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Abstract

RNA interference (RNAi)-based gene regulation has recently emerged as a promising strategy to 

silence genes that drive disease progression. RNAi is typically mediated by small interfering 

ribonucleic acids (siRNAs), which, upon delivery into the cell cytoplasm, trigger degradation of 

complementary messenger RNA molecules to halt production of their encoded proteins. While 

RNAi has enormous clinical potential, its in vivo utility has been hindered because siRNAs are 

rapidly degraded by nucleases, cannot passively enter cells, and are quickly cleared from the 

bloodstream. To overcome these delivery barriers, siRNAs can be conjugated to nanoparticles 

(NPs), which increase their stability and circulation time to enable in vivo gene regulation. Here, 

we present methods to conjugate siRNA duplexes to NPs with gold surfaces. Further, we describe 

how to quantify the resultant amount of siRNA sense and antisense strands loaded onto the NPs 

using a fluorescence-based assay. This method focuses on the attachment of siRNAs to 13 nm gold 

NPs, but it is adaptable to other types of nucleic acids and nanoparticles as discussed throughout 

the protocol.
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1 Introduction

RNA interference (RNAi) is a potent method to regulate gene expression that is under 

intense investigation as a therapy for a variety of diseases including cancer, hepatitis C, 

Alzheimer’s, and Parkinson’s [1]. In RNAi, exogenous small interfering RNAs (siRNAs) 

delivered into cells initiate the degradation of complementary messenger RNA (mRNA) 

molecules by the cells’ internal machinery; this halts production of the proteins encoded by 

the mRNAs, resulting in reduced gene expression [1]. While RNAi has potential to 

transform our ability to treat disease, there are several challenges associated with delivering 

siRNAs to diseased sites for gene therapy. For example, siRNAs rapidly degrade in the 

presence of nucleases, have a poor biodistribution profile, and cannot passively enter cells 

due to their negative charge [1, 2]. To facilitate passage across negatively charged cell 

membranes, siRNAs are typically complexed with cationic transfection agents. These 

cationic agents are useful for in vitro studies, but their high toxicity precludes in vivo use [3, 
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4]. Accordingly, researchers are developing new strategies to enable in vivo siRNA delivery, 

and the most common approach is to use nanoparticles as siRNA carriers [3–5]. 

Nanoparticles are advantageous as siRNA delivery vehicles because they can overcome 

several of the aforementioned challenges related to siRNA delivery [3–5]. The two main 

methods of siRNA delivery using nanoparticles are encapsulation, wherein siRNAs are 

entrapped inside porous nanoparticles or within layers of positively charged materials 

surrounding nanoparticles [4, 6–10], and conjugation, wherein siRNAs are bound to 

nanoparticle surfaces and exposed as the outer layer [5, 11–14]. Both of these methods have 

been shown to protect siRNAs from degradation, promote their cellular uptake, and improve 

gene regulation both in vitro and in vivo [6–15]. Therefore, there is substantial evidence to 

support continued development of nanoparticles for siRNA delivery. In this chapter, we 

describe the synthesis and characterization of siRNA nanocarriers prepared by the 

conjugation method.

Thorough and consistent characterization of siRNA nanocarriers is critical for their 

successful implementation as mediators of RNAi. Researchers must accurately quantify the 

amount of siRNA loaded within or on nanoparticle carriers to precisely dose therapies. 

Further, loading density is known to influence the cell uptake of nanocarriers coated with 

siRNA (or other nucleic acids), with high density favoring increased cell uptake [16–18], so 

quantitative characterization is essential to understand and enhance the interactions between 

siRNA-coated nanoparticles and cells. Several methods exist that could be used to 

qualitatively or quantitatively measure siRNA bound to or entrapped within nanoparticles. 

For example, zeta potential and dynamic light scattering measurements can confirm siRNA 

loading, as the addition of siRNA changes nanoparticles’ surface charge and hydrodynamic 

diameter [12]. While qualitatively confirming the presence of siRNA is useful, quantification 

of siRNA loading provides more valuable information. One common method to quantify 

siRNA loading involves determining the siRNA remaining in solution after nanoparticle 

conjugation and purification by recording the absorbance at 260 nm (the peak absorbance of 

siRNA) with a spectrophotometer and calculating the amount of siRNA present using the 

Beer-Lambert law [19]. The strength of this method is its simplicity, but it is not ideal 

because it does not directly measure siRNAs on nanoparticles, assumes no losses during 

processing, has low sensitivity, and cannot distinguish sense- and antisense strand loading. 

