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Abstract
Mammalian cells have been shown to internalize oligonucleotide-functionalized gold
nanoparticles (DNA-Au NPs or siRNA-Au NPs) without the aid of auxiliary transfection agents
and use them to initiate an antisense or RNAi response. Previous studies have shown that the
dense monolayer of oligonucleotides on the nanoparticle leads to the adsorption of serum proteins
and facilitates cellular uptake. Here, we show that serum proteins generally act to inhibit cellular
uptake of DNA-Au NPs. We identify the pathway for DNA-Au NPs entry in HeLa cells.
Biochemical analyses indicate that DNA-Au NPs are taken up by a process involving receptor-
mediated endocytosis. Evidence shows that DNA-Au NPs entry is primarily mediated by
scavenger receptors, a class of pattern-recognition receptors. This uptake mechanism appears to be
conserved across species as blocking the same receptors in mouse cells also disrupted DNA-Au
NP entry. Polyvalent nanoparticles functionalized with siRNA are shown to enter through the
same pathway. Thus, scavenger receptors are required for cellular uptake of polyvalent
oligonucleotide functionalized nanoparticles.

INTRODUCTION
Polyvalent DNA-functionalized gold nanoparticles (DNA-Au NP) are structures with a gold
nanoparticle core and a high surface density of DNA ligands (1). As a result of this dense
functionalization, these hybrid nanostructures have demonstrated applications in
programmable materials crystallization (2-3) and non-enzymatic biodiagnostic assays (4).
Furthermore, the tailorable recognition properties of DNA and the catalytic and plasmonic
properties of Au NPs have been used synergistically in a variety of highly sensitive and
selective nucleic acid, small molecule, metal ion, and cancer cell detection strategies (5-11).

Recently, it was reported that DNA-Au NPs surprisingly readily enter a wide variety of cell
types (over 50 cell types examined to date) without the aid of transfection agents (12-13).
These structures have properties that make them particularly attractive as intracellular gene
regulation agents. They resist nuclease degradation (12, 14), exhibit enhanced target binding
(15), show minimal interferon β response (16), and enter cells rapidly and efficiently (17).
Consequently, they have been used for antisense (12, 18) and siRNA (19-21) based post-
transcriptional gene regulation, intracellular detection of biologically relevant molecules

*Author to whom correspondence should be addressed. chadnano@northwestern.edu, Northwestern University, 2145 Sheridan Road,
Evanston, IL 60208-3113 USA .
Supporting Information Available: Experimental procedures, nanoparticle characterization data and results from additional
experiments. This information is available free of charge via the Internet at http://pubs.acs.org/

NIH Public Access
Author Manuscript
Bioconjug Chem. Author manuscript; available in PMC 2011 December 16.

Published in final edited form as:
Bioconjug Chem. 2010 December 15; 21(12): 2250–2256. doi:10.1021/bc1002423.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org/


(22-23), and intracellular delivery of MRI contrast agents (24) as well as chemotherapeutic
agents (25). Given the fundamental ability of these nanomaterials to readily enter cultured
cells, the mechanism of cellular uptake is of significant interest. It has shown that subtle
changes in surface functionalities can lead to drastic changes in cellular internalization
ability of nanoparticles (26-27). We have shown that the densely functionalized shell of
polyanionic DNA (19 pmol/cm2 for 13 nm gold particle) is a primary contributor to the
cellular uptake of DNA-Au NPs (17), despite the conventional wisdom that negatively
charged materials will not enter cells efficiently.

When material surfaces are exposed to biological environments, they are often modified by
the adsorption of biomolecules, such as proteins (28). It has been shown that adsorption of
proteins to a surface causes conformational changes in the proteins. These changes may
expose hidden epitopes that cause unpredictable behavior and result in unusual properties
(29). Protein adsorption on a nanoparticle surface has been implicated in facilitating uptake
of various nanomaterials, including single-walled nanotubes, nanosized amorphous silica,
and citrate capped gold nanoparticles (30-32). Indeed, we have previously shown that serum
proteins are adsorbed to the dense monolayer of DNA on the Au NP surface, and that
increasing the density of DNA on the Au NP surface increased the number of proteins
adsorbed to DNA-Au NPs (17) as well as intracellular concentration of DNA-Au NPs.

