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Abstract A simple, two-step method of producing
stable and functional peptide nucleic acid (PNA)-
conjugated gold nanoparticles using a surfactant
stabilization step is presented. PNA are DNA analogs
with superior chemical stability and target discrimi-
nation, but their use in metallic nanoparticle systems
has been limited by the difficulty of producing stable
colloids of nanoparticle-PNA conjugates. In this
work, the nonionic surfactant Tween 20 (polyoxyeth-
ylene (20) sorbitan monolaurate) was used to sterically
shield gold surfaces prior to the addition of thiolated
PNA, producing conjugates which remain dispersed
in solution and retain the ability to hybridize to
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complementary nucleic acid sequences. The conju-
gates were characterized using transmission electron
microscopy, dynamic light scattering, and UV—visible
absorbance spectroscopy. PNA attachment to gold
nanoparticles was confirmed with an enzyme-linked
immunoassay, while the ability of nanoparticle-bound
PNA to hybridize to its complement was demonstrated
using labeled DNA.
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Introduction

DNA-gold nanoparticle conjugates belong to a class
of hybrid materials that merge the specific molecular
recognition ability of biomaterials with the size-
tunable chemical and physical properties of nano-
scale materials. They have a wide range of applica-
tions including biosensing, targeted drug delivery and
gene regulation (Rosi and Mirkin 2005). The conju-
gation of DNA to gold nanoparticles was first
reported in 1996 for the formation of larger particle
assemblies organized by sequence-specific DNA
hybridization (Alivisatos et al. 1996; Mirkin et al.
1996). The attachment of DNA to gold nanoparticles
is uncomplicated since thiol-terminated DNA strands
attach strongly and specifically to gold surfaces, and
the negatively charged phosphate backbones of the
strands maintain electrostatic repulsion between
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individual gold nanoparticles (Mirkin et al. 1996).
Stable gold nanoparticle-DNA conjugate dispersions
(where the particles do not aggregate uncontrollably)
can thus be produced while maintaining the ability of
DNA to hybridize to complementary strands.
However, the limited chemical stability of DNA
(Lindahl 1993) compromises its utility in “dirty” field
environments or in complex sample matrices. Peptide
nucleic acid (PNA), a DNA mimic, has gained recent
attention as a superior probe molecule for such
applications. PNA consists of an uncharged polyamide
backbone made of repeating N-(2-aminoethyl)glycine
units; nucleobases are joined to the backbone by
methylene carbonyl linkages (Nielsen et al. 1991).
PNA hybridizes to complementary DNA and RNA
sequences due to comparable intermolecular distances
and nucleobase configurations (Nielsen et al. 1991;
Egholm et al. 1992; Egholm et al. 1993), while its
uncharged peptide backbone creates a more discrim-
inating probe molecule. Its lack of electrostatic
repulsion to DNA strands allows PNA to bind
complementary sequences even in solutions of low
ionic strength, and while PNA-DNA duplexes exhibit
a higher thermal stability than corresponding DNA—
DNA duplexes, sequence mismatches are more desta-
bilizing (Egholm et al. 1993). In addition, PNA is
chemically robust and is not susceptible to degradation
by nucleases or proteases (Demidov et al. 1994).
Despite these advantages of PNA, it has not super-
seded DNA in nanoparticle-based schemes because the
attachment of PNA to gold nanoparticles has so far
proven difficult (Lytton-Jean et al. 2009; Murphy et al.
2004). The addition of thiolated PNA to citrate-stabi-
lized gold nanoparticle dispersions results in the imme-
diate agglomeration and precipitation of the particles.
The uncharged, thiolated PNA strands presumably
displace citrate anions from the gold surface, allowing
these uncovered areas to bind irreversibly to other
exposed gold cores, making the dispersions highly
unstable. To date, reports of successful attachment of
PNA to gold nanoparticles have required the use of
unconventional probe motifs. Negative charges were
imparted to PNA strands either from amino acid
residues at the tethered end (Chakrabarti and Klibanov
2003; Murphy et al. 2004), or through the creation of
PNA-DNA chimeras (Murphy et al. 2004). Although
these modifications have allowed for the conjugation of
PNA to gold nanoparticles without loss of colloid
stability, PNA functionality was compromised.