Some alternative approaches have been developed to directly and quantitatively measure 

siRNAs and other nucleic acids bound to nanoparticles, including methods based on real-

time polymerase chain reaction (PCR) [20] and methods that use fluorophore-labeled 

nucleic acids to quantify loading via fluorescence measurements [21, 22]. The main 

limitation of the PCR approach is its complexity, and the fluorescence-based approaches are 

limited by the high cost of fluorophore-labeled siRNA and potential errors in quantification 

that may result from fluorophores being quenched due to their close proximity to each other 

and the nanoparticles’ surfaces. Additionally, fluorophore modifications may alter siRNA 

loading onto nanoparticles and, unless both strands are fluorophore labeled, fluorescence 

readout cannot quantify both antisense and sense RNA strands. Given that the number of 

sense and anti-sense oligonucleotides on nanoparticles may not be equal [23], it is 

imperative to measure both strands individually when quantifying loading.
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Here, we describe methods to coat nanoparticles containing gold surfaces with thiolated 

siRNAs (Fig. 1) and to quantify the amount of conjugated siRNAs using a simple, 

fluorescence-based approach that does not require the siRNAs to be modified with 

fluorophores (Fig. 2). We focus on gold-based nanoparticles since these are the most 

extensively studied nanocarriers that utilize a surface conjugation strategy [5]. In this 

protocol, antisense RNA strands are first hybridized to sense RNA strands containing a 3′ 
thiol (see Note 1), which facilitates siRNA duplex loading on the nanoparticles’ surfaces via 

gold–thiol bond formation (Fig. 1). Next, the conjugated siRNA is quantified as shown in 

Fig. 2. Briefly, the antisense strands are dehybridized from the nanoparticle-bound sense 

strands then the nanoparticles are pelleted by centrifugation. The antisense-containing 

supernatant is collected and incubated with the components of the Quant-IT OliGreen® kit 

to produce a fluorescent signal (see Note 2). The OliGreen® dye is weakly fluorescent in 

solution, but produces a strong fluorescent signal that is easily detected with a fluorescent 

plate reader upon binding to single-stranded nucleic acids. The concentration of antisense 

RNA in the sample is determined by comparing the sample fluorescence intensity to that of 

a standard curve of known antisense RNA concentration. Next, thiolated sense RNA strands 

are released from the nanoparticles by breaking the gold–thiol bonds in β-mercaptoethanol. 

The released sense RNA strands are collected and quantified using the Quant-iT™ 

OliGreen® kit. This method for quantifying siRNA duplexes loaded on nanoparticles is 

advantageous because it does not require siRNA that has been fluorophore-labeled, can be 

adapted to suit various nanoparticle core materials, and allows for individual measurement 

of both antisense and sense RNA strands. We have found that approximately twice as many 

sense strands bind to nanoparticles’ surfaces as antisense strands (Fig. 3), so it is useful to 

obtain measurements for each sequence.

We describe this protocol using 13 nm diameter spherical gold nanoparticles (AuNPs) as the 

siRNA nanocarrier, but it is translatable to other types of nanoparticles and oligonucleotides 

as well. For example, we and other researchers have previously described how this assay can 

be adapted to load and measure DNA (deoxyribonucleic acid) or microRNA on 13 nm 

AuNPs or larger AuNPs [24–26]. To demonstrate the versatility of this protocol for different 

nanocarriers, we have added notes to describe how it may be adapted to the synthesis and 

characterization of siRNA-coated nanoshells, which are nanoparticles that contain 120 nm 

silica cores and 15 nm-thick gold shells (Fig. 3). The 13 nm AuNPs and 150 nm nanoshells 

used in this protocol are meant to serve as model systems; readers should optimize the 

instructions provided as necessary for their specific nanoparticle formulation and 

application.

