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Quantitation of specific RNA molecules from biological samples Scheme 1. MEF-Based RNA Sensing Platform Technology
is an essential tool for the study of regulated gene expre'saiah
is routinely employed in studies of gene t.rans.cnpﬂoRNA 'é? . 484-mer RNA
stability 3 RNA transport, and a host of other biological procedses.
In addition, RNA detection and quantitation also present an == Tﬂm’;‘%ﬁ:gg
Il // —=0 : Thiolated 15-mer Oligo

appealing strategy for rapidly identifying unknown biological agents
(bacterial, viral, etc.}:8 Furthermore, they are of great utility for
gene expression profiling in clinical settings, where the expression
of a subset of genes within tissue (i.e., biopsy) or blood samples
may be rapidly measured, revealing diagnostic information to direct
patient-specific therapeutic strategfe’s. photostability of the fluorophoré$:14 When the metal (silver,

All current techniques for quantifying specific RNAs exploit base  aluminum, or gold) is a continuous 45 nm thick film, the spatially
pair complementarity between a target RNA and one or more jsotropic fluorescence emission can be converted into directional
nucleic acid probes, either in the form of extended DNA or RNA  emission toward a detector, further improving the detectabfity.
sequences (Northern bldt®Nase protection assdyJRPAs]) or The RNA capture assay was constructed by covalently linking
short oligonucleotides (reverse transcriptid?CR [RT-PCR]}° a thiolated oligo anchor probe (thiolated 15-mer oligo) onto SiFs
RNA capture assay3. This principle allows for extremely precise  via well-established self-assembled monolayer chemiétrys
target recognition, yet current methods of probe:target hybrid shown in Scheme 1. The thiolated oligo anchor probe is designed
detection face a number of technological restrictions. In particular, by introducing thiol groups into the 15-base sequence from‘the 5
the utility of RNA sensing in microbial detection and/or clinical  end that specifically binds to silver nanoparticles with high affinity.
gene expression profiling may be hindered by two principal A fluorescent probe (TAMRA-labeled 15-mer oligo) is annealed
constraints, namelysensitbity andrapidity.12 to a 484-mer RNA substrate containing tifeglobin coding

RNA capture assays offer a simple and rapid approach to RNA sequence (target RNA; see Figure S1, Supporting Information). The
quantitation. Target RNAs are selected based on complementarityTAMRA-labeled oligo annealed to the RNA substrate was then
to an oligonucleotide probe which is attached to a solid surface or hypridized with the thiolated oligo anchor probe on the surface of
matrix, then detected by annealing a radio- or chemically labeled the SiFs. This procedure brings the fluorophore to a distance of
probe at a distinct site on the target RNt present, however,  gpproximately 4 nm from the surface of the SiFs where the
these assays are subject to the same sensitivity limitations as thos@grescence emission is expected to increase by MEF as described
described for Northern blots and RPAs, namely, that detection relies preyiously1314
on the activity of radiolabels, the sensitivity of conjugated fluoro- ~ The deposition of silver island films onto glass slides was
phores, or the use of bright secondary chemiluminescent assaysperformed as described previoudhin a typical SiF preparation,
These conditions make RNA capture assays currently useful only g so|ution of sodium hydroxide and ammonium hydroxide is added
for abundant RNA species, thus limiting their general utility as a g g continuously stirred solution of silver nitrate at room temper-
biosensor platform? o ~ ature. Subsequently, the mixture is cooled in an ice bath, silane-

