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We have designed a heterofunctionalized nanoparticle conjugate
consisting of a 13-nm gold nanoparticle (Au NP) containing both
antisense oligonucleotides and synthetic peptides. The synthesis of
this conjugate is accomplished by mixing thiolated oligonucleo-
tides and cysteine-terminated peptides with gold nanoparticles in
the presence of salt, which screens interactions between biomol-
ecules, yielding a densely functionalized nanomaterial. By control-
ling the stoichiometry of the components in solution, we can
control the surface loading of each biomolecule. The conjugates
are prepared easily and show perinuclear localization and an
enhanced gene regulation activity when tested in a cellular model.
This heterofunctionalized structure represents a new strategy for
preparing nanomaterials with potential therapeutic applications.

gene regulation � gold nanoparticles � heterofunctional

Nucleic acids, such as antisense oligonucleotides and small
interfering RNAs, are important research tools for gene

function analysis and are widely considered to be potential
therapeutics (1, 2). The advantage of nucleic acid–based meth-
ods for genetic regulation is their selectivity toward a comple-
mentary target conferred by Watson–Crick base pairing. How-
ever, the delivery of nucleic acids into mammalian cells remains
a major challenge, because cells are naturally resistant to the
uptake of genetic material and contain a variety of mechanisms
that degrade nucleic acids (3). In recent years, we have discov-
ered that oligonucleotide nanoparticle conjugates act as a single-
entity agent, capable of transfecting cells and regulating intra-
cellular gene expression (4). These antisense particles readily
enter cells without transfection agents because of their oligonu-
cleotide functionalization (5), are highly resistant toward deg-
radation by enzymes (4), have binding constants that are as much
as 2 orders of magnitude greater than oligonucleotides that are
free in solution (6), and can be modified with potent designer
materials such as locked nucleic acids (7). Thus, these antisense
particles overcome many of the challenges associated with the
use of oligonucleotides as genetic regulators.

During the past decade, oligonucleotide nanoparticle conju-
gates (DNA-Au NPs) have been developed for numerous mo-
lecular diagnostics assays (8) and self-assembly strategies (9). For
example, DNA-Au NPs have been used for the detection of
nucleic acids (10–15), small molecules (16, 17), metal ions (18),
ultrasensitive detection of proteins (19–24), and intracellular
mRNA (25). In addition, these materials have been used in the
synthesis of crystalline materials with predefined structures
(26, 27).

These advances have been enabled by new synthetic methods
for the preparation of Au NP–biomolecule conjugates. To date,
these efforts have primarily focused on 2 classes of materials:
homofunctionalized nanoparticles that incorporate 1 biomol-
ecule functionality, such as DNA (9, 12), peptides (28, 29), or
antibodies (30), and heterofunctionalized nanoparticles includ-
ing conjugates that combine oligonucleotides and antibodies
(22), protein-stabilized DNA-peptide conjugates (31), alkyl
chains and plasmid DNA (32), or polyethylene glycol and
peptides (33).

On a molecular level, significant research has been devoted
toward creating materials incorporating peptides and oligonu-
cleotides because these types of chimeric structures have been

shown to increase the knockdown of target proteins (34–43).
However, molecular methods of preparing these materials are
relatively inefficient, limit sequence diversity because of incom-
patible chemistries, require orthogonal protecting groups on
nucleosides and amino acids (44), and can generate undesired
side products (45). Thus, the synthesis and purification of
heterofunctional molecules is a challenge.

Here, we demonstrate that an Au NP can be used as a scaffold
to combine cysteine-terminated peptides and thiol-terminated
oligonucleotides in a straightforward manner. The resulting
heterofunctionalized conjugate contains a dense monolayer of
both antisense oligonucleotides to glyceraldehyde phosphate
dehydrogenase (GAPDH) and peptides. GAPDH was used as
the target because it is produced at high levels in most cell types
and thus is representative of a general class of high-abundance
proteins. The peptides used in this study were selected because
of their demonstrated ability to increase cellular uptake and/or
alter intracellular localization (34, 35). In contrast to molecular
materials, these conjugates can be purified and isolated simply by
centrifugation and further allow the control of control oligonu-
cleotide and peptide stoichiometries. In addition, these conju-
gates exhibit enhanced binding to complementary oligonucleo-
tides, high cellular uptake, and the ability to regulate gene
expression. When evaluated in a cell model, these heterofunc-
tionalized conjugates demonstrate up to 75% gene knockdown.

