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Abstract

Novel conjugates of gold nanoparticles (13±1nm) functionalized with synthetic microRNAs can
enter cells without the aid of cationic co-carriers and mimic the function of endogenous
microRNAs. These conjugates can regulate multiple proteins through interactions with 3′
untranslated region of the target mRNA and control cell behavior. The conjugates are a promising
new tool for studying miRNA function and new candidates for miRNA replacement therapies.
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Recent advances in nanotechnology have led to promising constructs for drug delivery,
disease detection, and molecular diagnostics. [1–8] Polyvalent oligonucleotide-functionalized
gold nanoparticles have emerged as new and robust tools for drug delivery, analyte detection
and gene regulation in biological systems. [9, 10] These unusual structures consist of gold
nanoparticles (Au NP) that are functionalized with a dense shell of synthetic
oligonucleotides, [11] and have several properties that make them ideal for biomedical
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applications. For example, they have the capacity to enter cultured cells or animal tissues
without the aid of lipid- or polymer-based co-carriers. [12, 13] The oligonucleotides on their
surfaces are resistant to nuclease degradation and, therefore, more stable than the same
sequences free in solution. [14, 15] The innate immune response elicited by these conjugates
is 25 fold lower than the same DNA delivered using commercial lipid co-carriers. [16, 17]

Consequently, they have been used to develop a wide variety of molecular diagnostic and
potential therapeutic systems. [12, 18, 19] Interestingly, to date, no methods have been
developed for utilizing the unique properties of polyvalent nanoparticles to introduce
microRNA (miRNAs) into cells and tissues, despite the fact that they might be very
effective agents for stabilizing the miRNAs and regulating gene expression in multiple
ways. Herein, we report the synthesis and characterization of novel miRNA-gold
nanoparticle conjugates (miRNA-Au NPs) that are capable of entering cells without the aid
of cationic co-carriers, regulating the expression of multiple genes and controlling cellular
behavior.

MicroRNAs are small RNAs (approximately 22 nucleotides in length) of cellular origin that
function as the endogenous regulators of gene expression in eukaryotes through the RNA
interference pathway. [20–22] Individual miRNAs are able to regulate multiple target genes
through interactions with sites of imperfect complementarity in the 3′-untranslated regions
(UTRs) of target mRNAs, which cause either the destabilization of the targeted transcripts
or translational repression. [20–23] The remarkable ability of individual miRNAs to regulate
numerous transcripts allows miRNAs to control a variety of cellular processes, including
cellular differentiation, proliferation and apoptosis. [24–26] Aberrant miRNA levels have
been shown to contribute to a number of diseases, including several types of cancers, where
miRNAs have the ability to act as both tumor suppressors and oncogenes. [27–30] Since
dysregulation of a single miRNA can effectively contribute to tumorogenesis, correcting the
abnormal miRNA activities by either antagonizing or restoring miRNA function may
provide significant anti-oncogenic benefits. [27, 28, 31, 32] However, a major obstacle in
miRNA functional studies and miRNA-directed therapy is the lack of viable delivery
systems that achieve an effective regulation of gene expression and cell phenotype using
miRNAs. Current methods of miRNA introduction include the use of virus-based cloning
and expression vectors, complexation with auxiliary transfection agents, electroporation, and
polymer- or liposome-based carrier systems. [33–36] These tools are challenged by several
limitations, including an undesired immune response, cell toxicity, and inefficient delivery
to target tissues. [37–39] We hypothesized that the polyvalent oligonucleotide-functionalized
gold nanoparticles, which have been shown to enter cells without the use of a cationic co-
carrier, could be functionalized with synthetic miRNA sequences and potentially overcome
cellular transfection hurdles and mimic endogenous miRNA function.