@ Springer

In this work, a facile method for producing stable
and functional gold nanoparticle-PNA (AuNP-PNA)
conjugates is presented. The nonionic surfactant
polyoxyethylene (20) sorbitan monolaurate (Tween
20) was used to mediate the exchange between the
citrate anions on the surface of the gold nanoparticles
and thiolated PNA strands. Surfactant concentrations
above the critical micelle concentration (CMC) have
previously been shown to prevent the aggregation of
gold nanoparticles through the physisorption of free
surfactant molecules prior to the chemisorption of
alkanethiols (Aslan and Perez-Luna 2002). Similarly
in this work, Tween 20 was added in large excess and
allowed to adsorb onto the gold nanoparticle surfaces
prior to the addition of thiolated PNA. Excess
surfactant and PNA were removed by centrifugation
and rinsing with dilute surfactant solution. The AuNP-
PNA conjugates were then resuspended in fresh dilute
surfactant solution to maintain the steric protection
provided by the surfactant molecules. Characteriza-
tion of the particle size distributions of citrate-
stabilized, surfactant-stabilized, and PNA-conjugated
gold dispersions was performed using transmission
electron microscopy (TEM), dynamic light scattering
(DLS), and UV-visible absorbance spectroscopy.
PNA attachment onto gold nanoparticles and the
hybridization of gold nanoparticle-bound PNA to
complementary labeled DNA sequences were verified
using enzyme-linked immunoassays.

Materials and methods
Chemicals and reagents

Gold(IIT) chloride trihydrate, trisodium citrate dihy-
drate, sodium chloride, Tween 20, and sulfuric acid
were purchased from Sigma-Aldrich (USA). Horserad-
ish peroxidase-conjugated streptavidin, peroxidase-
conjugated anti-digoxin, and 3,3',5,5 -tetramethylbenz-
idine (TMB) were purchased from Pierce (USA). Milli-
Q water with resistance >18 M€/cm was used in all the
experiments.

Oligonucleotides

All oligonucleotide sequences used are shown in
Table 1. PNA sequences were purchased from
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Table 1 Oligonucleotide sequences used in this study

Name Sequence (N-C/5'-3")

PNA UniR N-HS-O000-CAGCMGCCGCGGTAATWC-EE-Biotin-C

PNA 008 N-Biotin-EE-GTGCAACAATCCCACC-O0O00-SH-C

PNA 010 N-Biotin-EE-CAACACCATGTGAACTG-0O000-SH-C

DNA linker 5'-GGTGGGATTGTTGCAC-TTTTTTT-Digoxigenin-TTTTTTT-CAGTTCACATGGTGTTG-3’

Italicized portions of the DNA linker are complementary to PNA 008, while portions in bold are complementary to PNA 010. E
linkers in the PNA sequences were added to prevent self-aggregation, while O spacers extend the immobilized probe sequence from
the surface. The UniR sequence contains the degenerate bases M (either adenosine or cytosine) and W (either adenosine or thymine)

Panagene (Korea). The DNA linker sequence was
obtained from Integrated DNA Technologies (USA).

Gold nanoparticle synthesis and characterization

Gold nanoparticles were synthesized by the reduction
of 1 mM gold(IIl) chloride trihydrate with 30 mM
trisodium citrate dihydrate (Grabar et al. 1995). The
resulting particles were characterized using TEM,
DLS, and UV-visible absorbance spectroscopy. A
Philips CM-10 transmission electron microscope
(accelerating voltage 92 kV) equipped with a Gatan
BioScan model 792 digital camera was used to image
gold nanoparticles. DLS measurements were per-
formed at 20 °C using a Zetasizer Nano ZS (Malvern
Instruments, UK) with a 4 mW He—-Ne laser (633 nm
wavelength), and the solvent refractive index was set
to 1.330, while the complex index of refraction of the
particles was set to n = 0.2 and k = 3.32. Absor-
bance spectroscopy was performed using a NanoVue
spectrophotometer (GE Healthcare) using a 4 pL
sample solution volume.

Preparation of AuNP-PNA conjugates

Solutions of 10% (v/v) Tween 20 in water (final
concentration 84.6 mg/mL) and citrate-stabilized
gold nanoparticles (final concentration 3.97 nM)
were mixed and allowed to react for 30 min in a
rotisserie-type shaker at room temperature. Next,
860 pmol of biotin-labeled, thiol-terminated PNA
(final concentration 132.3 nM) was added and
incubated at room temperature in a shaker for 24 h.
The resulting dispersion was rinsed twice by centri-
fugation at 15,700g for 15 min and then resuspended
in a solution of 0.02% (v/v) Tween 20 in water.