Results and Discussion
Heterofunctionalized nanoparticle conjugates containing both
peptides and oligonucleotides were prepared by adding oligo-
nucleotides terminated with a 3�-propylthiol functionality and
peptides terminated with an N-terminal cysteine residue (stoi-
chiometric ratios ranged from 1:2 to 16:1) to a buffered solution
containing Au NPs, 0.1% Tween-20, and 0.2M NaCl (Fig. 1A).
The addition of salt before adding the peptides and oligonucle-
otides is critical, because the salt screens the electrostatic
attraction between the oligonucleotides and peptides and leads
to stable conjugates. Without the pre-addition of salt, the
nanoparticles became unstable during the preparation proce-
dure, as indicated by the red-shifting of the gold plasmon peak
[supporting information (SI) Table S1]. To complete the func-
tionalization process, the mixture was aged further in solutions
of increasing salt concentrations to achieve a 0.3 M final NaCl
concentration. Once functionalization was completed, the re-
sulting conjugates were separated from excess unbound ligands
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by centrifugation and were characterized for surface charge,
polarity, and hydrodynamic radii (Table S2).

To characterize the degree of nanoparticle surface function-
alization, the numbers of attached oligonucleotides and peptides
per Au NP were determined by fluorescence methods (see
Materials and Methods) (46). The results of these studies dem-
onstrate that, although there is not a 1:1 correlation, the solution
stoichiometry (oligonucleotides and peptides) can be used to
control the surface composition of the nanoparticle (Fig. 1B).
For example, at a 1:2 oligonucleotide to peptide ratio in solution,
a 1:5 ratio is obtained on the nanoparticle surface. If the
oligonucleotide concentration in solution is held constant (1.7
nmol/ml), an increase in peptide concentration results in a
nanoparticle conjugate with an increased peptide loading and a
decreased oligonucleotide loading. For example, at a solution
molar ratio of 1:1 (oligonucleotides to peptide), the surface
composition is 68 � 5 (oligonucleotides) and 225 � 31 (peptides)
per nanoparticle. At a solution molar ratio of 2:1 (oligonucleo-

tide to peptide), the average number of oligonucleotides and
peptides is 83 � 7 and 124 � 7, respectively. These studies allow
us to determine what solution stoichiometry is needed to provide
a given nanoparticle composition. In all cases a dense loading of
oligonucleotide is achieved during co-functionalizing with peptides.

Fluorescence-based characterization reveals that this synthetic
method yields nanoparticle conjugates functionalized with both
oligonucleotides and peptide sequences. Because Watson–Crick
recognition is a critical step in antisense gene regulation, we next
investigated the ability of these peptide antisense particles to
bind complementary oligonucleotide targets. For these studies
we used particles prepared from a solution with a 1:1 molar ratio
of peptides and oligonucleotides because this ratio yields a
conjugate that is functionalized with �50% of the observed
maximum for each biomolecule (Fig. S1). An oligonucleotide
sequence complementary to this candidate particle and contain-
ing a terminal f luorophore (FAM) was allowed to hybridize to
the nanoparticle conjugates as described previously (6). In the
hybridized state, the fluorescence of FAM is quenched signifi-
cantly because of its proximity to the Au NP surface. The
solution was heated slowly while the fluorescence signal was
measured to monitor the transition from the hybridized to
unhybridized state. These studies demonstrate that nanopar-
ticles co-functionalized with oligonucleotides and with either
nuclear localization signal (NLS) (Tm � 73 � 0.4°C) or Tat
peptides (Tm � 71 � 0.2°C) display nearly identical melting
temperatures, and a noncomplementary oligonucleotide se-
quence did not display a melting transition (see Fig. S2).
Importantly, these high melting temperatures are consistent with
the melting temperature of ASNPs without peptides (Tm � 72 �
0.7°C). It should be noted that the binding affinities of ASNPs
are as much as 2 orders of magnitude greater than the same
oligonucleotides free in solution (i.e., not attached to an Au NP)
(6). These melting experiments indicate that the addition of
peptides has little observable effect on the affinity of the ASNPs
for their complement. It has been shown previously that conju-
gation of oligonucleotides to basic peptides increases their
affinity for their complement as determined by an increase in Tm
of 1° to 2.5°C (47). However, if there is a similar effect in this
system, it is relatively small in comparison with the enhanced
affinity for complementary target that results from a dense
loading of oligonucleotides on Au NPs (6, 48).

