of smaller aspect ratio
(shorter length) are more stable than those of larger aspect ratio
(longer length). This is because the smaller aspect ratio has a
shorter longitudinal axis so that less citrate ion is required in the
presence of PNA-DNA complex-coated AuNRs. However, the
trend of stability of different aspect ratios is the converse of
sensitivity effect; the sensitivity increases with the increase in
aspect ratio of the nanorods, as previously reported (Perez
etal., 2004; Hu et al., 2006). This result guided us to use AuNRs
of 3.5 AR to detect DNA hybridization and especially a single-
base mismatch at different location.

Detecting specific locations of mismatch substitution
in single-base mismatch target

Mismatch targets having the substituted base at different
locations (center vs. terminus) can be differentiated using the
assay developed. After hybridizing 13-mer DNA probe with
its mismatch target, we found that the probe hybridized with
a single base mismatch (m1) target with its mismatch at the
center was less effective in protecting AuNRs from aggregation
(Fig. 6) than target with the mismatch at the end. This result
concurs with that obtained by others using oligonucleotide mi-
croarrays and neural network analyses (Hidetoshi et al., 2002), in
which a mismatch at the center was found to have greater de-
stabilizing effect on dsDNA than when it is at the end. Hence,
equilibrium between DNA probe and m1 target lies more to
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FIG. 6. UV-vis spectra of AuNRs (aspect ratio 3.5 and axial
diameter 25nm) with 13-mer DNA probe being hybridized
with its 1-base mismatch targets having a A — G substitution
at the center or an A — C substitution at end, followed by the
addition of citrate (1.0 mM). The mixture was incubated for
1 minute before scanning the UV-vis spectrum. DNA con-
centration is 0.5uM. Color images available online at
www liebertpub.com/nat
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the dissociated side when the mismatch is at the center. In
other words, for the center mismatch target, there will be a
smaller amount of dsDNA in the solution to exert the pro-
tection effect, causing the particles aggregate more than in the
case with the mismatch at the end.

Conclusion

We have demonstrated that negatively charged species
(citrate ions and dsDNA oligos) can induce aggregation
among AuNRs, and DLS can observe a much smaller degree
of AuNR aggregation than UV-vis spectroscopy. We have
shown that oligonucleotides of different geometries (PNA,
ssDNA, PNA-DNA complex, and dsDNA) and base number
(13-mer, 20-mer) can adsorb onto CTA*-coated AuNRs and
protect AuNRs from citrate-induced aggregation. Further-
more, the dsDNA and PNA-DNA complex have more sig-
nificant effect than their respective probes (i.e., ssSDNA and
PNA). By employing this principle, we have developed UV-
vis spectroscopy based assay using AuNRs as a probe for
detecting nucleic acid hybridization DNA. This assay confers
high efficiency with no tedious on-particle hybridization and
can produce colorimetric response quickly. Moreover, this
assay also demonstrates high sensitivity and selectivity to-
wards single-base mismatch at different location.
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