Enzymatic assessment of PNA attachment
to AuNPs

PNA attachment to gold nanoparticles was confirmed
using the free biotin label at the end of each PNA
sequence. Gold nanoparticle dispersions were stan-
dardized to 25% of the original (citrate-stabilized)
concentration at 506 nm (Liu et al. 2007). Horseradish
peroxidase-conjugated streptavidin SA-HRP), 990 pL
of 300 ng/mL concentration in 0.02% Tween 20, was
added to 10 pL of diluted gold nanoparticle dispersion
and allowed to react for 30 min in a shaker at room
temperature. Excess SA-HRP was removed through
five rinses by centrifugation with 0.02% Tween 20 in
water. The resulting pellet from the last centrifugation
was mixed with 100 uL. TMB and incubated for
5 min. The formation of a blue product from the
reaction of TMB in the presence of horseradish
peroxidase was measured at 370 and 650 nm, the
major absorbance peaks of oxidized TMB.

Verification of functionality and specificity
of AuNP-PNA conjugates

Digoxigenin-labeled DNA (10 pmol, 10 nM final
concentration) in a solution of 200 mM sodium phos-
phate dibasic, pH 8.1 with 0.02% Tween 20, was added
to 6.48 nM of gold nanoparticle dispersion and allowed
to hybridize for 30 min at room temperature. The excess
DNA was removed by five rinses by centrifugation with
BSA blocker (bovine serum albumin 0.5% (w/v),
Tween 20 0.05% (v/v) in phosphate-buffered saline
pH 7.4) to prevent nonspecific antibody adsorption in
the next step. The remaining pellet was reacted with
1:1000 (v/v) horseradish peroxidase-conjugated anti-
digoxin (anti-dig HRP) in BSA blocker for 30 min at
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room temperature. Excess anti-dig HRP was removed
by rinsing and centrifugation as described above. The
pellet was mixed with TMB, and solution absorbance
peaks were read at 370 and 650 nm.

Results and discussion
Characterization of gold nanoparticle dispersions

TEM images (Fig. 1) of the effect of surfactant
adsorption onto gold nanoparticles before and after
the addition of thiolated PNA are shown in contrast to
citrate-stabilized particles. Figure la and b, respec-
tively, show surfactant- and citrate-stabilized particles
before the addition of thiolated PNA. The surfactant-
stabilized particles remain dispersed, with minimal
aggregation, after PNA attachment (Fig. 1c¢), while the
citrate-stabilized particles formed large crosslinked
aggregates (Fig. 1d). The AuNP-PNA conjugates
were also stable in buffers containing up to 0.3 M
NaCl for several months (data not shown). Mean
diameters obtained from the TEM images were
14.26 &+ 2.46 nm (citrate-stabilized particles), 16.25 +
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Fig. 1 TEM images of gold nanoparticle dispersions. Surfac-
tant-stabilized dispersions a before and b after the addition of
thiolated PNA. Citrate-stabilized dispersions ¢ before and
d after the addition of thiolated PNA. The scale bar in each
image is 100 nm
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Fig. 2 Particle size distributions by number of gold nanopar-
ticle solutions show increased particle sizes in the samples
exposed to thiolated PNA, indicating the formation of PNA-
conjugated gold nanoparticles

1.14 nm (surfactant-modified), and 16.05 & 1.62 nm
(PNA-modified).

The particle size distributions of the gold nano-
particle systems obtained by DLS were monomodal,
with narrow peaks (Fig. 2), indicating disperse par-
ticles. The citrate-stabilized particles yielded a DLS-
determined mean diameter (Z-average diameter) of
24.09 nm, while the surfactant-modified particles
yielded a somewhat larger mean diameter of
29.67 nm without the formation of any additional
peaks. The AuNP-PNA conjugates yielded much
larger mean diameters of 98.10, 93.42, and 102 nm
for PNA UniR, PNA 008, and PNA 010, respectively.
Since the analysis of TEM images of gold nanopar-
ticles before and after the surfactant-mediated attach-
ment of PNA revealed no apparent differences in
particle diameters, and no fused gold cores, this
discrepancy in diameter enlargement could be due to
the formation of small aggregates in solution, possi-
bly due to the weak adsorption of the biotin label
(which contains a sulfide group) to gold surfaces
(Love et al. 2005). In contrast, DLS particle size
distributions of gold nanoparticle dispersions func-
tionalized with the same PNA sequences but labeled
with a Cy5 fluorophore yielded a Z-average diameter
of 36 nm.