Having established the high surface-loading and high binding
affinities of the peptide ASNP conjugates, we next investigated
the intracellular activity of these novel conjugates in HeLa cells.
HeLa cells were treated with peptide antisense particles for 48 h,
and the amount of GAPDH was quantified using Western
blotting. Analogous nanoparticles with a sequence noncomple-
mentary to GAPDH were used as controls. These studies
demonstrate that peptide antisense particles are more effective
at down-regulating GAPDH than antisense particles without
peptides. (A representative Western blot is shown Fig. 2A). For
example, antisense particles containing Tat or NLS peptides
decreased GAPDH expression by 78% � 13% and 75% � 10%,
respectively, at 40-nM nanoparticle concentration. An identical
concentration of antisense nanoparticles resulted in a 53% � 7%
decrease in GAPDH expression. Therefore, in this example, the
addition of peptides to antisense nanoparticles increases efficacy
by �50%. This antisense activity is comparable to using molec-
ular peptide-oligonucleotide conjugates at more than 5 times the
concentration of the agent described here (49, 50). All control
nanoparticles with noncomplementary oligonucleotide se-
quences, including those containing Tat and NLS peptides, had
no visible effect on GAPDH levels. In addition, at high con-
centrations of peptide antisense nanoparticles, a noticeable
decrease in cell viability was observed (Table S3). Although cell
counts were normalized for Western blotting measurements, we
observed a decrease in total cell number for cells treated with

Fig. 1. Preparation of peptide and oligonucleotide functionalized gold
nanoparticles. (A) Oligonucleotides were modified with a 3� thiol group, and
peptides were synthesized with an N-terminal cysteine to facilitate attach-
ment to the gold nanoparticle surface. The key to creating the peptide ASNPs
is the addition of salt before the addition of biomolecules to screen the
charges. (B) Oligonucleotide and peptide loading as a function of solution
stoichiometry on 13-nm gold nanoparticles determined by fluorescent
labeling.
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anti-GAPDH particles (data not shown), consistent with previ-
ous reports showing that down-regulation of GAPDH leads to
slower cell growth (51). However, the decreased cell count and
viability were observed only in the case of nanoparticles co-
functionalized with both the anti-GAPDH oligonucleotides and
peptides. No decrease in viability was observed for either type of
conjugate containing noncomplementary oligonucleotides.

We investigated whether increased uptake or altered cellular
location was the cause of the increased knockdown activity
observed for peptide antisense nanoparticles. Mass spectrome-
try experiments were conducted to quantify the number of
internalized particles based on intracellular gold content (5),
because one would expect that a higher number of antisense
agents per cell would lead to a greater knockdown. The results
of these studies show a similar number of nanoparticles per cell
for all conjugates (Fig. S3); thus higher uptake of the peptide
antisense particles does not seem to be the cause of the observed
enhanced knockdown.

Fluorescence imaging experiments were conducted to exam-
ine the intracellular localization pattern of the particles because
translocation into the nucleus has been shown to increase
efficacy of antisense agents (39, 50). For these experiments,
nanoparticles were functionalized with fluorescently labeled
oligonucleotides. Because the peptides (Fig. S4) and the oligo-
nucleotides have been shown to remain attached to the nano-
particle surface (4), these experiments allow us to determine the
intracellular localization of nanoparticles. The results of these
experiments are intriguing, because they suggest no gross dif-
ferences in peptide antisense particle localization as compared
with antisense particles. However, closer inspection reproducibly
revealed more fluorescence associated with the regions of the
cell directly outside the nucleus in the case of peptide antisense
nanoparticles (Fig. 3). Because size is a main determinant of the
ability of objects to enter the nucleus (52), we changed the core

size of the peptide antisense particles from 13 nm to 5 nm,
expecting that these smaller conjugates would show a more
prominent change in cellular localization. However, the results
of these experiments show a localization pattern (Fig. 3) similar
to that observed for 13-nm peptide antisense particles. Although
no definitive intranuclear localization can be seen with either
size conjugate, the perinuclear localization pattern that we have
observed with peptide antisense particles correlates with the
increased knockdown.

