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Abstract

Fifty-two candidate DNA aptamer sequences were selected for binding to the cardiovascular

biomarker B-type or brain natriuretic peptide (BNP). Candidate aptamers were screened to rank

their relative affinities against BNP by an aptamer-based ELISA-like aptamer microplate assay

(ELASA). The highest affinity aptamers from ELASA screening were also paired in all possible

combinations and screened for electrochemiluminescence (ECL) assay potential in capture

aptamer-magnetic bead and ruthenium trisbipyridine (Ru(bpy)3
2+)-reporter aptamer sandwich

formats. The top ECL sandwich combinations utilized the same aptamer pair in either capture or

reporting roles with nanogram to low picogram per mL levels of detection even in 50% human

serum. ECL assay sensitivity and linearity even in 50% human serum suggest that the aptamer-

based assay is at least comparable to other reported immunoassays for BNP.
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Introduction

While numerous high quality immunoassays exist for many of the biomarkers associated

with cardiovascular disease, these assays are dependent on animal-derived mono- or

polyclonal antibodies. As such, they are subject to possible issues associated with antibodies

such as lot-to-lot reproducibility, slower production and the cost of maintaining host animals

or hybridomas and purification costs. Aptamers obviate problems and costs associated with

antibody development and production by in vitro selection and PCR amplification of

binding agents [1–5,15]. In the present work, we begin to explore the use of aptamers for

potentially ultrasensitive and specific cardiovascular biomarker assays. In particular, we

have developed DNA aptamers against B-type or brain natriuretic peptide (BNP) as an

initial target. Despite some controversy over normal cut off and prognostic values of BNP
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and its related peptide assays, BNP is known to require relatively high sensitivity in the

range of 25–100 pg/mL [6–8,10–16]. BNP is a cardiac biomarker of heart failure that is

secreted into serum at minute levels when atrial and ventricular myocytes are stretched by

hypertrophy or increased blood pressure from a variety of cardiac ailments [6,7,10].

The need for extreme sensitivity in BNP assays led Jang et al. [16] to develop a hybrid BNP

aptamer plus antibody sandwich assay based on nanoparticle-enhanced surface plasmon

resonance (SPR) with a BNP aptamer developed by Lin et al. [15]. The need for BNP

detection sensitivity similarly led us to explore the possibility of maximizing sensitivity by

coupling high affinity DNA aptamers to highly sensitive electrochemiluminescence (ECL)

detection [4,5]. DNA aptamers have already been successfully used in sensitive ECL assay

formats [17], especially in conjunction with magnetic microbead capture and analyte

concentration [4,5,18].

Materials and Methods

Materials

Bovine serum albumin (BSA), human C-reactive protein (Cat. No. C4063), biologically

active C-terminal BNP (32-amino acids, Cat. No. B5900), human interleukin-6 (IL-6; Cat.

No. I3268-10KU), and bis(2,2′-bipyridine)-4′-methyl-4-carboxybipyridine-ruthenium N-

succinimidyl ester-bis(hexafluorophosphate), hereby referred to as Ru(bpy)3
2+-succinimide,

tripropylamine (TPA) and miscellaneous chemicals were purchased from Sigma-Aldrich

Corp. (St. Louis, MO). An eight amino acid version of human C-telopeptide (CTx;

EKAHDGGR) from human bone collagen I as well as natural pituitary human growth

hormone (hGH) were obtained from GenWay Biotech, Inc. (San Diego, CA). Helical

peptide (HP) of human α1(I) bone collagen from amino acids 620–633:

GPPGPAGPAGERGE was purchased from Quidel Corp. (San Diego, CA.). N-telopeptide

of human bone collagen I (NTx; DEKSTGG) was synthesized by GenScript, Inc.

(Piscataway, NJ). Human D-dimer (DD; Cat. No. MBS173072), cardiac Troponin-T (Tpn-T;

Cat. No. MBS142897), and human interleukin 18 (IL-18; Cat. No. MBS203090) were

obtained from MyBioSource, LLC (San Diego, CA). Human serum was obtained from

Lonza, Inc. (BioWhittaker brand; Walkersville, MD) and stored frozen at −20°C.

