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Abstract

The growing interest in designing functionalized, RNA-based nanoparticles (NPs) for applications
such as cancer therapeutics requires simple, efficient assembly assays. Common methods for
tracking RNA assemblies such as native polyacrylamide gels and atomic force microscopy are
often time-intensive and, therefore, undesirable. Here we describe a technique for rapid analysis of
RNA NP assembly stages using the formation of fluorescent silver nanoclusters (Ag NCs). This
method exploits the single-stranded specificity and sequence dependence of Ag NC formation to
produce unique optical readouts for each stage of RNA NP assembly, obtained readily after
synthesis.
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1 Introduction

Chemotherapy is the main technique currently used for cancer treatment. Most of the
existing chemotherapeutic agents demonstrate meager specificity in targeting tumor tissues
and are frequently limited by dose-limiting toxicity. As an alternative, numerous anticancer
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therapeutic nanoparticles (NPs) have been developed [1, 2]. To date, NP therapy is still in its
infancy, and much greater progress needs to be achieved in this area for clinical applications.

3-Quality control experiments. Fluorescent silver clusters only form on single stranded regions containing a fraction of cytosine and/or
guanine bases. Thus, Ag:RNA clusters may be used to identify different RNAs based on their specific sequence signatures (Fig. 1) as
well as to differentiate between partial and complete assemblies of RNA nanostructures (Fig. 2). As an example, Fig. 2 shows that
performing the Ag:RNA synthesis at different stages of an RNA cube assembly yields fluorescent products until the cube is fully
assembled. Importantly, Ag:RNA synthesis does not disrupt cube formation (Fig. 2a). Without any single stranded cytosine and/or
guanine containing regions required to stabilize clusters, the assembled cubes produce the same low intensity emission spectrum
regardless of silver reduction (Fig. 2b).
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Recently, RNA interference (RNAI) [3] revealed a significant potential as a therapeutic agent
to downregulate specific gene expression in cancerous [4, 5] or viral-infected cells [6, 7].
Moreover, modified RNA aptamer conjugates demonstrated promising therapeutic or
diagnostic properties [8, 9]. Therefore, RNA can also serve as a prospective scaffolding
material in engineering functional NPs [10-14]. In previous works, we constructed three-
dimensional (3D) RNA-based NPs with the geometry of a cube [15]. These NPs can be
easily functionalized by extension of the RNA strands entering the scaffold composition
with the RNA-based cargo of interest [15-18]. This allows a precise positioning in 3D space
of various functional therapeutic agents like SiRNAs or aptamers.

Tracking the assembly of various RNA-based NPs in vitro is often accomplished by using
different conventional techniques: native polyacrylamide gel electrophoresis (native-PAGE)
[19], cryo-electron microscopy (cryo-EM) [15, 20], atomic force microscopy (AFM)
[21-24], crystallography [25], and nuclear magnetic resonance (NMR) [26]. The possibilities
of tracking the assembly in real time via the fluorescent response were also investigated [15,
27, 28]. These label-free fluorescent techniques however, are not widely used, and the
development of other fluorescent-based reporting techniques confirming the assemblies of
RNA NPs is highly desirable.

Oligonucleotide-stabilized, fluorescent silver nanoclusters (Ag:RNAs [29] and Ag:DNAs
[30]) are an emerging class of fluorophore that is rapidly gaining interest in the fields of
RNA and DNA nanotechnology. Ag:DNAs display highly sequence dependent optical
properties [31], with colors ranging from the blue to the near-IR, making them excellent
sensors for detecting specific miRNAS in solution [32], hybridization of target strands [33],
and single base mutations [34, 35]. While Ag:RNAs are less studied, recent work has shown
them to have analogous properties to Ag:DNAs formed on homopolymer strands of the
canonical bases [29], albeit with substantial shifts in wavelength in some cases. Ag:DNAs
additionally display photostabilities rivaling the best organic dyes [36] and quantum yields
reaching up to 90 % [37] making them useful in fields of biological imaging [38] and single
molecule studies [39]. While there have been no corresponding studies of Ag:RNAs, similar
properties may be expected.

Here, we exploit the fact that fluorescent clusters form exclusively on single stranded
oligonucleotides containing cytosine and guanine bases [31, 29] to demonstrate that the
synthesis of Ag:RNAs may be used as an efficient assay to confirm complete and partial
assembles of RNA NPs.

2 Materials

All solutions should be prepared using double-deionized ultrapure water (18 MQ at 25 °C)
or in Ultra Pure Water (Quality Biological, Inc.) and biological grade reagents. All reagents
should be freshly prepared and filtered and can be stored at room temperature (unless
indicated otherwise). Please carefully follow all waste disposal regulations when disposing
waste materials.
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2.1 Transcription and RNA Nanoparticle Assembly Components

1

Transcription buffer, final concentrations (1x): 15 mM MgCly, 2 mM
spermidine, 50 mM Tris buffer (pH 7.5), 2.5 mM NTPs, 10 mM DTT, 0.1 pug/uL
IPP, and 0.8 U/uL RNasin.

Buffer for eluting the RNA, final concentrations (1x): 300 mM NaCl, 10 mM
Tris pH 7.5, 0.5 mM EDTA.

Enzymes: T7 RNA Polymerase, DNase.

Tris-borate buffer, final concentrations (1x): 89 mM Tris, 80 mM Boric Acid, pH
8.3.

Ammonium acetate buffer (assembly buffer), final concentrations (1x): 10 mM
NH40Ac, 1 mM Mg(OAc), (see Note 1).

2.2 Ag:RNA Components

1
2.

3 Methods

3.1 RNA Synthesis
1

All RNA assemblies should be performed in ammonium acetate buffer.