Conclusions
We have described the synthesis, characterization, and intracel-
lular testing of peptide antisense particles, a heterofunctional-
ized Au NP–biomolecule conjugate containing a dense mono-
layer of thiolated oligonucleotides and cysteine-terminated
peptides. We have determined that the addition of salt is
necessary for the co-functionalization process to screen electro-
static interactions oligonucleotides and peptides and to prevent
irreversible aggregation of the nanoparticles. Following this
procedure, the ratio of each component that is immobilized on
the Au NP surface can be controlled by varying the stoichiom-
etry of the molecules in solution. The resultant materials have a
high loading of both peptides and oligonucleotides, exhibit high

Fig. 2. Activity of peptide antisense nanoparticles. (A) Representative West-
ern blots showing the expression of GAPDH in HeLa cells treated with various
concentrations and compositions of nanoparticle conjugates. GAPDH expres-
sion is reduced in a dose- and sequence-dependent manner. �-Tubulin is
shown as the loading control. (B) Relative decrease in GAPDH expression in
HeLa cells. �-Tubulin was used as a loading control and for subsequent
normalization of GAPDH knockdown. The error bars represent the standard
deviation from at least 3 Western blots.

Fig. 3. Confocal fluorescence microscopy images of HeLa cells treated with
13-nm (A–C) or 5-nm (D–F) antisense particles functionalized with Cy5-
terminated oligonucleotides (red) (A and D), Tat peptides and Cy5-terminated
oligonucleotides (B and E), or NLS peptides and Cy5-terminated oligonucle-
otides (C and F). Nucleus (blue) is stained with Hoechst 33342. Scale bar is 10
�m in each image.
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affinity for complementary targets as determined by melting
point studies, can be purified easily by centrifugation, and
demonstrate effective gene regulation (�75% knockdown of
GAPDH). The design considerations, synthetic techniques, and
subsequent characterization of the materials presented in this
work pave the way toward creating new generations of hetero-
functionalized nanomaterials for a variety of diagnostic and
therapeutic applications.

Materials and Methods
Materials. Citrate-stabilized Au NP (13 � 1 nm diameter) were prepared as
described previously (53). Nanoparticles 5 nm in diameter were purchased
from Ted Pella. Oligonucleotides were synthesized on an Expedite 8909
Nucleotide Synthesis System (ABI) using standard solid-phase phosphoramid-
ite synthesis techniques. All bases and reagents, including Cy5 dye (1-[3-(4-
monomethoxytrityloxy)propyl]-1�-[3-[(2-cyanoethyl)-(N,N-diisopropyl phos-
phoramidityl]propyl]-3,3,3�,3�-tetramethylindodicarbocyanine chloride), 3�
C3H6-thiol CPG (1-O-Dimethoxytrityl-propyl-disulfide,1�-succinyl-lcaa-CPG), 3�
(6-FAM) CPG (1-Dimethoxytrityloxy-3-[O-(N-carboxyl-(di-O-pivaloyl-fluores-
cein)-3-aminopropyl)]-propyl-2-O-succinoyl-long chain alkylamino-CPG), and
sulfurizing reagent (3H-1,2-Benzodithiole-3-one-1,1-dioxide), were pur-
chased from Glen Research. Sulfurizing reagent was used to generate phos-
phorothioate linkages between the 2 terminal 3� adenines and the 2 terminal
5� bases (indicated with an asterisk below). The oligonucleotides were purified
using reverse-phase high-performance liquid chromatography (RP-HPLC) us-
ing a Varian Microsorb C18 column (10 �m, 300 � 10 mm) with 0.03 M
triethylammonium acetate (TEAA), pH 7, and a 1%/min gradient of 95%
CH3CN/5% 0.03 M TEAA at a flow rate of 3 ml/min while monitoring the UV
signal of DNA at 254 nm. After purification, the oligonucleotides were lyoph-
ilized and stored at � 78°C until use. Before nanoparticle conjugation, the 3�
disulfide functionality was reduced with DTT ((Pierce Biotechnologies) fol-
lowing published procedures (54). The cleaved oligonucleotides were purified
using a Sephadex G25 column (Amersham Pharmacia Biotech) and were resus-
pended in NANOpure water. The sequences used in the melting studies were
5�G*A*GCTCCAC GCTGCCGTCAA AAAAAAA*A* -propylthiol-3� and 5�GACG-
GCAGCGTGGAGC TC–6-FAM-3�. The sequences used in the cell studies were
control: 5�A*T*CCTTATC AATATTAAAAAAAAA*A*-propylthiol-3� and anti-
GAPDH: 5�A*G*TAGAGGCAGG GATGATGAAAAAAAAA*A*-propylthiol-3�.