Normalized optical absorption spectra for the gold
nanoparticle dispersions are shown in Fig. 3. The
absorbance peak of the unmodified particles was at
~520 nm, while that of the surfactant-stabilized
particles was shifted to 523 nm. The absorbance peak
of the AuNP-PNA conjugates was further shifted to
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Fig. 3 Absorbance spectra of gold nanoparticle dispersions.
The surfactant- and PNA-treated particles exhibit slight shifts
in absorbance peak wavelengths, due to the alteration of the
dielectric constant immediately surrounding the particles.

~530 nm, with a slight increase in the absorbance
values at longer wavelengths (=600 nm). These shifts
are consistent with previously reported results for
surfactant- (Aslan and Perez-Luna 2002) and DNA-
coated (Xu and Craig 2005) gold nanoparticles.
These observed absorbance shifts are most likely
due to changes in the dielectric properties of the layer
immediately surrounding the gold nanoparticles
(Mulvaney 1996; Schmitt et al. 1999; Eck et al.
2001), and to some small amount of particle aggre-
gation. Again, biotin-gold interactions could be
responsible for this effect, as absorbance spectra
obtained from gold nanoparticles functionalized with
Cy5-labeled PNA only exhibited a 2-nm peak shift,
without absorbance increases at longer wavelengths.

Verification of PNA attachment to gold
nanoparticles

The addition of TMB to AuNP-PNA conjugate
dispersions treated with SA-HRP resulted in large
increases in absorbance at both 370 and 650 nm
compared to both citrate-stabilized and Tween 20-
treated gold nanoparticles (Fig. 4), indicative of the
oxidation of TMB and hence the presence of attached
PNA. The changes in peak absorbance values
differed for the three PNA sequences tested, with
increases of 12, 10, and 5 times that of the Tween 20-
stabilized particles for the PNA UniR, PNA 008, and
PNA 010, respectively.

Nanoparticles with PNA also show increases in absorbance
values at longer (>600 nm) wavelengths, possibly due to
interactions between the gold surface and biotinylated PNA
ends which lead to a small amount of aggregation
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Fig. 4 Verification of biotinylated PNA attachment to gold
nanoparticles through the oxidation of tetramethylbenzidine
(TMB) by horseradish peroxidase-conjugated streptravidin
(SA-HRP). SA-HRP was allowed to bind to biotinylated
PNA and unreacted molecules were removed by washing
before the addition of TMB, which is oxidized by horseradish
peroxidase. TMB develops absorbance peaks at 370 and
650 nm when it is oxidized

Specific hybridization of AuNP-PNA conjugates
to complementary DNA

Increases in TMB absorbance peak values due to the
specific hybridization of PNA probe-coated gold
nanoparticles are shown in Fig. 5. Background levels
of absorbance at 370 and 650 nm were observed for
gold nanoparticle dispersions without complementary
DNA, and for unmodified and negative control PNA
UniR-coated nanoparticles with target DNA. AuNP-
PNA conjugates allowed to hybridize with
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Fig. 5 Hybridization of complementary digoxigenin-labeled
DNA to AuNP-PNA conjugates verified using the oxidation of
tetramethylbenzidine (TMB) by horseradish peroxidase-conju-
gated anti-digoxin (anti-dig HRP). The development of TMB
absorbance peaks at 370 nm and 650 nm indicate DNA
hybridization

complementary DNA exhibited greater than a 2.5-fold
increase in absorbance at 370 nm over the background
level. Observed differences in the amount of hybrid-
ized DNA target to PNA 008 and PNA 010 could be
ascribed to sequence-dependent PNA characteristics,
which may have affected particle surface coverage
(Demers et al. 2000) and hybridization kinetics (Kus-
hon et al. 2001; Peterson et al. 2001; Armitage 2003).
The presence of free surfactant molecules in solution
should not have affected DNA recognition, since
detergents in concentrations of up to 0.1% are routinely
used in hybridization buffers for PNA hybridization
(Williams et al. 2002).

Conclusions

In this work, stable and functional gold nanoparticle—
PNA (AuNP-PNA) conjugates created using an
intermediate  surfactant stabilization step are
described for the first time. The conjugation proce-
dure is uncomplicated and requires no special mod-
ifications to commercially available thiolated PNA
sequences. The resulting conjugates retain both the
spectral characteristics of gold nanoparticles and the
ability of PNA to hybridize to its complement. This
hybrid nanomaterial can now be exploited in nano-
particle-based DNA sensing applications where the
charge neutrality, chemical robustness and high target
discrimination of PNA improves performance.
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