2 Materials

Prepare all solutions using ultrapure, RNase-free water (see Note 3) and store at appropriate 

temperatures as indicated below. In addition to the reagents listed in this section, readers 

should have access to the following: −80 °C freezer, 4 °C refrigerator, microcentrifuge tubes, 

1We use siRNA that is thiolated at the 3′ end of the sense strand, but other positions for the thiol group would also be suitable.
2We describe the use of the Quant-iT™ OliGreen® kit for this assay, but other dyes that are weakly fluorescent until they bind nucleic 
acids, which then amplifies their fluorescence, would be suitable as well. The OliGreen® dye is advantageous in that it is highly 
sensitive with the ability to accurately detect nucleic acids as dilute as 100 pg/mL.
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pipettes, black-walled 96-well plates, thermomixer, sonicator bath, rocking platform, ice, ice 

bucket, vortex, microcentrifuge, spectrophotometer, fume hood, and a fluorescent plate 

reader.

2.1 siRNA Duplex Preparation

1. Sense- and antisense RNA oligonucleotides (see Note 4): Dried or reconstituted 

single-stranded RNA should be stored at −80 °C.

2. RNase-free duplex buffer (see Note 5): Store at room temperature.

2.2 Oligonucleotide Conjugation to AuNPs

1. AuNPs, made RNase-free by treatment with DEPC (diethylpyrocarbonate) (see 
Note 6): Store at room temperature.

2. Tween® 20: Prepare a 10% solution of Tween® 20 by diluting 1 mL Tween® 20 

in 9 mL water (see Note 7). Store at room temperature.

3. Sodium chloride (NaCl): Prepare 5 M NaCl solution by dissolving 58.44 g NaCl 

in 200 mL ultrapure water (this water does not have to be RNase-free since the 

final solution will be treated with DEPC). DEPC-treat the entire solution to 

deactivate RNases (see Note 3). Store at room temperature.

4. Methoxy PEG-thiol (mPEG-SH) at desired molecular weight (see Note 8): Store 

mPEG-SH as a lyophilized powder at −80 °C under argon. Fresh 1 mM solution 

should be made in ultrapure RNase-free water prior to use.

5. Phosphate buffered saline (PBS), 1×, RNase-free: Store at room temperature.

3It is imperative to use water that is nuclease-free. Ultrapure RNase/DNase-free water can be purchased from a variety of commercial 
vendors. Alternatively, purified water such as Milli-Q water can be made nuclease-free by adding diethylpyrocarbonate (DEPC) to the 
water at 0.1% (v/v), heating the solution to 37 °C for several hours, and autoclaving. We autoclave at 121 °C for 40 min for 500 mL of 
solution, but the time and temperature should be adjusted based on the volume of liquid to be autoclaved.
4We use siRNAs with a sense sequence that contains, at the 3′ end, an overhang (such as dithymidine) to increase stability against 
intracellular nucleases, a short polyethylene glycol (PEG) spacer to enhance loading onto nanoparticles, and a thiol group to bind the 
gold surface. An example siRNA sense sequence against yellow fluorescence protein (YFP) mRNA is as follows: 5′–UGA CAG UCC 
AAC UAC AAC AGC TT–PEG36–SH–3′. We typically also use antisense sequences that contain a 3′ dithymidine overhang, but no 
additional modifications. This protocol may be adapted for use with other siRNA sense and antisense sequences, or for use with other 
nucleic acids (such as DNA and microRNA).
5Upon thawing, RNA sense and antisense strands should be reconstituted in nuclease-free duplex buffer. Nuclease-free duplex buffer 
at pH 7.5 contains 30 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 100 mM potassium acetate. Excess RNA 
molecules may be stored in this duplex buffer.
6This protocol uses 13 nm AuNPs produced by the Frens method [27] and stored at a concentration of 10 nM. The protocol can easily 
be adapted for particles of different sizes or concentrations by scaling the reagents up or down according to the available particle 
surface area. To render 13 nm AuNPs RNase-free, add 0.1% v/v DEPC, shake at 37 °C for several hours and autoclave. We have 
observed that some types of nanoparticles, including nanoshells, become unstable upon autoclaving. In this case, we have found that 
treating the particles with DEPC at 37 °C for 48 h allows sufficient time for DEPC to deactivate RNases and then completely 
hydrolyze to prevent future side reactions.
7We use Tween® 20 in this protocol, but other surfactants such as sodium dodecyl sulfate would also be suitable.
8The purpose of the mPEG-SH is to stabilize the nanoparticles. We have tested mPEG-SH molecular weights ranging from 400–5000 
Da. In general, higher molecular weight PEG that extends beyond the length of the siRNA duplex will increase nuclease resistance, 
but may prevent the siRNA from interacting with cells in downstream applications, and lower molecular weight PEG that is much 
shorter than the siRNA duplex may not be sufficient to prevent the nanoparticles from aggregating. We typically use either 2000 or 
5000 Da mPEG-SH for back-filling nanoparticles coating with siRNAs containing ~21 nucleotides per strand. The mPEG-SH utilized 
should be optimized for specific nucleic acid sequences and intended applications.
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2.3 Quantifying Antisense Oligonucleotides Bound to AuNPs

1. siRNA-coated AuNPs: Prepare as described in the Methods (Subheading 3.2). 

