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N
anogold has been employed for
various therapeutic applications
for many years.1�4 Moreover, a

wide range of nanomaterials have been re-

cently developed, and the unique proper-

ties exhibited by these novel materials of-

ten make them ideal for therapeutic and

diagnostic applications. With the advent of

this new class of materials, it is important to

carefully characterize the biocompatibility

and safety of the nanomaterials if they are

to be used for medical purposes.5�8 One

nanomaterial that is particularly promising

for therapeutic and diagnostic applications is

the polyvalent oligonucleotide�gold nano-

particle. Consisting of a gold core densely

functionalized with DNA or RNA surface

ligands, this nanomaterial exhibits many

surprising properties as a result of its high

surface density. These properties include in-

creased binding affinities for complemen-

tary nucleic acids,9 avid cellular uptake,10

nuclease resistance,11 and a limited immune

response.12,13 Nanoparticles allow for the

design and synthesis of complex, multifunc-

tional materials.14,15 In comparison to small

molecule drugs, the multifunctional poten-

tial and tailorability of nanomaterials have

made them extremely attractive for phar-

maceutical development.16,17 Indeed, nano-

particles conjugated with various biomole-

cules have proven useful in applications of

gene regulation12,18,19 and intracellular

detection20�22 and the highly selective and

sensitive detection of biomarkers in com-

plex biological fluids, further demonstrat-

ing their value in therapeutic and diagnos-

tic applications.16,17 To date, we have not

observed any detectable toxicity associated

with cultured mammalian cells or with

mouse models following introduction of

densely functionalized

oligonucleotide�gold nanoparticle conju-
gates. However, research investigating the
biological potential of various nanomateri-
als has shown that the chemistry on the sur-
face of the nanoparticle can have signifi-
cant effects on the biological response of
the nanoparticles.23�26 The results of these
studies have led us to specifically investi-
gate the biocompatibility of this excep-
tional nanomaterial. Genome-wide expres-
sion profiling studies are often used to
examine the cellular effects of therapeutic
agents as they provide a detailed analysis of
the complex interactions occurring inside
the cell.27,28 As such, we use gene expres-
sion profiling in this study to compare how
HeLa cells respond to citrate-stabilized
nanoparticles, nanoparticles densely func-
tionalized with nucleic acids, and protein
coated nanoparticles. We further demon-
strate the impact a nanomaterial’s surface
chemistry can have on its stability and sub-
sequent effect on biocompatibility and
identify a striking example of how a subtle
difference in composition can have a sub-
stantial impact on the biological response
of nanomaterials.
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ABSTRACT Nanoparticles are finding utility in myriad biotechnological applications, including gene

regulation, intracellular imaging, and medical diagnostics. Thus, evaluating the biocompatibility of these

nanomaterials is imperative. Here we use genome-wide expression profiling to study the biological response of

HeLa cells to gold nanoparticles functionalized with nucleic acids. Our study finds that the biological response to

gold nanoparticles stabilized by weakly bound surface ligands is significant (cells recognize and react to the

presence of the particles), yet when these same nanoparticles are stably functionalized with covalently attached

nucleic acids, the cell shows no measurable response. This finding is important for researchers studying and using

nanomaterials in biological settings, as it demonstrates how slight changes in surface chemistry and particle

stability can lead to significant differences in cellular responses.
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RESULTS AND DISCUSSION
In our experiments, we use 15 nm gold nanoparti-