Here we present the proof-of-principle of a new RNA sensing prep glass slides (Sigma) are inserted, and a solutiangdficose
platform technology based on Metal-Enhanced Fluorescence (MEF),is aqded. As the temperature is increased, the color of the mixture
where the detected fluorescence emission is significantly amplified y,ng yellow-brown and the SiF-deposited slides are removed from
and we were able to trace the varying amount of RNA on the silver o mixture, washed with water, and sonicated for a few seconds
isla_nd_films (SiFs) qua_ntitatively as compared to the undetectable 4; oom temperature. SiF-deposited glass slides were stored in
emission on the non-silvered glass surface at the femtomole level ygjonized water until they were used. Fluorescence emission spectra
detection of RNA. In this regard, the detection of RNA is ot TAMRA-labeled oligo with RNA substrate hybridized to the
accomplished by annealing a target RNA, tagged with a fluorophore, jg|ated oligo anchor probe on SiFs are shown in Figure 1, left.
to an oligonucleotide anchor probe in a single step on a solid 1t emission intensity peak of TAMRA-labeled oligo that was
surface, where the fluorescence signal is intrinsically enhanced byannealed to RNA substrates ranging from 25 to 500 fmol is clearly
silver nanoparticles. The enhancement of fluorescence is, in part, hserved at 585 nm (Figure 1, left) and increased linearly as the
due to the localized excitation of the fluorophores when in close amount of RNA substrate is increased (Figure 1, right). The
proximity to the silver nanoparticles and results in improved fluorescence emission spectra of TAMRA shown in Figure 1, left
(especially for the RNA substrates of 250 fmol or higher) appear
T Institute of Fluorescence, Laboratory for Advanced Medical Plasmonics. slightly broader than the spectrum of TAMRA-labeled oligo anchor
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MEF-based RNA capture assays could potentially be multiplexed
by simply using SiF-coated high-throughput screening (HTS)
wells2! Ultimately, ultra-rapid MEF-based multiplexed RNA
capture assays comparable to RHCR could be achieved by
combining MAMEF technology with the use of SiF-coated HTS
wells once the sensitivity of the MEF-based method is improved.
In this regard, our laboratories recently reported MEF-based
0 100 200 300 enhancements in excess of 3000-fold using fractal silver surfaces.
RNA /fmol Accordingly, the timing is propitious for the application of metal-

Figure 1. (Left) Fluorescence emission spectra (intensity: arbitrary units) enhanced fluorescence to an RNA quantitation platform.

of TAMRA-linked oligo annealed to the RNA substrate that was hybridized .

with the thiolated oligo anchor probe on the surface of the SiFs. (Right)y ~ Acknowledgment. This work was supported by the NIH
Fluorescence emission intensity measured at 585 nm versus the amount oGM070929 and the National Center for Research Resources,
RNA used in the RNA capture assay (signal-to-noise, 8/R0) for three RR008119. Partial salary support to C.D.G. from UMBI/MBC is
separate ;neasurements (background fluorescence is 1.5 at 517 nm; Seg|so acknowledged

Figure S5). '
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Supporting Information Available: The experimental conditions

Supporting Information) due to the background scattering from the for the preparation of silver island films, the preparation offifgiobin
SiF-coated glass slide. mRNA substrate, and the MEF-based RNA sensing assay are provided.

The control experiments revealed that when the RNA sequence This material is available free of charge via the Internet at http:/
was changed (that is, control tRNA with random sequence is usedpubs.acs.org.
in the RNA capture assay) the fluorescence emission from TAMRA-
labeled oligo was not observed (see Figure S3, Supporting
Information) since the control tRNA lacked the specific sequence
that is required for the annealing of TAMRA-labeled RNA. In
addition, when either of the other components of the RNA capture
assay, thiolated oligo, or TAMRA-labeled oligo is omitted, almost
no fluorescence emission was observed (see Figure S3, Supporting
Information). Thus, the RNA capture assay is highly specific, and
the contribution of the nonspecific interactions to the detected signal
is minimal.
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Supporting Information for the Manuscript:
“Metal-Enhanced Fluorescence Based RNA Sensing” by Kadir Aslan, Jun Huang, Gerald M.

Wilson and Chris D. Geddes.

S1.0. Materials and Methods
S1.1. Materials

Silver nitrate (99.9%), sodium hydroxide (99.996%), ammonium hydroxide (30%),
trisodium citrate, D-glucose and premium quality APS-coated glass slides (75x25 mm) were
obtained from Sigma-Aldrich. The sources for enzymes, RNA and DNA are given in section
S1.2.3.
S1.2. Methods
S1.2.1. Formation of Silver Island Films (SiFs) on APS-coated Glass Substrates

In a typical SiFs preparation a solution of silver nitrate (0.5 g in 60 ml of deionized
water) in a clean 100-ml glass beaker, equipped with a Teflon-coated stir bar, is prepared and
placed on a Corning stirring/hot plate. While stirring at the quickest speed, 200 pL of freshly
prepared 5% (w/v) sodium hydroxide solution are added. This results in the formation of dark
brown precipitates of silver particles. Approximately 2 ml of ammonium hydroxide is then
added, drop by drop, to re-dissolve the precipitates. The clear solution is cooled to 5°C by
placing the beaker in an ice bath, followed by soaking the APS-coated glass slides in the
solution. While keeping the slides at 5°C, a fresh solution of D-glucose (0.72 g in 15 ml of
water) is added. Subsequently, the temperature of the mixture is then warmed to 30°C. As the
color of the mixture turns from yellow-green to yellow-brown, and the color of the slides become

green, the slides are removed from the mixture, washed with water, and sonicated for a few
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seconds at room temperature. SiFs-deposited slides were then rinsed with deionized water
several times and dried under a stream of nitrogen gas.
S1.2.2. Preparation of the f-globin mRNA substrate