Store at 4 °C.

2. 8 M Urea, RNase-free: Prepare by dissolving 12.01 g urea with 25 mL RNase-

free water. Store at room temperature.

3. Tween® 20: Prepare a 0.1% solution in Ultrapure RNase-free water by diluting 

the previously prepared 10% stock solution 1:100.

4. Quant-iT™ OliGreen® ssDNA Assay Kit: Store at 4 °C (see Note 2).

5. Antisense oligonucleotides: Store at −80 °C. These antisense RNA strands will 

be used to generate a standard curve.

2.4 Quantifying Sense Oligonucleotides Bound to AuNPs

1. Sense strand-coated AuNPs: Prepared as described in the Methods (Subheading 

3.3) and stored at 4 °C.

2. PBS, 1×, RNase-free: Store at room temperature.

3. 2 M β-Mercaptoethanol: Prepare a 2 M β-Mercaptoethanol solution by 

combining 0.7 μL of 14.3 M β-Mercaptoethanol with 4.3 mL TE buffer diluted 

1:20 in water. (TE buffer is 10 mM Tris–HCl, 1 mM EDTA, pH 7.5 and is 

provided in the OliGreen® kit.)

4. Tween® 20: Prepare a 0.1% solution in ultrapure RNase-free water by diluting 

the previously prepared 10% stock solution 1:100. Store at room temperature.

5. Quant-iT™ OliGreen® ssDNA Assay Kit: Store at 4 °C (see Note 2).

6. Sense oligonucleotides: Store at −80 °C. These sense RNA strands will be used 

to generate a standard curve.

3 Methods

Subheadings 3.1 and 3.2 describe how to attach siRNA duplexes to AuNPs and are depicted 

in Fig. 1. Subheadings 3.3 and 3.4 describe how to quantify siRNA sense and antisense 

strands bound to AuNPs and are depicted in Fig. 2.

3.1 siRNA Duplex Preparation

1. Thaw sense and antisense oligonucleotides to room temperature and keep on ice 

throughout the procedure. Dilute oligonucleotides in RNase-free duplex buffer to 

the desired concentration (see Note 9).

2. Mix equal molar amounts of sense and antisense oligonucleotides in an RNase-

free microcentrifuge tube (see Note 10).

9Typical resuspension concentration for individual RNA sense and antisense oligonucleotides is ~200 μM in RNase-free duplex buffer. 
Store lyophilized and resuspended oligonucleotides at −80 °C.
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3. Heat the combined oligonucleotides to 95 °C for 5 min, shaking at 400 rpm in a 

thermomixer.

4. Cool the oligonucleotides to 37 °C slowly over 1 h, shaking at 400 rpm (see Note 

11).

5. Duplexed siRNA should be used immediately for conjugation or stored at 

−80 °C.

3.2 Oligonucleotide Conjugation to AuNPs

1. Add Tween® 20 to a final concentration of 0.2% Tween® 20 to a solution of 10 

nM RNase-free 13 nm AuNPs.

2. Add NaCl to the Tween-stabilized AuNPs to a final concentration of 150 mM. 

Incubate 5 min at room temperature.

3. Add the previously prepared siRNA duplexes at a concentration of 1 nmole 

siRNA per mL of 10 nM AuNPs (see Note 12). Sonicate for 30 s using a 

sonicator bath, and incubate the particles at room temperature on a rocking 

platform at a moderate speed for 4 h.

4. After 4 h, increase the NaCl concentration of the solution to 350 mM. Sonicate 

again for 30 s in the sonicator bath, and incubate the particles overnight at room 

temperature on a rocking platform at a moderate speed (see Note 13).