cles that are either stabilized with electrostatically
bound citrate molecules or functionalized with co-
valently bound single-stranded DNA (ssDNA), double-
stranded DNA (dsDNA), double-stranded RNA (dsRNA),
or coated with bovine serum albumin (BSA). Each of the
nanoparticle types used in this study were character-
ized in terms of size and zeta potential (Table S1 in the
Supporting Information). Dynamic light scattering de-
termined the size of the citrate-stabilized particles to be
approximately 17 nm in diameter, and following ad-
sorption of the BSA, the particles increased in size to ap-
proximately 74 nm. The nucleic acid functionalized par-
ticles increased in size to approximately 26 nm, which
is to be expected based on the length of the oligonu-
cleotides. Zeta potential measurements indicate the
surface potential of the citrate-stabilized particles to
be �32.3 � 1.6 mV. Following adsorption of the BSA,
the surface potential became slightly more negative
(�34.3 � 0.8 mV) and the ssDNA (�30.7 � 1.2 mV), ds-
DNA (28.3 � 1.6 mV), and dsRNA (�28.8 � 2.6 mV)
functionalized particles became slightly less negative
due to a high concentration of sodium ions surround-
ing the particles which screen the negative charges be-
tween the nucleic acids and allow dense loading on
the particle surface. The nucleic acid functionalized
nanoparticles were specifically chosen as we have pre-
viously demonstrated that these nanoconjugates are
biologically relevant and able to function in a cellular
environment in terms of gene regulation12,19 and intra-
cellular detection.20 The citrate-stabilized nanoparticles
were tested as they serve as the starting material for the
nanoconjugates before the functional groups are at-
tached, and the BSA coated nanoparticles were chosen
as a control as they are stable under cell culture condi-
tions but are internalized by cells to a lesser extent
than oligonucleotide functionalized nanoparticles. In
three separate experiments, HeLa cells were treated
with each of the nanoparticle types for 24 h at a concen-
tration of 10 nM. This concentration of nanoparticles
was chosen based on previous studies in which the
nanoparticles were functional at 10 nM concentrations
or less. To avoid confusion between downstream
changes in gene expression as a result of knocking
down a target gene and changes in expression caused
by nanoparticle treatment, nontargeting DNA and RNA
sequences were used in this study. Following nanopar-
ticle treatment, genome-wide expression analysis of
the three replicate experiments revealed that 15 nm
citrate-stabilized gold nanoparticles induce significant
changes in the gene expression profile of HeLa cells
that have been exposed to a 10 nM concentration of
nanoparticles (Figure 1). A total of 127 genes (119
down-regulated, 8 up-regulated) were identified as be-
ing differentially expressed using a 1.5-fold change in
gene expression and a p value less than 0.05 as a thresh-

old (Table 1 and Table S2). When these same 15 nm

gold nanoparticles are functionalized with ssDNA, ds-

DNA, dsRNA, or BSA (thereby displacing the weakly

bound citrate), there were no significant changes ob-

Figure 1. Whole-genome expression analysis of HeLa cells
following a 24 h treatment period with 10 nM gold nanopar-
ticles that were functionalized with various surface ligands
(citrate, bovine serum albumin (BSA), single-stranded DNA,
double-stranded DNA, double-stranded RNA). Labeled col-
umns represent untreated and nanoparticle-treated cells for
three replicate experiments. This heat map depicts the simi-
larity between the expression profiles for the different treat-
ment conditions. The relative gene expression levels are de-
noted by green (low copy number), red (high copy number),
and black (equal copy number).

TABLE 1. Categories of Genes Identified in Table S1
Following 24 h Treatment with 10 nM Citrate-Stabilized
Gold Nanoparticles

gene category number of genes

small molecule biochemistry 52
molecular transport 14
cell morphology 12
drug metabolism 8
RNA post-transcriptional modification 4
other 37
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served in the gene expression profile using the same

threshold conditions.

We performed cell-cycle analysis and quantified the

induction of apoptosis to supplement the results of the

gene expression profiling. An analysis of cell-cycle pro-

gression demonstrates that the HeLa cell population

begins to shift into the G1 and S phase with limited pro-

gression into the M phase after 24 h of treatment with

10 nM citrate-stabilized nanoparticles.29 Nucleic acid

functionalized and BSA coated particles, however, show

no effect on cell-cycle progression (Figure 2). Consis-

tent with both the gene expression profiling and the

cell-cycle analysis, the results of an annexin assay (meas-

uring the degree of apoptosis) also show an increased

cell population in an early apoptotic stage following

treatment with citrate-stabilized nanoparticles while no

changes were observed following treatment with nu-

cleic acid functionalized nanoparticles or BSA coated

nanoparticles (Figure 3).

The surface chemistry on the nanoparticle can

greatly affect the rate of cellular uptake for the nano-

conjugates.10 We measured the cellular uptake for each

type of nanoparticle to ensure that the changes in-

duced by the citrate-stabilized gold nanoparticles were

not due to differences in the ability of the various nano-

particles to enter cells (Figure 4). The results of this ex-

periment indicate that the BSA coated nanoparticles

had the lowest level of uptake, which may explain the

lack of changes in gene expression for this condition,

but the nucleic acid functionalized particles enter the

cells to a greater extent than the citrate-stabilized par-

ticles. We originally hypothesized that nucleic acid func-

tionalized nanoparticles would cause the greatest

changes in gene expression as we predicted they would

have the highest cellular uptake. However, the citrate-

stabilized nanoparticles caused the most changes in

gene expression, which we attribute to the instability

of these particles and the interaction of the aggregated

particles with the cells. It is unclear why the dsDNA

functionalized nanoparticles do not enter the cells as

readily as the ssDNA or the dsRNA; however, determin-

ing the mechanism by which the nanoparticles are in-

ternalized is currently an area of active research. None-

theless, the ssDNA, dsDNA, and dsRNA functionalized

nanoparticles entered the cells to the same or greater

extent as the citrate-stabilized particles, yet in contrast

to the citrate-stabilized particles, both the nucleic acid

functionalized particles and the BSA coated nanoparti-

Figure 2. Cell-cycle analysis of HeLa cells following a 24 h treatment period with 10 nM gold nanoparticles that were func-
tionalized with various surface ligands (citrate, bovine serum albumin, single-stranded DNA, double-stranded DNA, double-
stranded RNA). As a control, the cells were also treated with 0.1 �M colchicine to arrest the cells in G2/M phase, or with 0.5
�M aphidicolin to arrest the cells in S phase. Data from three separate experiments � standard deviation are reported, and
a representative histogram from one of the three experiments is depicted in the figure.