In this paper, we explore the role of certain adsorbed serum proteins (BSA and transferrin)
in the cellular internalization of the highly negatively charged DNA-Au NPs. We show that
the adsorbed serum proteins reduce the cellular uptake of DNA-Au NPs, and that DNA-Au
NP uptake is highest in serum-free conditions. Furthermore, using pharmacological
methods, we identify scavenger receptors as the membrane proteins primarily responsible
for facilitating the cellular uptake of DNA-Au NPs. We show that other oligonucleotide-
functionalized nanoparticles, such as siRNA-Au NPs, also follow the same pathway of
internalization. For DNA-Au NPs, the density of DNA on nanoparticles determines the
extent of their cellular uptake. This entry pathway is conserved in mouse cells and may be a
general mechanism of cellular entry of nanomaterials displaying dense monolayers of
oligonucleotides.

EXPERIMENTAL PROCEDURES
Synthesis of gold nanoparticles, DNA and RNA

Citrate stabilized gold nanoparticles (13 ± 1 nm diameter) were prepared as described
previously (33). DNA oligonucleotides were synthesized on an Expedite 8909 Nucleotide
Synthesis System (ABI) using standard solid-phase phosphoramidite synthesis techniques.
RNA oligonucleotides were synthesized using TOM-RNA reagents (Glen Research) on a
MerMade 6 system (Bioautomation) using manufacturer recommended cleavage and
deprotection stategy. All oligonucleotides were purified using reverse-phase high
performance liquid chromatography (RP-HPLC) on a Varian Microsorb C18 column (10 μm,
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 nucleic acids at 254 nm. After purification, the oligonucleotides were lyophilized
and stored at −80° C until use. The following oligonucleotide sequences were synthesized:
RNA sequences: 5′-ACC CUG AAG UUC AUC UGC ACC ACC G –
(hexaethyleneglycol)2- propylthiol- 3′, 5′-CGG UGG UGC AGA UGA ACU UCA GGG
UCA-3′. DNA sequences: 5′-AGT AGA GGC AGG GAT GAT G AAA AAA AAA A-
propylthiol- 3′, 5′-Fluorescein - AGT AGA GGC AGG GAT GAT G AAA AAA AAA A-
propylthiol- 3′, 5′-TTT TGG GGT TTT GGG GTT TTG GGG TTT TGG GG –propylthiol-
3′, 5′-TTT TGG GGT TTT GGG GTT TTG GGG TTT TGG GG - 3′, 5′ (DTPA) AAA
AAA AAA AGT AGT AGG GAC GGA GAT GA 3′ and 5′ (Tosyl-T)-AAA AAA AAA A
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(S-S) TCA TCT CCG TCC CTA CTA CG 3′. Tosyl-modified thymidine phosphoramidite
was synthesized as described previously (34) and added to the oligonucleotide manually as
described previously (35). DNA or RNA functionalized gold nanoparticles were prepared
following published methods (12, 19). Mixed monolayer nanoparticles with variable DNA
density were prepared following a published protocol (17) but with following modified
oligonucleotide as diluent strand: 5′ (Propyl Spacer)19- AAA AAA AAA A- propylthiol- 3′.
DNA loading onto mixed monolayer nanoparticles was determined using a fluorescein
modified DNA strand.

Preparation of protein-DNA conjugates
All proteins used in this study were purchased from Sigma Aldrich and/or Fisher Scientific.
The protein was mixed with the tosyl modified oligonucleotide at a 3 fold molar excess in
0.1M borate buffer, pH 8.5. The mixture was shaken at room temperature overnight.
Unreacted oligonucleotides were separated from protein-DNA conjugates using 30000
MWCO spin columns (Chemicon).