The complete protein coding sequence of rabbit B-globin mRNA was amplified from
plasmid pC7BG [1] by polymerase chain reaction using Pfu DNA polymerase (Stratagene, La
Jolla, CA) from primers 5’-GCAGTCTAGAATGGTGCATCTGTCCAG-3’ and 5’- GCACAAG
CTTCAGTGGTATTTGTGAGCCAGG-3" (Integrated DNA Technologies, Coralville, IA).
Underlined bases indicate the Xbal and HindIII restriction sites incorporated into the 5°- and 3’-
termini of the PCR product. This DNA fragment was then inserted into the Xbal + HindIIl
restriction sites of pGEM7Zf(+) (Promega, Madison, WI) using standard subcloning techniques
[2] to generate plasmid pG7(+)BG-CDS. The fidelity of the B-globin cDNA insert was verified
by restriction digests and automated DNA sequencing.

A 484-nt RNA substrate containing the B-globin coding sequence (See Figure S1) was
prepared by in vitro transcription using T7 RNA polymerase (Ambion, Austin, TX) from a
HindIII-linearized pG7(+)BG-CDS DNA template. Following digestion of template DNA with
RQI1-DNase (Promega), templates were purified by duplicate extractions with
phenol:chloroform:isoamyl alcohol (25:24:1). Unincorporated nucleotides were removed from
the preparation by spin column chromatography through RNase-free G-50 Quick Spin columns
(Roche, Indianapolis, IN). The integrity of the B-globin RNA substrate was evaluated by
electrophoresis through formaldehyde-agarose gels stained with ethidium bromide. Fluorescence
intensity of ethidium bromide-stained RNA was measured using the EDAS 290 gel
documentation system (Kodak, Rochester, NY), with synthesis yield calculated by comparison to

co-fractionated RNA size markers (InVitrogen, Carlsbad, CA).
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S1.2.3. MEF-based RNA sensing assays

The following RNA capture assay [3] was used to detect specific RNA substrates on
SiFs-coated glass slides: First, B-globin mRNA or yeast tRNA substrates (10 ng) were incubated
with an antisense primer 5’-GTGAGCCAGGGCATT-TAMRA-3’ (fluorescent probe; 10 pmol)
in a total volume of 100 pl hybridization buffer [10 mM HEPES-KOH [pH 7.4] containing 100
mM KCIl, 2 mM dithiolthreitol, and 1 mM MgCl,] at 70 °C for 5 minutes, then the RNA/DNA
construct was slowly cooled to 37 °C over 20-30 minutes. The anchor probe (5’-thiol-
CACCTTCTGATAGGC-3’, 10 pmol) was attached to the SiFs by an overnight incubation at
4°C in a humidified chamber. Excess thiol-conjugated oligo was removed by washing the
surface with the hybridization buffer several times. The TAMRA-linked oligo annealed to RNA
substrates were annealed to the thiol-linked anchor oligo on the surface of the SiFs at 37 °C for
30 minutes in a humidified chamber. Non-binding RNA substrates were removed as described
above prior to fluorescence measurements.

Fluorescence measurements on SiFs were performed by placing the SiFs on a stationary
stage equipped with the fiber-optics mount on a 15-cm-long arm (normal to sample). The output
of the fiber was connected to an Ocean Optics HD2000 spectrofluorometer for the emission
spectra. The excitation light was provided by a 532 nm laser at an angle of 45 degrees. The

emission spectra were observed through a 532-nm-notch filter (Samrock).
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5. 1 -3’

+380 +440
tgcaggctgecctatcagaaggtggtggectggtgtggccaatgececctggectcacaaataccea
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3’ -cggatagtcttccac-SH-5’| 3’ -TMR-ttacgggaccgagtg-5'