Figure 3. Quantification of apoptosis induction of HeLa cells
following a 24 h treatment period with 10 nM gold nanopar-
ticles that were functionalized with various surface ligands
(citrate, bovine serum albumin, single-stranded DNA,
double-stranded DNA, double-stranded RNA). As a control,
the cells were also treated with 0.5 �M doxorubicin to in-
duce apoptosis. Data from three separate experiments �
standard deviation are reported.
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cles caused no significant changes in gene expression,
cell-cycle progression, or apoptosis induction.

The citrate-stabilized nanoparticles, which act as
the starting material for nucleic acid functionalized
nanoparticles, show a significant cellular response,
while cellular treatment with nucleic acid or BSA func-
tionalized nanoparticles caused no detectable changes
in gene expression, cell-cycle progression, or apoptosis
induction. The changes associated with the citrate-
stabilized nanoparticles are likely due to the citrate mol-
ecule’s weak association with the gold nanoparticle
core. Indeed, in cell culture medium, the citrate-
stabilized nanoparticles quickly aggregate, indicated
by a red shift in their plasmon resonance (Figure S1 in
the Supporting Information) and a concomitant color
change from red to purple, and settle to the bottom of
the culture flask over time (Figures S2 and S3). As a re-
sult, the citrate-stabilized nanoparticles coat the surface
of the cells with a layer of aggregated nanoparticles

and do not interact with the cells as discrete particles.
In contrast, nucleic acid or BSA functionalized nanopar-
ticles remain stable over the course of the 24 h treat-
ment period. Thus, the chemistry of surface ligand at-
tachment to the nanoparticle surface and the ability of
the ligand to maintain nanomaterial stability seem to
be principal factors in determining biocompatibility.

CONCLUSIONS
Although these results may not be consistent across

different cell types or in an animal model where differ-
ent cell types are able to interact with and signal to each
other, they suggest there are limited off-target effects
resulting when nucleic acid functionalized gold nano-
particles are used in a cell culture model under treat-
ment conditions that have been demonstrated to be
functionally relevant.12,19,20 This study provides encour-
aging results for the continued development of densely
functionalized polyvalent oligonucleotide�gold nano-
particle conjugates for therapeutic and diagnostic ap-
plications. These results are especially promising in re-
gards to nucleic acid based therapies as traditional
methods of introducing nucleic acids to the intracellu-
lar environment are limited by their cytotoxic and off-
target effects.30�32 Additionally, in agreement with
other studies23�26 investigating the biocompatibility of
various nanomaterials for therapeutic and diagnostic
applications, this work further highlights in a dramatic
manner how making a “small change” to a nanoparti-
cle, such as the use of a different surface ligand, can sig-
nificantly impact its biological response. Researchers
developing nanomaterials for biological applications
will need to carefully examine the materials not just in
terms of their size and shape but also their surface func-
tionalization, making it difficult to draw general conclu-
sions about a single class of materials.

METHODS
Nucleic Acid Synthesis. DNA was synthesized using an Expedite

8909 Nucleotide Synthesis System (ABI) using solid-phase phos-
phoramidite chemistry. RNA was synthesized using a MerMade 6
(Bioautomation) and 2-O-triisopropylsilyloxymethyl (TOM)-
protected RNA bases. Bases and reagents were purchased from
Glen Research. Oligonucleotides were purified using published
methods.33 After purification, oligonucleotides were lyophilized
and stored at �80 °C until use. DNA sequence: 5=-GAG CTG CAC
GCT GCC GTC AAA AAA AAA A(thiol)-3=. RNA sequence: 5=-GAG
CUG CAC GCU GCC GUC AAA AAA AAA A(thiol)-3=.