DNA aptamer development, cloning and sequencing

BNP was immobilizing on 2.8 micron Dynal (M280) tosyl coated-magnetic beads (MBs,

Invitrogen Corp., Carlsbad, CA) for 2 hrs at 37°C. BNP-conjugated MBs were then

collected using a Dynal MPC-S magnetic rack and washed three times in 1 mL of 1X

binding buffer (1XBB; 0.5 M NaCl, 10 mM Tris-HCl, and 1 mM MgCl2, pH 7.5–7.6). BNP-

MBs were next blocked for 2 hr at 37°C in 1XBB plus 2% ethanolamine and washed three

times as before in 1XBB. DNA aptamers were developed against BNP-conjugated MBs

through five rounds of selection and PCR amplification as previously described in the

literature [1–3]. The presence of 72 bp aptamer PCR products were verified after each round

of selection by ethidium bromide-stained 2% agarose gel electrophoresis against standard

DNA ladders. BNP aptamers from the final round of selection and amplification were

cloned into chemically competent E. coli using a Lucigen GC kit (Middleton, WI). All
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aptamers were sequenced by rolling circle amplification dideoxynucleotide methodology

with proprietary treatment for high GC content DNA sequencing at Sequetech Corp.

(Mountain View, CA).

ELASA screening and cross-reactivity assessments

One hundred ng of BNP or other targets for cross-reactivity studies were immobilized in

flat-bottomed 96-well polystyrene plates in 100 μl of 0.1M sodium bicarbonate buffer (pH

8.5) overnight at 4°C. Plates were decanted and washed 3 times in 200 μl of Dulbecco’s

phosphate buffered saline (PBS without calcium; pH 7.2). Plates were blocked with 150 μl

of 2% ethanolamine in 0.1M sodium bicarbonate buffer for 1 hr at 37°C. The 52 unique 5′-

biotinylated aptamer DNA sequences were purchased at 4.5 nanomoles each in separate

wells of a 96-well microtiter plate from Integrated DNA Technologies (IDT; Coralville, IA).

The biotin-DNA contents of each well were dissolved in 100 μl of PBS. All 100 μl of the

biotinylated aptamers from each well were added to the corresponding wells of the BNP-

coated polystyrene microtiter plate and gently mixed for 30 min at room temperature (RT).

Wells were washed 3 times in 200 μl of PBS for 5 min and decanted. Each well then

received 100 μl of 1:2,000 streptavidin-peroxidase (5 mg/mL stock from Southern Biotech,

Birmingham, AL) and plates were mixed gently at RT for 30 mins. Plates were decanted and

washed 3 times in 200 μL of PBS at 5 min per wash. Finally, 100 μl of onestep ABTS

(Kirkegaard Perry Labs, KPL, pre-warmed to RT in the dark) were added per well and

absorbance at 405 nm was determined at 5 min intervals over the next 15–20 minutes or

until absorbance in the range of 1.5 to 2.0 was reached in some of the wells by use of a

microplate reader.

Aptamer-magnetic bead ECL sandwich assays

ECL assay buffer consisting of 0.2M tripropylamine (TPA) in PBS plus 0.5% Triton X-100

was prepared in 18 MΩ deionized water. Cell cleaner buffer consisting of 0.71M KOH and

0.5% Triton X-100 in 18 MΩ deionized water (pH 13.85) was used to clean the ECL flow

cell between readings. DNA aptamer-coated MBs were made by adding 100 μl of 1 to 1.5

mg/mL 5′-biotinylated aptamers in PBS (pH 7.2) to 100 μl of Dynal M280 streptavidin-

MBs (~ 2 × 109 MBs/mL) and mixing with 1 mL of PBS for 1 hr at RT. Aptamer-biotin-

streptavidin-MBs (or simply capture aptamer-MBs) were washed three times in 1 mL of

filter-sterilized 1XBB per wash using a Dynal MPC-S magnetic rack. Capture aptamer-MBs

were resuspended in 1 mL of 1XBB and stored at 4°C until needed for assays. Streptavidin-

Ru(bpy)3
2+ was prepared by mixing 1 mg of streptavidin (Sigma-Aldrich Cat. No. S0677)

with 1 mg of Ru(bpy)3
2+-succinimide (Sigma-Aldrich Cat. No. 96631) dissolved in 200 μl

of methanol in 1 mL of PBS for 2 hr at 37°C. The streptavidin-Ru(bpy)3
2+ conjugate was

purified through a PBS-equilibrated Sephadex G25 (PD-10, GE Healthcare) column.