Preparation of gold nanoparticle conjugates with variable protein loading
Oligonucleotide modified gold nanoparticle conjugates were made as described previously
(1). DNA-Au NPs were loaded with various numbers of proteins by mixing with variable
volumes of protein-DNA conjugates in phosphate buffered saline (PBS) (Hyclone), heating
the mixture to 65°C, and cooling it to room temperature. The conjugates were centrifuged at
4°C and re-dispersed in 1x PBS three times to remove excess protein-DNA conjugates. The
average number of protein molecules per gold nanoparticle was determined using previously
published methods (17). Briefly, the protein loaded Au NPs were dissolved with potassium
cyanide (KCN, 2 mM final concentration). The KCN digested samples were treated with a
Quant-iT fluorescent reagent (Invitrogen) as described by the manufacturer. The resulting
fluorescence was measured at room temperature using a fluorescence microplate reader
(Fluo Dia T70, Photal) with excitation at 486 nm and recording emission at 570 nm.
Estimation of the number of proteins in solution was calculated by comparing the
fluorescence values of these unknowns to those obtained from a standard curve of known
protein concentrations under the same assay conditions. Finally, the average number of
proteins per nanoparticle was calculated by dividing this number by the initial nanoparticle
concentration prior to KCN digestion.

Cell Culture
The uptake of gold nanoparticles (DNA-Au NPs or siRNA-Au NPs) was studied using a
model cell line. HeLa (human cervical carcinoma) cells were obtained from American Type
Culture Collection (ATCC) and maintained in minimum essential medium (EMEM)
supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin at 5% CO2
and 37°C. In the serum free conditions, FBS was omitted from the EMEM formulation.
HeLa cells were acclimated to serum free culture by slowly reducing serum concentration
from 10% to 0%. Mouse C166 cells (ATCC) were cultured in DMEM with 10% FBS at 5%
CO2 and 37 °C.

Serum Pre-incubation of DNA-Au NPs
DNA-Au NPs were prepared as described above. The nanoparticle conjugates were added to
MEM buffer containing 10% FBS and incubated at 37 °C for at least 12 hours. Following
the incubation, excess serum was removed by three centrifugation, supernatant removal and
re-dispersion steps. The nanoparticle conjugates were added to HeLa cells in serum
containing and serum-free MEM to measure cellular uptake.
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Cellular Uptake Studies and Nanoparticle Calculations
Hela cells were added to 96-well plates (25000 cells/well) 24 hours prior to nanoparticle
addition. Filter sterilized nanoparticle conjugates were added directly to the cell culture
media of adherent cells in 5 and 10 nM concentrations. Forty-eight hours after nanoparticle
addition, the cells were washed twice with PBS, collected, counted and their viability
measured using the Guava Viacount reagent on an EasyCyte flow cytometer (Millipore).
The gold content of the cell digest was determined by 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 2% HNO3, 2%
HCl 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.

Treatments with Chemical Inhibitors
All chemicals were purchased from Sigma-Aldrich. HeLa cells were treated with different
concentrations of methyl-β-cyclodextrin (MβCD), cytochalasin D (CytoD) or bafilomycin A
(Baf A) for 60 minutes. DNA-Au NPs were then added in the presence of these chemicals.
Controls include incubations of DNA-Au NPs in the presence of the solvent
dimethylsulfoxide (DMSO) and in the absence of any chemicals. To probe the role of
scavenger receptors, cells were similarly incubated in the presence of known ligands of
scavenger receptors, poly-inosinic acid (Poly I) and Fucoidan. Compounds that are not
known to inhibit scavenger receptors, poly-adenosinic acid (Poly A), galactose,
lipopolysacchride (LPS), and untreated cells were used as controls. Twenty four hours after
the addition of nanoparticles, cells were washed with phosphate buffered saline, trypsinized,
counted using Viacount (Millipore) reagent and prepared for ICP-MS.