5. After overnight incubation, backfill any remaining empty space on the AuNPs’ 

surfaces with mPEG-SH by adding mPEG-SH to a final concentration of 10 μM. 

Incubate at room temperature on a rocking platform at a moderate speed for 4 h 

(see Note 14).

6. Purify the siRNA-coated AuNPs by sequential centrifugation. For 13 nm AuNPs, 

centrifuge at 21,000 × g for 30 min to form a pellet. Remove the supernatant and 

dilute the AuNP pellet to half of the original volume with RNase-free 1× PBS. 

Repeat this procedure three times, resuspending to the desired concentration after 

the final wash (see Note 15).

10All methods should be completed using RNase-free materials including microcentrifuge tubes and pipette tips. These can be 
purchased RNase-free (recommended), or rendered RNase-free by DEPC treatment. We recommend spraying and wiping any 
materials, including pipettes and the lab bench, with an RNase-removal agent to remove any RNases.
11To cool siRNA duplexes slowly, set the thermomixer to 37 °C and mix at 400 rpm for 1 h. The siRNA duplexes will anneal as they 
cool to 37 °C.
12The amount of siRNA used during synthesis will require optimization for individual siRNA sequences. We have found that 1–2 
nmole siRNA per mL of 13 nm AuNPs at a concentration of 10 nM works well for most sequences. For 150 nm diameter nanoshells, 
0.1–0.2 nmole siRNA per mL of nanoshells at a concentration of 0.0045 nM works well.
13Generally, increasing the concentration of NaCl added during synthesis will increase the amount of siRNA that loads onto the 
AuNPs since the NaCl screens charges between duplexes. Additionally, increasing the number of NaCl additions over several hours 
may improve siRNA loading. This should be optimized for individual sequences and types of nanoparticles.
14The amount of mPEG-SH added and duration of incubation should be optimized for individual siRNA sequences and types of 
nanoparticles. mPEG-SH concentrations have been tested in the range of 5–30 μM, while recommended incubation times range from 
1–4 h. Further, incubating mPEG-SH with nanoparticles at 4 °C may improve siRNA loading.
15After washing the AuNPs three times, suspend the AuNP pellet in a small volume for storage at your desired concentration. For 
example, an original volume of 5 mL 10 nM AuNPs should be resuspended in 500 μL 1× PBS after the final wash for storage at ~100 
nM. We have stored siRNA-conjugated AuNPs at 100 nM for several weeks without adversely impacting the functionality of the 
siRNA.
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7. To determine the concentration of the siRNA-coated AuNPs, dilute a small 

volume of the sample 1:100 in water and measure the extinction at 520 nm in a 

spectrophotometer. For 13 nm AuNPs, an extinction coefficient of 2.70 × 108 L/

(mol·cm) can be used to calculate the concentration using Beer’s law (see Note 

16).

8. Store siRNA-coated AuNPs at desired concentration at 4 °C. We typically store 

siRNA-coated AuNPs at or above 100 nM.

3.3 Quantification of Antisense Oligonucleotides Bound to AuNPs

1. Dilute siRNA-coated AuNPs (prepared as in Subheading 3.2 and stored at 100 

nM) to 6.67 nM in 8 M urea to a final volume of 300 μL in an RNase-free 

microcentrifuge tube. Incubate at 45 °C for 20 min in a thermomixer shaking at 

400 rpm to dehybridize the antisense strands from the sense strands, which will 

remain bound to the AuNPs (Fig. 2).

2. Add 300 μL of 0.1% Tween® 20 to the urea-treated AuNPs, then centrifuge the 

solution at 21,000 × g for 30 min.

3. Collect and transfer the supernatant, which contains the dehybridized antisense 

RNA strands, to an RNase-free tube. The AuNP pellet containing surface-bound 

sense strands can be stored at 4 °C until sense strand quantification.

4. Prepare a standard curve of known antisense concentration by diluting single-

stranded antisense oligonucleotides in RNase-free water. The following antisense 

concentrations are recommended: 80, 40, 20, 10, 5, 0 nM antisense RNA (see 
Note 17).

5. In a black-walled 96-well plate, add 76.6 μL of each antisense RNA standard to 

individual wells. Add 23.4 μL of 8 M urea to each standard to match the 

concentration of urea in the samples prepared from siRNA-coated AuNPs. It is 

recommended to prepare the standard curve in duplicate or triplicate wells to 

minimize error.