Fractions 4 and 5 were pooled (2 mL total volume), making the final concentration of the

streptavidin component ~ 0.5 mg/mL. Since streptavidin is known to have four biotin-

binding sites per molecule and weighs 52.8 kD, 100 μl of streptavidin-Ru(bpy)3
2+ was

mixed with 50 μl of 5′-biotinylated aptamer to bind all of the available aptamer (i.e., both

reagent concentrations were ~ 3.5 nanomoles). The streptavidin-Ru(bpy)3
2+ was then diluted

to 1 mL with PBS to serve as the stock reporter reagent.
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Serial two-fold dilutions of BNP were prepared in 1 mL of PBS in borosilicate glass 12 × 75

mm tubes. The final tube in each experiment received no BNP or other target and served as

the background control blank. Forty μl of capture aptamer-MBs plus 40 μl of reporter

aptamer stock reagent were added per tube with or without BNP or other target materials

and tubes were vortexed on an Origen® ECL analyzer (previously marketed by the defunct

Igen International or BioVeris corporations [4,5]) at 80 rpm for 30 minutes at RT. ECL

values were obtained with an “assay gain” (PMT setting) of 900V using the “bead capture”

mode with a ramp waveform.

Results

After sequencing of the cloned aptamers, 52 unique sequences emerged as shown in Table 1.

Of these sequences, five forward and reverse sequences were identical across the full 72

base length of the aptamers. These five separately cloned sequences were then designated as

one clone with each component clone number separated by slash marks (i.e., BNP -

5/11/15b/19/25bF or R). Numerous other shorter sequence segments which were identical or

highly similar emerged from study of the highest affinity aptamer DNA sequences as

determined by ELASA analysis (Table 2). Many of these shorter homologous sequence

segments are bolded and italicized in Table 1. After aptamer secondary structures were

obtained by use of Vienna RNA software (9) using DNA parameters and a temperature of

25°C, many of these common bolded and italicized sequence segments emerged in loop

structures as shown by the highlighted and outlined loop regions identified by lower case

letters (a–f) in Fig. 1. The discovery of common short sequence segments in naturally

occurring loop structures suggests that these segments could be part of binding pockets for

BNP epitopes.

When all of the aptamer candidates were screened for affinity by several trials of ELASA

microplate assay, several sequences consistently emerged among the top ten candidates as

shown in Table 2. While the common BNP - 5/11/15b/19/15bF sequence emerged five times

in the cloned and sequenced population, it only ranked seventh in two of the three trials and

was not in the top ten for the other ELASA trial shown in Table 2. Therefore, BNP -

5/11/15b/19/15bF was not among the highest four affinities and ironically did not progress

into actual aptamer-MB ECL sandwich assay development. When examined over three

trials, the top four candidates from the ELASA screening were BNP – 2F, 6R, 14bF, and

25cR (bolded in Table 2). These four aptamer sequences proceeded into further sandwich

ECL assay development. Table 3 summarizes the 4 × 4 matrix of 16 possible capture

aptamer-MB paired with Ru(bpy)3
2+-reporter aptamer combinations. When all of these

combinations were screened by ECL analysis three times against 1 ng/mL of BNP, the data

in Fig. 2 resulted. It is of interest to note that combinations 4, 8, 13, and 15 gave the

strongest ECL signals (indicated by asterisks in Fig. 2) and these combinations all shared the

BNP 25cR aptamer either in a capture or reporter role (see Table 3).