Knockdown of Scavenger Receptors
HeLa cells were plated in 48-well plate at 50000 cells/well. The cells were transfected with
commercially bought siRNA (100 nM, 50 nM and 25 nM) against scavenger receptors A
and scavenger receptors B1 (Santa Cruz) with Dharmafect (Dharmacon) following the
manufacturer’s protocol. After 48 hours, the media was replaced with DNA-Au NP
containing media (10 nM) for 24 hours. An equal volume of lipofectamine was used as
delivery agent control. The cells were prepared for ICP-MS to determine the cellular gold
content as described above.

RESULTS AND DISCUSSION
Serum proteins reduce cellular uptake of DNA-Au NPs

Previous work has shown that the cellular uptake of DNA-Au NPs correlates positively with
the density of oligonucleotides on the nanoparticles, and that when DNA-Au NPs are added
to serum containing media, they are coated with serum proteins (17). We hypothesized that
if adsorption of serum protein promotes cellular uptake, then covalent attachment of serum
proteins may increase uptake even further. To test this hypothesis, we attached bovine serum
albumin (BSA) and transferrin, two highly abundant serum proteins, in a covalent manner
on DNA-Au NPs. BSA is also the most abundant protein in serum and is known to coat
polymer nanoparticles in complex media (36). Protein-DNA conjugates were made by
covalently linking a tosyl-terminated oligonucleotide to amine groups on BSA or transferrin.
These conjugates were then mixed at different ratios with DNA-Au NPs functionalized with
the complementary oligonucleotide sequence to load variable numbers of proteins around
the nanoparticles (Scheme 1). These nanoconjugates loaded with the same number of
oligonucleotides but different numbers of proteins were then added to HeLa cells and their
cellular internalization was measured by ICP-MS (see experimental procedures).
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The results show that as BSA loading onto DNA-Au NPs increases, the number of
nanoparticles taken up by cells decreases (Figure 1 and Supporting Information). For
example, as the number of BSA molecules per DNA-Au NP increased from 0 to 14 ± 2, the
number of DNA-Au NP internalized by cells in serum containing conditions decreased by
up to 80%, from 1.0 × 106 ± 0.1 × 106 to 2.5 × 105 ± 0.7 × 105 Au NPs per cell. A 70%
decrease was observed when transferrin was used to coat DNA-Au NPs instead of BSA.
(Supporting Information, Figure 1). These results suggest that the most abundant
components of serum lower uptake when they are bound strongly to DNA-Au NPs. These
results are surprising since previously we have observed that the high density of DNA on
nanoparticles resulted in increased adsorption of proteins as well as cellular uptake and
when DNA density was reduced with oligo (ethylene glycol) (OEG) passivation, protein
adsorption and cellular uptake were reduced (17). One explanation of this apparent
discrepancy is that the dense monolayer of DNA on nanoparticles may generally promote
both cellular uptake and protein. However, adsorbed serum proteins do not necessarily
promote cellular uptake but may be displaced by some cellular proteins that affect
nanoparticle uptake. When nanoparticles are functionalized with lower density of DNA,
their binding to all proteins is reduced as is their cellular uptake. In this experiment, since
serum proteins are strongly bound to nanoparticles, they cannot be easily displaced by
cellular proteins that affect nanoparticle uptake. Furthermore, pre-incubation of DNA-Au
NPs in serum and subsequent addition to cell culture also reduced cellular uptake by similar
amount (Supporting Information, Figure 2a). Thus it is unlikely that the binding of other less
abundant serum proteins promotes cellular uptake of nanoparticles. Overall, these results
suggest that serum protein generally reduce cellular uptake of DNA-Au NPs and point to
other factors as positive regulators of cellular entry.