6. In the 96-well plate, add 50 μL of each antisense sample obtained from steps 1–3 
of Subheading 3.3 to three separate wells. Dilute the samples 1:2 by adding 50 

μL of RNase-free water to each well.

7. Prepare the Quant-iT™ OliGreen® reagent. First, prepare 1× TE Buffer by 

adding 250 μL 20× TE Buffer to 4.75 mL RNase-free water. Dilute the 

16Beer’s Law states that A = εcl where A is the nanoparticle absorbance at its peak resonance wavelength as measured by the 
spectrophotometer, ε is the extinction coefficient, c is the concentration of the nanoparticles, and l is the path length of the sample. The 
extinction coefficient for 13 nm AuNPs is provided, but readers should confirm the extinction coefficient for other types of 
nanoparticles as they adapt this protocol to their needs.
17The antisense standard curve will be further diluted in 8 M urea to mimic the urea concentration in the samples prepared from 
siRNA-coated AuNPs. It is recommended to prepare the standard curve such that the desired antisense concentrations (for example: 
80, 40, 20, 10, 5, 0 nM antisense) are reached after adding 8 M urea to the standards. For example, to prepare the standard curve to 
reach the previously stated final concentrations, dilute antisense RNA to the following concentrations: 104.44, 52.22, 26.11, 13.05, 
6.53, 0 nM antisense RNA. While these standard curve concentrations work well for the concentration and loading of siRNA on 13 nm 
AuNPs presented here, they may need to be optimized for different nanoparticles, nanoparticle concentrations, or loading densities. 
For example, the final antisense standard curve concentrations for 150 nm diameter nanoshells should be 20, 10, 5, 2, 0.5, 0 nM 
antisense. It is crucial for the sample fluorescence readings to be within the range of the standard curve.
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OliGreen® reagent 1:200 by adding 25 μL OliGreen® reagent to the 1× TE 

Buffer.

8. Add 100 μL of the diluted OliGreen® reagent to each well containing antisense 

samples obtained from the AuNPs or containing antisense RNA standards.

9. On a microplate reader, measure the fluorescence intensity of the samples using 

an excitation wavelength of ~480 nm and an emission wavelength of ~520 nm 

(see Note 18).

10. Use the fluorescence intensities for each point in the standard curve to calculate 

the concentration of antisense RNA in the samples prepared from siRNA-coated 

AuNPs (see Note 19). The number of antisense strands loaded per AuNP can be 

calculated by dividing the sample antisense concentration by the AuNP 

concentration represented in the plate, taking into account the sample dilutions 

throughout the procedure. Typical antisense siRNA loading on 13 nm AuNPs 

and on 150 nm nanoshells is provided in Fig. 3.

3.4 Quantification of Sense Oligonucleotides Bound to AuNPs

1. Remove the AuNP pellet obtained from step 3 in Subheading 3.3 from the 

refrigerator. Gently pipette to remove all of the remaining supernatant, which 

contains antisense strands that have been dehybridized from the AuNPs. Be 

careful not to remove any of the AuNP pellet, which contains surface-bound 

sense RNA strands (Fig. 2).

2. Dilute the AuNP pellet in 500 μL RNase-free 1× PBS and vortex. The 

nanoparticles should disperse into the solution.

3. Dilute the AuNPs 1:2 by combining 250 μL sample and 250 μL RNase-free 

water and read the extinction at 520 nm. Calculate the AuNP concentration as 

previously described (Subheading 3.2, step 7).

4. In a fume hood, combine 100 μL of the AuNP solution from step 2 with 100 μL 

of 2 M β-Mercaptoethanol diluted in 1× TE buffer in an RNase-free 

microcentrifuge tube (Fig. 2) (see Note 20).

5. Wrap the microcentrifuge tube in aluminum foil and incubate on a rocking 

platform at a moderate speed at room temperature for 24 h (see Note 20).

6. In a fume hood, remove the aluminum foil wrapper from the sample. Add 200 μL 

0.1% Tween® 20 to the AuNP sample, and then centrifuge at 21,000 × g for 30 

min to form a pellet.