All four of the most intense ECL aptamer combinations from Fig. 2 were subjected to

titration analyses with serial two-fold dilutions of BNP in 1XBB beginning with 250 pg/mL

of BNP and ending with 120 fg/mL as well as a blank control with no BNP added. The

initial titration results for the top four aptamer sandwich combinations are not shown for
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brevity, but combination 4 appeared marginally superior to combinations 8, 13 and 15 over

this range in terms of sensitivity and linearity. Hence, combination 4 was pursued further

with repeated titrations in 1XBB and 50% human serum (thawed commercial serum diluted

1:1 with 1XBB).

Fig. 3 demonstrates the relative linearity of the combination 4 (25cF capture aptamer paired

with the 2F reporter aptamer) in 1XBB as well as 50% human serum. Dot plots of 3 trials in

1XBB are shown in Fig. 3A and two trials in 50% serum in Fig. 3B. The R2 correlation

coefficients were greater than 0.9 in both 1XBB and 50% serum and both of these

preliminary assays appear to exhibit sub-pg/mL sensitivity even in 50% human serum.

Assays performed in 100% serum exhibited a tendency to clog or coat the ECL flow cell of

the Origen® analyzer, leading to greater ECL variability and leading to extensive cleaning

cycles and reconditioning of the flow cell between runs. Therefore, data presentation is

limited to the 1XBB and 50% serum milieus.

In an effort to evaluate specificity of the combination 4 BNP prototype ECL assay, we

conducted a cross-reactivity study in 1XBB using 250 pg/mL of several peptides that might

be found in human serum including several markers of osteoporosis (CTx, HP and NTx) and

the cardiac infarction biomarker Tpn-T. While human growth hormone (hGH) is not

expected to exist at high levels in middle-aged or elderly individuals expressing high levels

of BNP, it was also added as a target analyte. ECL data presented in Fig. 4 (top) suggest

significant cross-reactivity of the combination 4 BNP assay with CTx and HP collagen bone

loss markers, although BNP still gave the strongest overall mean ECL response. Although

CTx, HP, and NTx are not expected at high levels in serum unless a patient is suffering from

osteoporosis [2], these levels of cross-reactivity by ECL assessment were not desirable. We

therefore, decided to also evaluate the individual reporter and capture aptamers by ELASA

(ELISA-like) plate assay. The results of the ELASA assessment are given in Fig. 4 (bottom)

and again illustrate in general the strongest responses from aptamer interactions with BNP,

but notable responses with BSA, CRP, and IL-6 in some cases.

Discussion

The present report summarizes an initial proof-of-concept study aimed at developing DNA

aptamers and an ECL-based aptamer-magnetic bead sandwich assay for BNP in buffer and

diluted serum. While preliminary, the work demonstrates the potential of aptamers to be

employed in an ultrasensitive (low pg/mL detection) and linear assay of some potential

clinical importance that could possibly be used in serum samples. The most promising

capture and reporter aptamer combination (no. 4) demonstrated good linearity over a range

useful for BNP assessment [10,12–16].

The reader is reminded that the ECL data were obtained with a relatively old ECL reader

(Origen analyzer) which despite being maintained in good condition since the late 1990’s

when its manufacturer (Igen International, Inc.) went out of business, may be exhibiting

somewhat diminished performance at this point. In essence, this means that sensitivity could

potentially be even better, if experiments are conducted with a more modern ECL

instrument. Unfortunately, no newer ECL instruments were available for these studies.
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While specificity of the chosen sandwich assay combination of aptamers was not ideal,

some level of specificity was obtained. Future development in this area should focus on

longer “multivalent” aptamers with multiple binding sites to improve specificity as other

investigators have begun reporting [19,20]. Longer multivalent aptamers better emulate the

six hypervariable region binding sites between heavy and light chains of antibody

complementarity determining regions (CDRs), thereby leading to better selectivity [20]. In

the past, we have been limited to 72 base aptamers because of the low yields of

oligonucleotide synthesis beyond 72 bases, but recent advances in chemical oligonucleotide

synthesis are enabling aptamers up to 200 bases which should significantly improve

specificity for peptide or protein target detection [21].
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Highlights

• 52 DNA aptamers were developed and sequenced against BNP with some

notable similarities.

• Aptamers were attached to magnetic beads and paired in sandwich assay

formats for electrochemiluminescence (ECL) assay potential assessment.