DNA-Au NP uptake is highest in serum-free culture
To confirm that serum proteins generally reduce nanoparticle uptake, we performed
previously described experiments in serum-free media and compared the results to the
results from normal serum-containing cultures. In all cases, the number of DNA-Au NPs
internalized by cells in serum-free conditions was significantly higher than in serum-
containing conditions. For example, at a 5 nM DNA-Au NPs solution concentration, 2.5 ×
106 ± 0.02 × 106 DNA-Au NPs/cell were internalized in serum-free conditions while 1.0 ×
106 ± 0.1 × 106 DNA-Au NPs/cell were internalized when the media contained 10% serum,
a 150% increase (Supporting Information, Figure 2b). Furthermore, this increase was
observed for DNA-Au NPs that were pre-incubated with serum, or DNA-Au NPs loaded
with covalently-immobilized BSA (Figure 2) or transferrin (Supporting Information, Figure
3).

While the number of DNA-Au NPs internalized is still high in serum containing media, a
150% or higher uptake is observed in serum-free cultures for all of the particles tested, with
the exception of fully BSA- or transferrin coated nanoparticles that contained no
oligonucleotides, which did not exhibit such an increase. These results are consistent with
the conclusion that serum proteins are responsible for decreasing the uptake of DNA-Au
NPs. Since it was shown previously that serum proteins adsorb to DNA-Au NPs (17), it is
likely that the adsorbed proteins compete with the binding interactions required for
nanoparticles to be internalized by cells. These binding interactions between
oligonucleotides on the DNA-Au NPs and cellular proteins promote internalization through
receptor-mediated endocytosis.

Pharmacological inhibitors of DNA-Au NP uptake machinery
DNA-Au NP entry was explored using a pharmacological approach that tested the effect of
inhibitors of cellular uptake mechanisms on nanoparticle uptake. Bafilomycin A (Baf A) can
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inhibit the acidification of endosomes, thus preventing their maturation and fusion into
lysosomes (33). Baf A treatment did not inhibit nanoparticle uptake (Figure 3C). Therefore,
the endosomal–lysosomal acidification process is not critical for nanoparticle entry in HeLa
cells. Similarly, methyl-β-cyclodextrin (MβCD) and cytochalasin-D, inhibitors of caveolae
mediated endocytosis and phagocytosis, respectively, largely did not affect nanoparticle
entry into cells (Figure 3D, Supporting Information, Figure 4A). Cytochalasins cause the
depolymerization of the actin cytoskeleton and inhibit uptake through the caveolae and
macropinocytosis without affecting clathrin-mediated endocytosis whereas MβCD inhibits
phagocytosis by the disruption of lipid rafts (32). These experiments suggest that the broader
classes of endocytotic process such as caveolae mediated endocytosis, macropinocytosis or
phagocytosis are not the primary modes of entry of DNA-Au NPs into HeLa cells.

DNA-Au NP Uptake is blocked by agonists of pattern-recognition receptors
The role of pattern-recognition receptors in DNA-Au NP uptake was evaluated using a
chemical approach. Scavenger receptors are a group of structurally unrelated molecules
known to mediate the endocytosis of certain polyanionic ligands, including nucleic acids
(37) and are implicated in uptake of phosphorothioate-modified oligonucleotides in animals
(38). We examined whether molecules known to interact with scavenger receptors competed
for binding of the DNA-Au NPs, and thus inhibited cellular uptake. Poly I and fucoidan,
well known ligands of the scavenger-receptor family, inhibited nanoparticle uptake by >60%
as measured by ICP-MS (Figure 3 A-B). In contrast, chemically related molecules that
interact with other receptors, but do not inhibit scavenger receptors (such as
lipopolysacchrides (LPS), polyadenylic acid (poly A), ssDNA or the monosaccharide
galactose), did not affect DNA-Au NP uptake (Supporting Information, Figure 4). There was
a slight decrease in viability of cells when treated with the highest concentrations of poly I
and fucoidan. However, this decrease in viability was not correlated with decrease in cellular
uptake as treatments with related chemicals that cause similar drop in viability, poly A and
lipopolysaccharides, did not lead to decrease in uptake (Supporting Information, Table 1).
Thus the decrease in cellular uptake of nanoparticles is most likely caused by binding of
poly I and fucoidan to scavenger receptors which prevents DNA-Au NPs from binding to
the same receptors. We also measured the stability of DNA-Au NPs in poly I and fucoidan
solutions to rule out any possibility of drop in stability of nanoparticles causing the decrease
in uptake (Supporting Information, Figure 9).