Oligonucleotide- and Peptide-Oligonucleotide–Functionalized Nanoparticle
Preparation. Oligonucleotide-functionalized Au NPs were prepared as de-
scribed previously (12). For peptide-oligonucleotide particles, peptides includ-
ing HIV Tat protein signal (Tat), (H2N-CYGRKKRRQRR R-OH), NLS (H2N-
CKKKKKKGGRGDM FG-OH), and fluorescein-labeled NLS (H2N-
C[Flc]KKKKKKGGRGDMFG-OH) were purchased from Sigma Genosys. The
peptide ASNPs were prepared with important modifications to published
protocols (54). Tween-20 (Sigma) was added to a citrate-stabilized Au NP
solution (9 nM) to achieve a Tween-20 concentration of 0.1%. After 10 min,
the solution was brought to 0.2M NaCl and 0.01M phosphate buffer, pH 7.4,
and was stirred for 5 minutes. Thiolated oligonucleotides and cysteine-
terminated peptides were added to the solution of nanoparticles in different
stoichiometries (e.g., 1.7 nmol of each per 1 ml Au NPs in a 1:1 ratio). The final
mixture was brought to 0.3M NaCl over 24 h and shaken for an additional 24 h
to complete the functionalization process. The particles were centrifuged
(16,000 � g), resuspended twice with 0.1M Na2CO3 and twice with 2� PBS
(0.0067M phosphate buffer pH 7.4, 0.3M NaCl), and finally resuspended in
2� PBS.

Oligonucleotide and Peptide Characterization. Au NPs functionalized with
oligonucleotides and fluorescein-NLS peptides or oligonucleotides and NLS
peptides were prepared as described in the previous sections. The concentra-
tions of the functionalized nanoparticles were determined using UV-visible
spectroscopy with � � 2.7 � 108 liters/(mol�cm). Nanoparticles were dissolved
by adding a stock solution of potassium cyanide (KCN; Sigma) to the particles
until the final KCN concentration was 0.0025 M. The concentration of released
oligonucleotides was determined using a Quant-iT OliGreen ssDNA Assay Kit
(Invitrogen). The fluorescence associated with the released DNA was mea-
sured (ex: 486 nm, em: 530 nM) and compared with the fluorescence of a
standard curve generated from the same oligonucleotide sequence using the
same assay protocol. The concentration of fluorescein-labeled NLS peptide
was determined by dissolving the particles with KCN (as described in an earlier
section), measuring the fluorescence (ex: 486 nm, em: 530 nm), and comparing
it with the fluorescence of a standard curve generated from a stock solution
of the same peptide. All fluorescence measurements were made on a FluoDia

T70 fluorescent plate reader (Photon Technologies International) in Costar-
black, clear, flat-bottomed 96-well plates (Corning). Nanoparticles function-
alized with oligonucleotides alone or with oligonucleotides and peptides (1:1
solution ratio) were diluted to 1-nM concentration in PBS buffer. Dynamic
light-scattering measurements were performed using a polystyrene cuvette at
25°C. Zeta potential measurements were performed in a standard folded
capillary cell (Malvern Instruments). Dynamic light-scattering and zeta poten-
tial measurements were performed on Zetasizer Nano (Malvern Instruments).
For peptide desorption measurements nanoparticles were incubated at 37°C
for 24 and 48 h in 2� PBS (pH 7.4), 0.1 M phosphate-citrate buffer (pH 5.0), and
HeLa cell culture medium (EMEM with 10% FBS). Following the incubation,
the nanoparticles were centrifuged as described previously, and fluorescence
measurements were taken from the supernatant and the pellet and were
compared with a control sample from the 0-h time point.