18It is recommended to use excitation ~480 nm and emission ~520 nm, but the exact wavelengths can be altered as long as the 
excitation and emission wavelengths do not overlap. We typically use excitation at 485 nm and emission at 515 nm.
19If the standard curve is linear, the concentration of antisense RNA from the AuNPs can be calculated using y = mx + b where y is 
the measured fluorescence reading, m is the slope of the standard curve plot, x is the antisense concentration to be calculated, and b is 
the intercept of the standard curve plot.
20We perform this step and all other steps involving β-Mercaptoethanol in a chemical fume hood because the β-Mercaptoethanol is 
odorous. To minimize odor when transferring the tube containing β-Mercaptoethanol outside the hood, we wrap it in aluminum foil. 
Alternatively, the rocking platform could be placed in the chemical fume hood.
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7. Working in a fume hood, collect the supernatant, which contains the sense 

strands that have been displaced from the AuNPs’ surfaces, and place it into a 

new RNase-free microcentrifuge tube.

8. Prepare a standard curve of known sense oligonucleotide concentrations by 

diluting sense oligonucleotides in RNase-free water. The following sense 

concentrations are recommended: 40, 20, 10, 5, 1, 0 nM sense RNA (see Note 

21).

9. Prepare the Quant-iT™ OliGreen® reagent as previously described (Subheading 

3.3, step 7).

10. In a black-walled 96-well plate, place 100 μL of each sense standard into 

individual wells in a 96-well plate. It is recommended to run each standard in 

duplicate or triplicate wells.

11. Place 50 μL of the sense-containing supernatant obtained in step 7 into three 

individual wells. Dilute the samples 1:2 by adding 50 μL RNase-free water to 

each well.

12. Add 100 μL of diluted OliGreen® reagent to each well containing sense RNA 

samples obtained from the AuNPs or containing sense RNA standards.

13. On a microplate reader, measure the fluorescence intensity of the samples using 

an excitation wavelength of ~480 nm and an emission wavelength of ~520 nm 

(see Note 18). Compare the fluorescence intensity of the samples obtained from 

the AuNPs to that of the standard curve to determine the amount of sense strands 

as described previously (step 10 of Subheading 3.3). Calculate the number of 

sense RNA strands per AuNP by dividing the sample sense concentration by the 

AuNP concentration determined in step 3 of Subheading 3.4, taking into account 

the sample dilutions throughout the procedure. Typical sense RNA loading on 13 

nm AuNPs and on 150 nm nanoshells is provided in Fig. 3.
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Fig. 1. 
Schematic representing siRNA conjugation to gold nanoparticle (AuNP) surfaces. (a) siRNA 

duplexes are prepared by mixing antisense (blue) and thiolated sense (red) oligonucleotides 

in duplex buffer at a 1:1 ratio, heating to 95 °C, and cooling to 37 °C slowly over 1 h. The 

black portion of the sense strand indicates a thiol group, and the gray portion indicates a 

PEG spacer. (b) Freshly prepared siRNA duplexes are conjugated to AuNP surfaces by 

adding excess siRNA to AuNPs (yellow) suspended in dilute Tween® 20 and NaCl. siRNA 

loading is maximized by slowly increasing the concentration of NaCl, which screens charges 

between siRNA duplexes. Last, any exposed surface area is passivated with methoxy-PEG-

thiol (mPEG-SH, gray) to stabilize the siRNA-coated AuNPs
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Fig. 2. 
Schematic representing the procedure to quantify siRNA duplexes on nanoparticles (NPs). 

(a) Antisense RNA strands (blue) are dehybridized from sense RNA strands (red) on 

nanoparticles by incubating in 8 M urea at 45 °C. The sense-loaded nanoparticles are 

pelleted by centrifugation, and the supernatant containing the antisense strands is collected. 

Antisense RNA strands within the supernatant are measured using components of the Quant-

iT™OliGreen® kit. (b) Sense RNA strands (red) are removed from the nanoparticles’ 

surfaces by breaking the gold–thiol bond with β-Mercaptoethanol. The nanoparticles are 

pelleted by centrifugation, and the supernatant containing the sense RNA strands is collected 

for analysis of RNA content with the Quant-iT™ OliGreen® kit
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Fig. 3. 
siRNA loading on nanoparticle surfaces increases with nanoparticle surface area. 

Representative antisense and sense RNA loading data is shown for 13 nm diameter AuNPs 

(a) and 150 nm diameter silica core/gold shell nanoshells (b). Data indicate mean ± standard 

deviation of three batches of siRNA-coated nanoparticles
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