While RNAi downregulation of class A (SR-A) or class B (SR-B1) scavenger receptors
(Supporting Information, Figure 10) did not result in inhibition of nanoparticle uptake
(Supporting Information, Figure 5), the inhibition observed by the pharmacological
treatments suggests that multiple types of scavenger receptors with overlapping functions
participate in DNA-Au NP uptake. To explore this possibility, mixed siRNAs targeting SR-
A and SR-B1 were transfected into HeLa cells. This mixture did not result in a significant
reduction in nanoparticle uptake. Recent reports have shown that long dsRNA is internalized
by scavenger receptor-mediated endocytosis in S2 cells (39-40). However, these reports
were also unable to show that down regulation of individual scavenger receptors
significantly reduced dsRNA uptake or resultant RNAi. It is possible that the simultaneous
targeting the two classes of receptors by RNAi is not effective enough to impair the DNA-
Au NP binding to the remaining receptors. It is also possible that unidentified members of
this family of transporter proteins are responsible for this uptake function.

DNA density on nanoparticles determines the extent of inhibition
We next sought to understand the molecular basis of binding of DNA-Au NPs to scavenger
receptors. It has been shown that poly I forms complex quadraplex-like structures at
physiologic temperatures and that the binding of polynucleotides to scavenger receptors
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depends on the formation of stable four-stranded structures (41-42). Thus it is likely that
other polynucleotide sequences predicted to fold into a structure that can bind scavenger
receptors would lower cellular uptake of nanoparticles. Indeed, treatment with telomere-like
DNA sequences (which are predicted to fold into quadraplex-like structures) prior to
addition of DNA-Au NPs reduced cellular uptake of nanoparticles (Supporting Information,
Figure 6). Higher concentrations of this synthetic ligand were necessary to inhibit
nanoparticle entry, which is likely due to the weaker binding of the synthetic DNA strand to
scavenger receptors compared to poly I or fucoidan.

Thus, we hypothesized that the dense monolayer of DNA on the nanoparticle surface
mimics the complex structure that Poly I forms in order to bind to scavenger receptors.
Indeed, reducing the density of DNA on nanoparticles decreased the Poly I dependent
inhibition of nanoparticle uptake (Figure 4). However, since we also reduced the ability of
nanoparticles to bind scavenger receptors, the total nanoparticles internalized by cell
decreased as well. Interestingly, the extent of inhibition was greater for nanoparticles with
higher surface density of DNA. For nanoparticles with 87 ± 7 DNA per nanoparticle, the
cellular uptake decreased 64% (from 8.33 × 105 to 2.98 × 105 DNA-Au NPs per cell) as
poly I concentration increased from 0 to 250 μg/mL. By contrast, the nanoparticles with 7 ±
4 DNA per nanoparticle, the cellular uptake decreased 38% (from 2.32 × 105 to 1.42 × 105

DNA-Au NPs per cell) with the same poly I treatment. This difference suggests that the
nanoparticles with higher density of oligonucleotides are more dependent on scavenger
receptors and thus show more inhibition over the range of concentrations of poly I that
competes for binding to the same receptors.