Melting Point Determination. Au NPs functionalized with peptides and oligo-
nucleotides (1:1 molar ratio) or oligonucleotides alone were suspended in 2�
PBS at 5 nM concentration in the presence of equimolar concentration of 3�
FAM-labeled complementary or noncomplementary oligonucleotides. The
mixture was heated to 65°C for 30 min and cooled to room temperature
overnight (at least 12 h). Melting experiments were carried out on a Jobin
Yvon Fluorolog FL3–22 by measuring the fluorescence (ex: 492; em: 520) while
increasing the sample temperature in 1° increments with a 5-minute equili-
bration time at each temperature. At least 3 independent experiments were
performed for each sample, and results were averaged.

Cell Culture and Nanoparticle Transfections. HeLa cells (ATCC) were maintained
in 5% CO2 at 37°C in DMEM supplemented with 10% heat-inactivated FBS
(ATCC) and penicillin/streptomycin (penicillin, 100 units/ml; streptomycin, 100
�g/ml). Cells were seeded at a density of 15,000 cells per well in a 96-well plate
and grown for 24 h. After 24 h, the cells were washed with 1X PBS (HyClone),
and fresh medium was added. Functionalized particles were filtered (20-�m
acetate filter, GE) and were added to the cells at 20-, 30-, and 40-nM concen-
trations. After 48 h, the cells were washed with 1X PBS, were detached from
the flasks using the enzyme trypsin-EDTA (ATCC), and were resuspended in
DMEM. The cell viability and total cell number were determined using an
Easycyte Mini cell counter (Guava Technologies). Cells were centrifuged at
5000 rpm for 10 min to remove excess medium and were lysed in KDalert™
Lysis Buffer (Ambion). The concentration of each sample (cells per ml) was
normalized before Western blotting experiments.

Western Blotting. Lysates were electrophoresed through a 4%–12% gradient
SDS polyacrylamide gel (SDS/PAGE; Cambrex) and transferred onto a 0.45-�m
nitrocellulose membrane (Bio-Rad). Membranes were blocked for 60 min at
room temperature with Superblock in Tris-buffered saline (Pierce) and incu-
bated with a mouse anti-human antibody for �-tubulin (Santa Cruz) for 60
min. The membrane then was incubated with goat anti-mouse secondary
antibody (Santa Cruz). The membrane was visualized with luminescent re-
agents (Pierce) and recorded on film (Kodak Biomax). Following thorough
washing with Tris-buffered saline (Pierce), the membrane was stripped with
Restore Plus Western Blot stripping buffer (Pierce). GAPDH was visualized
using mouse anti-human antibody to GAPDH (Chemicon) and goat anti-
mouse secondary antibody (Santa Cruz,) following an analogous procedure,
as stated previously. Photographs of blots were scanned and analyzed using
Scion Image v4.0 (Scion). Knockdown was determined after normalizing to the
intensity of the �-tubulin band.

Cell Imaging. HeLa cells were grown on glass coverslips and treated with Au NPs
as described previously. Cy5-terminated oligonucleotides were used for imaging
experiments. Nanoparticles functionalized with oligonucleotides and peptides,
and oligonucleotides alone then were added to the wells (12 nM). After 6 h, cells
were washed with 1X PBS, treated with 1 �M Hoechst 33342 (Sigma), fixed in 3%
formalin solution, and mounted on glass slides for imaging. All imaging was
performed using an Axiovert 200 inverted microscope equipped with a HBO
100W mercury vapor short arc lamp and a 63� oil-immersion objective (Carl Zeiss,
Inc.). In all experiments, the pinhole and gain settings of the individual collection
channel were adjusted using untreated control cells. These settings were held
constant throughout the experiment.

Inductively Coupled Plasma Mass Spectrometry. HeLa cells were grown and
treated with particles as described previously. Forty-eight hours after particle
addition, the cells were washed twice with 1x PBS, counted, measured for
viability, and prepared for inductively coupled plasma mass spectrometry (ICP-
MS; Thermo-Fisher) by dissolving samples in an equal volume of 3% HNO3.
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Experimental ICP values were compared with values obtained from a standard
curve generated using gold ICP-MS standard (Sigma) and the same matrix (5).
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