100x AgNO3 (5.5 mM): In a 14 mL centrifuge tube, weigh out 9.34 mg AgNOs.
Add 10 mL water and invert solution multiple times to mix. Store at 4 °C in the
dark.

10x RNA solutions (50 puM): If RNA is ordered from a manufacturer, multiply
the specified nmol quantity by 20. Add this much water to dehydrated RNA to
hydrate strands. Store at —20 °C.

1,000x NaBHy, solution (2.75 mM): In an eppendorf tube, weigh out ~0.104 mg
NaBH,. Add 1 mL of water and mix vigorously (see Note 2).

For 100 pL transcription mixture: add 25 pL of DNA template (encoding RNA
strand), 75 L of 1x transcription buffer, and 0.8 U/uL T7 RNA polymerase.

Incubate at 37 °C for 4 h.

Stop the transcription by adding DNase (1 U/uL) and incubating for additional
30 min at 37 °C.

Purify transcription mixture on a denaturing urea gel (8 % acrylamide, 8 M urea,
1x Tris-borate buffer) and recover the RNA strands by eluting from the gel
pieces (overnight) and further RNA precipitation [16].

Measure all concentrations of RNAs using UV spectrometer. Extinction
coefficients for all RNAs are calculated using nearest neighbor method [16].

4.Notes

1. Avoid Tris buffers and buffers containing high concentrations (above 2 mM) of Mg2+ for Ag:RNA synthesis.
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3.2. Assembly of RNA Nanocubes

1 Mix RNA strands at equimolar concentrations.
2. Incubate the mixture in a heat block at 95 °C for 2 min to melt all hydrogen
bonds.

3. Snap cool the mixture by rapid transferring to the heating block set at 45 °C and
incubate for 20 min.

4 Carry out quality control experiments using native polyacrylamide gel
electrophoresis (native-PAGE) technique (see Note 3). For visualization, total
staining with ethidium bromide or SYBR Gold nucleic acid gel stains can be
used [15]. As an alternative, assemblies containing one body-labeled [17] RNA
strand together with non-labeled RNAs can be visualized.

3.3 Native-PAGE Experiments for RNA Assemblies

1 Prepare a sequencing gel for vertical electrophoresis for high resolution PAGE,
that is 10 % (37.5:1) acrylamide, 1x Tris-borate buffer (pH 8.3), 1 mM
Mg(OAC)s.

2. For vertical gel of dimensions 31 cm x 38.5 cm with the spacer thickness of 0.75

mm, load samples in individual lanes of a gel (5 pL per lane), perform
electrophoresis for 3 hat 20 W at 4 °C.

3. For body-labeled RNAs, transfer the gel to the Whatman chromatography paper
and dry the gel on the gel drier and expose the dried gel overnight to a
phosphorimaging screen then scan it using phosphorimaging instrument (Storm,
Typhoon, or similar). Assembled RNA cubes are expected to migrate as a single
band on native-PAGE.

For SYBR Gold stained gels, a Hitachi FMBIO Il Multi-View Imager can be used. For
staining, please follow the manufacturer’s protocol.

3.4 Ag:RNA Synthesis

The following procedure is for a final volume of 100 pL.
1 Make a 10x dilution of 100x AgNOj3 stock.

2. In an eppendorf tube, combine 10 uL of 10x RNA, 10 uL of 10x AgNO3z and 10
pL of 10x buffer (optimal concentrations of both RNA and AgNO3 depend on
the strand composition). Mix thoroughly.

3. Store the tube containing RNA, AgNO3, and buffer at 4 °C for 20 min.
4 Make 1,000x NaBH,4 solution and subsequently dilute to 10x.
5. Add 60 pL of water to RNA, AgNOg3, buffer mixture.

2-NaBH4 is very hygroscopic. Stock containers of powder should be kept in desiccators. This solution mustbe prepared freshly before
reduction. Solutions of NaBH4 will notkeep due to the evolution of hydrogen gas. For this same reason, be sure that waste containers
of NaBHg are ot capped tightly.
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6. Lastly, add 10 L of 10x NaBH, solution. Mix thoroughly.

7. Store the solution at 4 °C (yields of Ag:RNA species in solution change with
time. For rapid analyses, fluorescent products may be detected within 1 h of
reduction. For more reproducible spectra, however, waiting for 24 h to measure
fluorescence is recommended).

3.5 Ag:RNA Optical Measurements

All Ag:RNA solutions may be excited with either UV or species-dependent visible light.
Thus, for rapid analyses, fluorescence may be directly observed on top of a UV box. For
quantitative analyses, however, measuring fluorescence with a fluorometer is recommended
(see Note 3).

To monitor assembly of an RNA nanostructure:
1 Perform Ag:RNA synthesis on all individual strands.
2. Using 280 nm excitation, collect emission spectra of individual strands.

3. Repeat steps 1 and 2 along different stages of assembly (see Note 3 and Fig. 1).
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Fig. 1.
AS:RNA synthesis may be used to differentiate between different RNA sequences and
assembled nanostructures. () RNA sequences designed to form a cube, their 2D
connectivities and a 3D model of the resulting assembly (boxes indicate cube corners) and
fluorescence emission spectra taken (b) before and (c) after performing Ag:RNA synthesis
on several individual strands and full cube assembly. For (b-c), all solutions were excited
using a 280 nm LED source
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Fig. 2.
Native-PAGE experiments visualizing RNA cube assemblies before and after Ag:RNA

synthesis (@) and some examples of fluorescence emission spectra taken after performing
Ag:RNA synthesis at different stages of cube assembly (b). All solutions were excited using
a 280 nm LED source
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