The prototype miRNA mimics (miRNA-Au NPs) consist of 13±1 nm gold nanoparticles,
each functionalized with a monolayer of double stranded alkylthiol-modified RNA
molecules (33±4 duplexes/NP, Scheme 1, Supporting Information Table 1). [15] The
immobilization of the oligonucleotides on the surfaces of the gold nanoparticles has been
shown to increase the stability of the bound RNA while retaining its ability to act in the
native cellular RNAi pathways (See Supporting Information for Experimental Section). [15]

Therefore, we hypothesized that miRNA-Au NPs could effectively introduce miRNA into
cells without transfection agents, regulate target gene expression, and exert the miRNA
specific phenotype.

To test this hypothesis, we investigated whether miRNA-Au NPs are able to control cellular
processes by elevating the endogenous miRNA level in the human prostate cancer (PCa) cell
line, PC-3. Human miR-205 was chosen as a proof-of-concept miRNA because it is
markedly down-regulated in PCa cell lines and tissue specimens, and performs tumor-
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suppressive functions through the down-regulation of protein kinase C epsilon
(PRKCε). [40] The PRKCε mRNA contains a 3′-UTR sequence that is partially
complementary to miR-205 (Figure 1A). PC-3 cells were treated with a 2mL solution of 10
nM miRNA-Au NPs that mimic miR-205 or non-targeting sequences (NT Au NPs),
respectively. After 96 hours, the expression of PRKCε was measured using immunoblotting.
The results show that the treatment with the miRNA-Au NPs that mimic miR-205 decreases
the expression of PRKCε by 52% compared to cells treated with control particles
functionalized with non-targeting sequences (Figure 1C).

It is known that a single miRNA can regulate multiple targets through interactions with the
3′-UTRs of the target mRNA. To test whether the novel miRNA-Au NPs could function
similarly, we cloned and inserted the cDNA fragment containing the 3′-UTR sequence of
PRKCε downstream of firefly luciferase into the pMIR-REPORT™ miRNA expression
reporter vector (Applied Biosystems) and then transfected this plasmid into HeLa cells.
When the ectopic miR-205 is successfully delivered to the cells by miRNA-Au NPs, it
interacts with the miR-205 binding site in the PRKCε 3′-UTR fragment inserted into the
reporter vector and causes translational repression of luciferase. The pRL-SV40 Renilla
luciferase vector that did not contain a miR-205 binding site and could not be targeted by
miR-205 was co-transfected as a control. Luciferase expressing HeLa cells were treated with
5 nM mimic miRNA-Au NPs targeting the 3′-UTR sequence of PRKCε. After 72 hours,
firefly luciferase signal was measured in cell lysates and normalized to the Renilla luciferase
signal using the Dual-Glo™ Luciferase Assay System (Promega). The results show that the
firefly luciferase signal in cells treated with mimic miR-205 Au NPs was reduced by 38%
compared with cells transfected with Au NPs functionalized with non-targeting sequences
(Figure 1B). Importantly, the same concentration of commercially available miR-205 mimic
molecules delivered using DharmaFECT™ only provided a 12% reduction in firefly
luciferase activity (Figure 1B). The decrease in firefly luciferase signal confirms that the
miRNA-Au NPs have the capacity to recognize and interact with the 3′-UTR of the target
gene. Interestingly, the mimic miR-205 Au NPs are approximately three times more potent
than the analogous molecular system delivered with DharmaFECT™. Furthermore, while the
protein expression levels were reduced, no significant changes in the mRNA levels were
observed suggesting that the mimic miRNA-Au NPs block the translation of corresponding
mRNA target rather than cause degradation of the target mRNA (Supporting
Information,Figure 1). This observation is in agreement with literature precedent, which
shows that most mammalian miRNAs regulate their targets through translational repression
rather than mRNA degradation. [23]

Having confirmed the biochemical activity of the miRNA-Au NPs, we proceeded to
examine the phenotypic effects of mimic miRNA-Au NPs in tissue culture. A previous
report demonstrated that re-expression of miR-205 in prostate cancer cells induces apoptosis
and impairs the cells’ invasive properties. [41] Consistent with these results, we observed an
approximately 50% decrease in cell survival for PC-3 cells transfected with miRNA-Au NPs
compared with control cells transfected with the non-targeting Au NPs (Figure 2A;
Supporting Information, Figure 2). Thus, mimic miR-205 functionalized Au NPs not only
inhibit PRKCε expression, but also induce PCa cell apoptosis within one week after
transfection in a sequence-specific manner.