Nanoparticle Synthesis and Functionalization. Citrate-stabilized gold
nanoparticles (�15 nm) were prepared using published meth-
ods.33 First, the colloid was adjusted to 0.3% SDS (sodium dode-
cyl sulfate) and 0.01 M phosphate buffer, pH 7.4. A 1:1 ratio of
each sequence and its complement was allowed to hybridize in
phosphate buffered saline (0.5 M NaCl) at 70 °C for 1 h and then
slowly cooled to room temperature. Thiol-modified single-
stranded, duplex DNA or duplex RNA was added to the 15 nm
citrate-stabilized nanoparticles (approximately 1.5 nmol oligonu-
cleotide per 1 mL of 10 nM gold colloid). After 30 min of gentle
mixing, 2.0 M NaCl in nanopure water was added to bring the
NaCl concentration to 0.05 M and the mixture was sonicated for

20 s. Two more additions of 2.0 M NaCl were added in 30 min in-
tervals, each followed by sonication, to bring the mixture to a fi-
nal concentration to 0.15 M NaCl. For RNA particles, following
the third salt addition, OEG-thiol (1-mercaptoundec-11-
yl)tri(ethylene glycol), was added to create a 30 �M final concen-
tration. The final mixture was gently shaken for 24 h to com-
plete the functionalization process. The particles were centri-
fuged (13 000 rpm, 20 min; 3�) and resuspended in phosphate
buffered saline (PBS).

Cell Culture and Transfection. HeLa cells were grown in 5% CO2

at 37 °C in minimal essential medium (EMEM) that was supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) and
penicillin and streptomycin. Cells were plated and grown to a
density of approximately 80% confluence, cell culture medium
was removed and replaced with nanoparticle containing me-
dium for a 24 h treatment period.

Gene Expression Analysis. RNA expression analysis was per-
formed using the Illumina Human HT-12 BeadChip, which pro-
vides coverage of over 48 802 genes and expressed sequence
tags. HeLa cells were treated with 10 nM concentrations of speci-
fied nanoparticle types for 24 h. Total RNA was extracted using
TRIzol (Invitrogen) following manufacturer’s recommended pro-
tocol. Extracted RNA was processed using an RNeasy MinElute
Cleanup Kit (Qiagen). High quality RNA was labeled using a com-

Figure 4. Quantification of nanoparticle uptake by HeLa
cells following a 24 h treatment period with 10 nM gold
nanoparticles that were functionalized with various surface
ligands (citrate, bovine serum albumin, single-stranded
DNA, double-stranded DNA, double-stranded RNA). Data
from three separate experiments � standard deviation are
reported.
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mercial kit (TargetAmp 1-Round Aminoallyl-aRNA Kit; Epicenter,
Madison, WI). Labeled RNA was next hybridized to microarrays
(Human HT-12 BeadChip; Illumina, San Diego, CA). Raw signal in-
tensities of each probe were obtained using data analysis soft-
ware (Beadstudio; Illumina) and imported to the Lumi package
of Bioconductor for data transformation and normalization.34�36

Differentially expressed genes were identified using an Analysis
of Variance (ANOVA) model with empirical Bayesian variance es-
timation.37 The problem of multiple comparisons was corrected
using the false discovery rate (FDR). Initially, genes were identi-
fied as being differentially expressed on the basis of a statistically
significant (raw p value �0.05), FDR �5%, and 1.5-fold change
(up or down) in expression level in different nanoparticle treat-
ment samples.

Cellular Assays. HeLa cells were treated for 24 h with 10 nM con-
centrations of specified nanoparticle types or with 0.1 �M colch-
icine,38 0.5 �M aphidicolin,39 or 0.5 �M doxorubicin as controls.
After treatment, the medium was removed and a solution of 150
mM KI and 25 mM I2 in PBS was added to the cells for approxi-
mately 2 min to dissolve any non-internalized, cell surface-bound
nanoparticles.40 The cells were then washed with PBS, collected,
and fixed and stained using Guava’s cell cycle reagent following
manufacturer’s recommended protocol or stained to quantify in-
duction of apoptosis using Guava’s Nexin reagent following
manufacturer’s recommended protocol. A Guava EasyCite Mini
flow cytometer was used to run cellular assays (Guava Technolo-
gies).

Nanoparticle Uptake. HeLa cells were treated with 10 nM con-
centrations of specified nanoparticle types for 24 h. After treat-
ment, the medium was removed and a solution of 150 mM KI
and 25 mM I2 in PBS was added to the cells for approximately 2
min to dissolve any non-internalized nanoparticles. The cells
were then washed with 1� PBS, collected, and counted using a
Guava EasyCyte Mini flow cytometer (Guava Technologies). Up-
take quantification was accomplished using inductively coupled
plasma mass spectrometry (ICP-MS (Thermo-Fisher)). To prepare
samples for ICP-MS, the cells were dissolved with nitric acid at
60 °C overnight, diluted in a matrix consisting of 3% HNO3 and
1 ppb indium (internal standard). The number of nanoparticles in
each sample was calculated based on the concentration of Au
found in the sample.10
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