• The optimal aptamer pairing led to low pg/mL detection of BNP even in serum

with linearity across a physiologically useful range for detection of heart failure.

• The assay maintained sensitivity even in 50% human serum.

• Some cross-reactivity with osteoporosis biomarkers and other proteins was

noted, but this may be overcome in the future by means of lengthier 200 base

aptamers.
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Figure 1.
Secondary stem-loop structures of the top eight aptamers from ELASA rankings (Table 2) which also showed some

commonality in the short sequences found in many of their loop regions suggesting common binding pockets. Similar loop

sequence segments are similarly highlighted and coded by lower cases letters in the figure.
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Figure 2.
Results of BNP sandwich assay matrix screening in which capture aptamer-MBs were paired with different Ru(bpy)3

2+-reporter

aptamer sequences as coded by combination number given in Table 3. Bar heights represent the mean ECL values of three

independent measurements (N = 3) of 1 ng/mL BNP in 1XBB with standard deviation error bars.
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Figure 3.
Combined dot plots of (A) three combination 4 BNP ECL assay titration trials in 1XBB and (B) two combination 4 assay trials

in 50% human serum and 1XBB over the BNP concentration range shown in pg/mL.
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Figure 4.
Top - Summary of BNP combination 4 assay cross-reactivity in 1XBB. Bar heights represent the mean ECL of five independent

measurements (N = 5) with standard deviation error bars. Each analyte was measured at 250 pg/mL. Bottom – ELASA cross-

reactivity data for each of the reporter (BNP 2F) and capture (BNP 25cF) aptamers used in the selected sandwich assay.

Abbreviations: BSA; Bovine Serum Albumin, Brain Natriuretic Peptide; BNP, CRP; C-Reactive Protein, CTx; C-Telopeptide of

Human Bone Collagen, DD; D-Dimer, HP; Helical Peptide of Human Bone Collagen, hGH; Human Growth Hormone, IL;

Interleukin, NTx; N-Telopeptide of Human Bone Collagen, Tpn-T; Troponin-T.
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Table 1