A decrease in miR-205 expression is known to increase cellular motility and eventual
metastasis of tumor cells. [40, 41] We postulated that an effective increase in cellular
miR-205 through treatment with miRNA-Au NPs would have the opposite effect and
decrease the migration rate of PCa cells. We tested this hypothesis by using a wound closing
assay (commonly used for studying migration rates of cultured cells). [42] PC-3 cells were
grown to confluency in a 6-well plate, and a wound was made using a sterile P-200 pipet tip.
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The cells were then incubated with mimic miRNA-Au NPs or non-targeting Au NPs and the
wound closure was monitored using light microscopy. We found that the untreated cells, or
the non-targeting Au NPs treated cells, were able to close the wound within 48 hours.
However, the cells treated with miR-205 functionalized nanoparticles only showed a partial
closure of the wound over this time period, indicating that the mimic miRNA-Au NPs are
decreasing the motility of PC-3 cells (Figure 2B). Since miR-205 is reported to decrease
both cellular motility and viability, it is likely that the inability of PC-3 cells to close the
wound is due to a combination of these two reported functions of miR-205. [40, 41] These
experiments confirm that miR-205 introduced via miRNA-Au NPs can function in the
endogenous pathways to exert the expected phenotypic response from PC-3 cells and control
cell migratory behavior.

To show the general applicability of these constructs, we tested a different sequence,
miR-20a, which plays an oncogenic role in PCa carcinogenesis by reducing the expression
of transcription factors E2F1 and the phosphatase and tensin homolog (PTEN). [43–45] We
cloned the 3′ UTRs of E2F1 and PTEN downstream of firefly luciferase gene as described
above (Figure 3A, 3B) and performed a luciferase activity assay to determine the effects of
miRNA-Au NPs. Consistent with the known biological function of miR-20a, the mimic
miR-20a Au NPs were able to regulate the expression of firefly luciferase gene modified to
include 3′-UTRs of E2F1 and PTEN. The luciferase signal in cells treated with mimic
miR-20a Au NPs was reduced by 32% (E2F1) and 41% (PTEN) compared with cells
transfected with Au NPs functionalized with non-targeting sequences (Figure 3A–B). [44]

Furthermore, oncogenic miR-20a delivered by miRNA-Au NPs protects PC-3 cells from
apoptosis induced by the anti-cancer drug doxorubicin. [43] After treatment with
doxorubicin, PC-3 cells incubated with Au NPs functionalized with non-targeting sequences
showed a 3-fold increase in Caspase 3/7 activity, indicating the induction of cell apoptosis.
However, PC-3 cells treated with mimic miR-20a Au NPs showed no significant change in
Caspase 3/7 activity, suggesting that mimic miRNAs prevent the cells from undergoing
doxorubicin induced apoptosis (Figure 3C).