[anchor probes]| |fluorescent probe|

Supporting Information: Figure S1. A schematic of the B-globin mRNA substrate is shown
with the positions of translational initiation (AUG) and termination (UGA) codons indicated.
The 3’-coding sequences targeted by the anchor and fluorescent primers are indicated below.
Base numbering is relative to the translation initiation codon Accession number for the rabbit b-

globin mRNA sequence is V00879.
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Supporting Information: Figure S2. Fluorescence emission spectrum measured from a 40 pL
solution of 500 fmoles of TAMRA-linked oligo anchor probe on glass slide (TAMRA-linked

oligo is not linked to the surface).
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Supporting Information: Figure S3. Fluorescence emission spectra (intensity: arbitrary units)
of TAMRA-linked oligo annealed to the 500 fmoles of RNA substrate that was hybridized with
the thiolated oligo anchor probe on the surface of the SiFs and control experiments: 1) Control
RNA (tRNA, random sequence, Sigma) is used instead of Target RNA, 2) thiolated-oligo anchor

probe is omitted, 3) TAMRA-linked oligo is omitted from the RNA capture assay.
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Glass Silver

———+o : Biotinylated 15-mer Oligo

*—:l : TAMRA-Labeled 15-mer Oligo

g - 484-mer RNA

Supporting Information: Figure S4. The experimental scheme used for the detection of RNA
in the absence of SiFs (on glass, Top-Left) and in the presence of SiFs using avidin-biotin
interactions. In this regard, firstly, the RNA is annealed to a TAMRA-labeled oligo and then the
RNA/TAMRA-labeled oligo is annealed to a biotinylated Oligo. Finally, the resultant

RNA/Oligo construct is brought the surface due to the interaction of avidin and biotin.

S6



50

— Biotinylated Oligo + Target RNA + TAMRA-OIligo
— Biotinylated Oligo + Non-specific RNA + TAMRA-Oligo
Biotinylated Oligo + Target RNA

R 40 1 Target RNA + TAMRA-Oligo
:): — TAMRA-Oligo
< 30 -

> RNA = 500 fmoles
= Glass

0

c 20 -

g

=

Wavelength / nm

Supporting Information: Figure S5. Fluorescence emission spectra (intensity: arbitrary units)
of TAMRA-linked Oligo annealed to the RNA substrate (500 fmoles) that was hybridized with
the biotinylated Oligo anchor probe that was brought to the glass surface via avidin-biotin
interactions. The emission intensity peak of TAMRA-labeled oligo that was annealed to RNA
substrates (Target and non-specific RNA: 500 fmoles) is observed at 585 nm but are similar (20
AU). That is, the RNA assay on glass substrate in the absence of SiFs is not sensitive enough to

distinguish between the actual assay and the non-specific interactions.
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Supporting Information: Figure S6. Fluorescence emission spectra (intensity: arbitrary units)
of TAMRA-linked Oligo annealed to the RNA substrate (500 fmoles) that was hybridized with
the biotinylated Oligo anchor probe that was brought to the SiFs-coated surface via avidin-biotin
interactions. The emission intensity peak of TAMRA-labeled oligo that was annealed to RNA

substrates (Target and non-specific RNA: 500 fmoles) is observed at 585 nm and is significantly
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larger than the background. Although, the sensitivity of the RNA assay using SiFs (and avidin-
biotin interactions) is improved compared to the assay on the glass surface, the sensitivity is
much less when compared to the RNA assay on SiFs when the thiolated-oligo is used. This is
due to the fact that the fluorophore is located approximately 10 nm away from the surface of the
silver when avidin-biotin system is used (the thicknesses of avidin and biotinylated BSA are 4
nm) and approximately 4 nm when thiolated oligo is used. In all the previously published MEF
papers (references 13, 14, 18, 19 in the main text), the maximum enhancement of fluorescence
by silver was observed when the fluorophore was located within 8 nm of the surface and the
enhanecement is decreased for the distances larger than 8 nm. Thus, the RNA assay using the
thiolated-oligo on SiFs is more sensitive than the assays using avidin-biotin interactions on glass

and SiFs.

Reference List for the Supporting Information:

1. Wilson, G.M., and Deeley, R.G. (1995) An episomal expression vector system for
monitoring sequence-specific effects on mRNA stability in human cell lines. Plasmid
33:198-207.

2. Sambrook, J., Fritsch, E.F., and Maniatis, T (1989) Molecular Cloning: A Laboratory
Manual, 2" ed. Cold Spring Harbor: Cold Spring Harbor Laboratory, NY.

3. Tsai, S.P., Wong, A., Mai, E., Chan, P., Mausisa, G., Vasser, M., Jhurani, P., Jakobsen,
M.H., Wong, W.L.T., and Stephan, J.-P. (2003) Nucleic acid capture assay, a new method
for direct quantitation of nucleic acids. Nucleic Acids Res. 31:e25.

S9