These experiments strongly suggest that the dense monolayer of DNA on nanoparticles
mimics the complex structures of other polynucleotides, such as poly I or long dsRNA, and
serves as a ligand for scavenger receptors. This hypothesis is further strengthened by
experiments showing that the cellular uptake of siRNA-Au NPs is inhibited by fucoidan and
poly I but not by the other pharmacological treatments (Supporting Information, Figure 7).
For siRNA-Au NPs, the inhibition was >85% versus the untreated samples at highest
concentrations of the agonists suggesting that these nanomaterials depend on scavenger
receptor binding for cellular entry. Identical experiments in a mouse cell line also yielded
the same results suggesting that the entry pathway in mouse cells is conserved (Supporting
Information, Figure 8). Recently, our group has shown that iron oxide nanoparticles also
enter cells with high efficiency when functionalized with dense monolayer of
oligonucleotides (43). Therefore, it is likely that nanomaterials displaying dense monolayer
of oligonucleotides can engage these receptors and be internalized by mammalian cells
using the scavenger receptor pathway.

CONCLUSIONS
We have shown that serum proteins act to reduce the cellular uptake of oligonucleotide-
functionalized nanoparticles and that highest nanoparticle uptake is observed in serum-free
cultures. Using a pharmacological approach, we demonstrated that scavenger receptors
mediate the cellular entry of oligonucleotide-functionalized gold nanoparticles. We have
shown that the interaction of DNA-Au NPs and scavenger receptors is dependent on the
density of oligonucleotides on nanoparticles. This interaction can be partially blocked by
synthetic polynucleotides that mimic the structures of other ligands of scavenger receptors.
Thus, our results show that a determining factor for cellular uptake of DNA-Au NPs is the
polyvalent interactions of DNA-Au NPs with scavenger receptors on cell surface (Scheme
2) suggesting a general mechanism by which nanostructures with dense monolayers of
oligonucleotides can be internalized by cells.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Stable loading of proteins on DNA functionalized gold nanoparticles. The proteins are
covalently attached to tosyl-modified oligonucleotides, which are then hybridized to
nanoparticles functionalized with a complementary sequence. The variable loading of
proteins is achieved by using different ratios of protein-DNA conjugate to DNA-Au NPs.
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Scheme 2.
The proposed mechanism of cellular uptake of DNA-Au NPs. In serum containing media,
DNA-Au NPs are coated with proteins which reduce nanoparticle interactions with
scavenger receptors. Cellular uptake is mediated by the displacement of serum proteins by
these receptors. In the absence of serum proteins, these interactions are more easily
facilitated, resulting in greater uptake as a result of high DNA density. If the binding to
scavenger receptors is inhibited by addition of competitive ligands, then the cellular uptake
of nanoparticles is also reduced.
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Figure 1.
Cellular internalization of DNA-Au NPs when coated with increasing amounts of BSA. The
method for loading a variable number of proteins on DNA-Au NPs is shown in Scheme 1.
Cells were grown in media containing 10% FBS with 5 nM (A) and 10 nM (B) of DNA-Au
NPs.
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Figure 2.
(A) Cellular uptake of DNA-Au NPs loaded with varying number of BSA molecules at 5nM
(A) and 10nM (B) solution concentration of DNA-Au NPs in serum-free conditions. Serum-
free conditions yield significantly higher number of nanoparticles per cell (150% increase)
compared with normal 10% serum cultures (shown in Figure 1).
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Figure 3.
Endocytotic uptake of DNA-Au NPs in HeLa cells is mediated by scavenger receptors.
Treatment with agonists of scavenger receptors, fucoidan (A) and polyinosinic acid (poly I,
B), prior to nanoparticle addition results in up to 60% inhibition of the cellular uptake of
DNA-Au NPs. Pharmacological agents that inhibit other modes of cellular entry, such as
bafilomycin A1 and methyl β-cytodextrin, did not inhibit nanoparticle uptake (C, D,
Supporting Information, Figure 4).
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Figure 4.
Polyinosinic acid dependent inhibition of DNA-Au NPs is dependent on the density of DNA
on nanoparticles. When the cellular uptake of DNA-Au NPs is lowered with decreasing
DNA density, the ability of poly I to inhibit cellular internalization of DNA-Au NPs is
lowered as well.
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