In summary, we have synthesized and characterized novel miRNA-Au NPs, which mimic
native miRNAs. We have shown that the nanoparticles carrying the mimics of tumor
suppressive microRNA miR-205 repress the expression of miR-205 target protein by
interaction with the 3′ untranslated region of the target mRNA. Significantly, phenotypic
assays have shown that these conjugates can act to inhibit cancer cell proliferation and
migration. Nanoparticles functionalized with mimics of oncogenic microRNA miR-20a
promote cell survival by down-regulating known miR-20a target proteins. Importantly, these
constructs regulate gene expression up to three fold more effectively than analogous
molecular miRNAs delivered using a commercial co-carrier DharmaFECT™. Taken
together, the ability of polyvalent nucleic acid-functionalized nanoparticles to enter cells
without the aid of cationic lipids and polymers, coupled with their demonstrated function as
endogenous miRNAs, makes them a promising new tool for studying miRNA function as
well as important new candidates for miRNA replacement therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Human protein kinase C epsilon (PRKCε) expression as a function of nanoparticle-
conjugate treatment in PC-3 cells. (A) The construction of the pMIR-REPORT™ vector. The
duplex formation demonstrates the partially complementary binding between miR-205 and
PRKCε mRNA at position 2732–2738 of PRKCε 3′-UTR. (B) Bar graph shows that firefly
luciferase activity is suppressed by transfection of mimic miR-205 Au NPs when compared
with the non-targeting Au NPs. Commercially available mimic miR-205, transfected using
DharmaFECT™, shows 12% reduction in firefly luciferase activity. The error bars indicate
the standard deviation (SD) from three different experiments. (C) Immunoblotting of PC-3
cell lysates for PRKCε, showing an over 50% decrease in PRKCε expression in PC-3 cells
following transfection with mimic miR-205 Au NPs. GAPDH serves as the loading control.
The relative protein expression level was quantified by ImageJ.
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Figure 2.
The proliferation and migration of cancer cells as a function of nanoparticle-conjugate
treatment. (A) miR-205 Au NPs (red) significantly reduce PC-3 cell viability over 5 days of
treatment. Non-targeting Au NPs (black) do not affect PC-3 cell viability over the same time
period. (B) Mimic miR-205 Au NPs restrict PC-3 cell migration. The scratch wounds (red
arrows) made in the untreated or non-targeting Au NPs treated cells (center of panels 1 and
2) closed completely within 48 hours (panels 7 and 8). By contrast, miR-205 Au NPs treated
cells were not able to close a similar scratch wound (panel 9).
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Figure 3.
Mimic miR-20a Au NPs regulate multiple known miR-20a targets and promote cell
proliferation. (A) Upper panel: the transcription factor E2F1 has two miR-20a binding sites
at positions 386–392 and 979–985 in its 3′-UTR. Lower panel (bar graph): ectopic
introduction of miR-20a by mimic miRNA Au NPs inhibits the activity of luciferase gene
containing E3F1 3′-UTR. (B) The upper panel shows the binding site of miR-20a at position
272–278 of PTEN 3′-UTR. The lower panel (bar graph) indicates that the mimic miR-20a
Au NPs cause reduction in the activity of luciferase gene containing PTEN 3′-UTR. (C)
miR-20a Au NPs treatment suppresses doxorubicin induced apoptosis in PC-3 cells. After
treatment with doxorubicin, PC-3 cells transfected with Au NPs functionalized with non-
targeting sequences show a 3-fold increase in Caspase 3/7 activity, an indication of
apoptosis. Caspase activity in miR-20a Au NPs treated PC-3 cells remains unchanged with
or without doxorubicin indicating an inhibition of apoptosis induced by doxorubicin. The
error bars indicate S.D. from 3 different experiments in (A), (B) and 6 different experiments
in (C). The groups of NT-Au NPs and mimic miRNA-Au NPs in (A) and (B) have P values
less than 0.05.
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Scheme 1.
Schematic representation of the mimic miRNA Au NPs. In (A), the typical endogenous
miRNA structure (miRNA: miRNA*) with one or more bulges is shown. Only the mature
miRNA strand, in red, is known to be involved in downstream gene regulation pathways. In
(B), the scheme and sequences of the mimic miRNA-205 Au NP (upper) and mimic
miRNA-20a Au NP (lower) attached to 13 nm gold nanoparticle (red hemisphere) are
depicted. In both cases, the sense strand is attached to the gold surface through the
adsorption of alkyl thiol on gold. The red letters represent mature miRNA sequences.
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