Candidate DNA Aptamer Sequences Developed Against BNP

BNP - 1F

ATACGGGAGCCAACACCATCACACACAATCCGTTTCTACGAAGGCATCCTGCATAGAGCAGGTGTGACGGAT

BNP - 1R

ATCCGTCACACCTGCTCTATGCAGGATGCCTTCGTAGAAACGGATTGTGTGTGATGGTGTTGGCTCCCGTAT

BNP - 2F

ATACGGGAGCCAACACCACGTTGCGCAGCTGGGGGCAGTGCTCTTTCGATTTGGAGAGCAGGTGTGACGGAT

BNP - 2R

ATCCGTCACACCTGCTCTCCAAATCGAAAGAGCACTGCCCCCAGCTGCGCAACGTGGTGTTGGCTCCCGTAT

BNP - 3F

ATACGGGAGCCAACACCATACTACCTGCTGCATTACTAAAGTAAGAGCGTATCTAGAGCAGGTGTGACGGAT

BNP - 3R

ATCCGTCACACCTGCTCTAGATACGCTCTTACTTTAGTAATGCAGCAGGTAGTATGGTGTTGGCTCCCGTAT

BNP - 4/9F

ATACGGGAGCCAACACCATGTTTAATGGCCACTTGTGCTCAAGAACCTGATCTCAGAGCAGGTGTGACGGAT

BNP - 4/9R

ATCCGTCACACCTGCTCTGAGATCAGGTTCTTGAGCACAAGTGGCCATTAAACATGGTGTTGGCTCCCGTAT

BNP - 5/11/15b/19/25bF

ATACGGGAGCCAACACCACCTTTTAAAACGCTAGCTAGCTTAGTCCATTCCACCAGAGCAGGTGTGACGGAT

BNP–5/11/15b/19/25bR

ATCCGTCACACCTGCTCTGGTGGAATGGACTAAGCTAGCTAGCGTTTTAAAAGGTGGTGTTGGCTCCCGTAT

BNP - 6F

ATACGGGAGCCAACACCATGGTGGGTACTACCCTTAAAAACATCGCCCCCTACGAGAGCAGGTGTGACGGAT

BNP - 6R

ATCCGTCACACCTGCTCTCGTAGGGGGCGATGTTTTTAAGGGTAGTACCCACCATGGTGTTGGCTCCCGTAT

BNP - 7F

ATACGGGAGCCAACACCATTTTGCATACCCGCGTGGCGGGCCGTGTTCTGAATGAGAGCAGGTGTGACGGAT

BNP - 7R

ATCCGTCACACCTGCTCTCATTCAGAACACGGCCCGCCACGCGGGTATGCAAAATGGTGTTGGCTCCCGTAT

BNP - 8F

ATACGGGAGCCAACACCAGTTAAGCACCCTCGTATCCCGCTATACTATGGAGTCAGAGCAGGTGTGACGGAT

BNP - 8R

ATCCGTCACACCTGCTCTGACTCCATAGTATAGCGGGATACGAGGGTGCTTAACTGGTGTTGGCTCCCGTAT

BNP - 10F

ATACGGGAGCCAACACCATTCCCGCATCGCGCGTTTTCAGCCTTTGACCGTTAGAGCAGGTGTGACGGAT

BNP - 10R

ATCCGTCACACCTGCTCTAACGGTCAAAGGCTGAAAACGCGCGATGCGGGAATGGTGTTGGCTCCCGTAT

BNP - 12F

ATACGGGAGCCAACACCAACGTGTGCTGTGTTACTGCCCTTCTCTGTAGCCGTGAGAGCAGGTGTGACGGAT

BNP - 12R

ATCCGTCACACCTGCTCTCACGGCTACAGAGAAGGGCAGTAACACAGCACACGTTGGTGTTGGCTCCCGTAT
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BNP - 13F

ATACGGGAGCCAACACCACCTTTTAAAACGCTAGCCAGCTTAGTCCATTCCACCAGAGCAGGTGTGACGGAT

BNP - 13R

ATCCGTCACACCTGCTCTGGTGGAATGGACTAAGCTGGCTAGCGTTTTAAAAGGTGGTGTTGGCTCCCGTAT

BNP - 14aF

ATACGGGAGCCAACACCAATCTAACAGATTGCAGCTCGCCTGTCCCGGCGTACTAGAGCAGGTGTGACGGAT

BNP - 14aR

ATCCGTCACACCTGCTCTAGTACGCCGGGACAGGCGAGCTGCAATCTGTTAGATTGGTGTTGGCTCCCGTAT

BNP - 14bF

ATACGGGAGCCAACACCACCTATTACAGACCCAATTTCCACCTGGCATTTCTATAGAGCAGGTGTGACGGAT

BNP - 14bR

ATCCGTCACACCTGCTCTATAGAAATGCCAGGTGGAAATTGGGTCTGTAATAGGTGGTGTTGGCTCCCGTAT

BNP - 15aF

ATACGGGAGCCAACACCACATATCCTACACTCCCATACCCCACTGTAGACACGCAGAGCAGGTGTGACGGAT

BNP - 15aR

ATCCGTCACACCTGCTCTGCGTGTCTACAGTGGGGTATGGGAGTGTAGGATATGTGGTGTTGGCTCCCGTAT

BNP - 16F

ATACGGGAGCCAACACCAAACCGAGTGCTGGTGGCCCTCTCTGCCATATAAGTGAGAGCAGGTGTGACGGAT

BNP - 16R

ATCCGTCACACCTGCTCTCACTTATATGGCAGAGAGGGCCACCAGCACTCGGTTTGGTGTTGGCTCCCGTAT

BNP - 17F

ATACGGGAGCCAACACCACCTTTTAAAACGCTAGCTAGCTTAGTCCAATTCCACCAGAGCAGGTGTGACGGAT

BNP - 17R

ATCCGTCACACCTGCTCTGGTGGAATTGGACTAAGCTAGCTAGCGTTTTAAAAGGTGGTGTTGGCTCCCGTAT

BNP - 18F

ATACGGGAGCCAACACCATGACATTGCAACTATACGCTTACCCACGTCAGCTCCAGAGCAGGTGTGACGGAT

BNP - 18R

ATCCGTCACACCTGCTCTGGAGCTGACGTGGGTAAGCGTATAGTTGCAATGTCATGGTGTTGGCTCCCGTAT

BNP - 20F

ATACGGGAGCCAACACCATTAACCTGAAAGTACCAGTGTCAGTTTACCCTACCTAGAGCAGGTGTGACGGAT

BNP - 20R

ATCCGTCACACCTGCTCTAGGTAGGGTAAACTGACACTGGTACTTTCAGGTTAATGGTGTTGGCTCCCGTAT

BNP - 21aF

ATACGGGAGCCAACACCAGGCATTAGTGTAAAGCACTAAGAGTCAGGCTGTAGCAGAGCAGGTGTGACGGAT

BNP - 21aR

ATCCGTCACACCTGCTCTGCTACAGCCTGACTCTTAGTGCTTTACACTAATGCCTGGTGTTGGCTCCCGTAT

BNP - 21bF

ATACGGGAGCCAACACCATGACACGCCGATTATGGACGTTGCGAACTAGTTGGTAGAGCAGGTGTGACGGAT

BNP - 21bR

ATCCGTCACACCTGCTCTACCAACTAGTTCGCAACGTCCATAATCGGCGTGTCATGGTGTTGGCTCCCGTAT

BNP - 22F

ATACGGGAGCCAACACCACTCAATCCCACCCTTATTTAGAGCGGTTACATCACAAGAGCAGGTGTGACGGAT

BNP - 22R
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ATCCGTCACACCTGCTCTTGTGATGTAACCGCTCTAAATAAGGGTGGGATTGAGTGGTGTTGGCTCCCGTAT

BNP - 23aF

ATACGGGAGCCAACACCAATTTGTGAAAATATTCCCGTGTTTTCCTTGAGCAGCAGAGCAGGTGTGACGGAT

BNP - 23aR

ATCCGTCACACCTGCTCTGCTGCTCAAGGAAAACACGGGAATATTTTCACAAATTGGTGTTGGCTCCCGTAT

BNP - 23bF

ATACGGGAGCCAACACCAGCGTAAAACCTTGTACCAATTGATGACACTAGCGGTAGAGCAGGTGTGACGGAT

BNP - 23bR

ATCCGTCACACCTGCTCTACCGCTAGTGTCATCAATTGGTACAAGGTTTTACGCTGGTGTTGGCTCCCGTAT

BNP - 24F

ATACGGGAGCCAACACCACAGCTCACCGCGCTTGCCGTGCCTTACGTCTGTCCAAGAGCAGGTGTGACGGAT

BNP - 24R

ATCCGTCACACCTGCTCTTGGACAGACGTAAGGCACGGCAAGCGCGGTGAGCTGTGGTGTTGGCTCCCGTAT

BNP-25aF

ATACGGGAGCCAACACCATCACCGTACTGGAGCCATCGTTCATCCAGCAATCTAGAGCAGGTGTGACGGAT

BNP - 25aR

ATCCGTCACACCTGCTCTAGATTGCTGGATGAACGATGGCTCCAGTACGGTGATGGTGTTGGCTCCCGTAT

BNP - 25cF

ATACGGGAGCCAACACCACCTCTCACATTATATTGTGAATACTTCGTGCTGTTTAGAGCAGGTGTGACGGAT

BNP - 25cR

ATCCGTCACACCTGCTCTAAACAGCACGAAGTATTCACAATATAATGTGAGAGGTGGTGTTGGCTCCCGTAT

Notes: Identical sequence segments (forward or backward) are bolded and italicized. Many of these bolded an italicized sequences also appear in
the loop structures shown in Fig. 1. All sequences are written 5′ → 3′ from left to right.
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Table 3

BNP Sandwich Aptamer Combination Matrix

Reporter Aptamer- Ru(bpy)3
2+

Capture Aptamer-MBs

2F 6R 14bF 25cF

2F Combination 1 2 3 4

6R 5 6 7 8

14bF 9 10 11 12

25cF 13 14 15 16

Notes: The resulting top sandwich assay combinations are shaded.
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