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Abstract
Aptamers are single-stranded nucleic acids that fold into defined tertiary structures to bind target
molecules with high specificities and affinities. DNA aptamers have garnered much interest as
recognition elements for biodetection and diagnostic applications due to their small size, ease of
discovery and synthesis, and chemical and thermal stability. Herein, we describe the design and
application of a short DNA molecule capable of both protein target binding and amplifiable
bioreadout processes. As both recognition and readout capabilities are incorporated into a single
DNA molecule, tedious conjugation procedures required for protein-DNA hybrids can be omitted.
The DNA aptamer is designed to be amplified directly by either the polymerase chain reaction (PCR)
or rolling circle amplification (RCA) processes, taking advantage of real-time amplification
monitoring techniques for target detection. A combination of both RCA and PCR provides a wide
protein target dynamic range (1 μM to 10 pM).

INTRODUCTION
Aptamers are single-stranded (ss) nucleic acids that are able to fold into defined tertiary
structures to bind their targets with high specificities and affinities.(1,2) Targets to which
aptamers have successfully been generated against include proteins, small molecules and RNA.
(3–8) Aptamers have been suggested as valuable alternatives to antibodies in biodetection and
diagnostic applications due to their ease of discovery, their stability, and robust methods for
their synthesis.(9–12) A wealth of sensitive aptamer-based biodetection approaches have been
reported in which aptamers were labeled with molecules such as redox probes, fluorescent
dyes, or nanocrystals to be an integral part of signal transduction.(13–21) In addition,
researchers have recently taken advantage of PCR to amplify DNA aptamers for sensitive
detection of protein targets. Le and coworkers describe the isolation of a protein-aptamer
complex via capillary electrophoresis, followed by PCR amplification of the bound ssDNA
and subsequent visualization and quantification by gel electrophoresis.(22) Exonuclease
protection of target-bound DNA aptamers has also been used for protein detection,(23) where
after hydrolysis of unbound DNA sequences, the bound aptamers were used to template the
ligation of a DNA scaffold suitable for real-time (rt) PCR amplification. Another notable
technique involved aptamer-coordinated proximity ligation followed by PCR amplification
and real-time detection, providing both high sensitivity and selectivity.(24,25) These three
approaches exemplify the utility of combining DNA aptamers with PCR for protein target
detection but rely on additional steps either before or after PCR for detection.
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Detection of proteins using DNA-based amplification techniques was first demonstrated with
the advent of immuno-PCR.(26–30) Using antibody-DNA hybrid constructs, the antibody’s
binding affinity was complemented by the sensitive detection achievable with PCR. In addition,
immuno-DNA detection strategies have been extended to use rolling circle amplification
(RCA), an isothermal technique that generates a long ssDNA oligomer tethered to the immuno-
DNA conjugate.(31–34) A drawback of these approaches is that the synthesis of the antibody-
DNA hybrids can be problematic as controlling the location and number of DNA conjugates
per protein is not always straightforward, often leading to heterogeneous ratios of DNA tags
per antibody. Recent developments in site-specific conjugation of oligonucleotide tags to
proteins using intein chemistry (or chemical ligation) have been very successful,(35) although
conjugate preparation remains laborious. A main advantage of solely DNA-based reagents is
the possibility of combining both the high affinity of aptamers and amplification techniques
for sensitive detection in a single molecular platform, thus reducing synthetic complexity.

Herein, we describe a protein assay approach that uses a short, but yet structurally robust,
ssDNA aptamer that is capable of both protein target binding and two complementary
amplifiable bioreadout processes (Figure 1A). As both recognition and readout capabilities are
incorporated into a single DNA molecule, tedious conjugation procedures required for protein-
DNA hybrids are omitted. As for the amplification process, the DNA reagent can be directly
subjected to either PCR (27,30) or RCA (31–34) without the need for additional ligation or
modification reactions. To demonstrate the approach, we designed a 50nt ssDNA molecule,
which was comprised of an aptamer domain, a poly[A]15 linker, and a short 20nt primer (Figure
1B). The 15nt thrombin aptamer was chosen for this study as it has been extensively
characterized and binds its target with reasonable affinity (Kd = ~75nM) (36–38) The primer
sequence is suitable for RCA amplification, and in conjunction with the recognition domain
can prime the PCR reaction. This aptamer-primer hybrid construct effectively binds to the
thrombin target protein and can be directly amplified via both PCR and RCA processes.

MATERIALS AND METHODS
Materials

Human α-thrombin and human α-thrombin BFPRck (Biotinylated FPR-chloromethylketone)
were purchased from Haematologic Technologies Inc. (Essex Junction, VT). Trypsin, Bovine
serum albumin (BSA), bovine serum, and polyinosinic–polycytidylic acid potassium salt (dI-
dC) were purchased from Sigma (St. Louis, MO). Biotinylated horseradish peroxidase (HRP),
EZ biotinylation kit, and EZ biotinylation quantification kit were purchased from Pierce
(Rockford, IL). CircLigase, exonuclease I, and RepliPHI phi29 (φ29) DNA polymerase were
from Epicentre Biotechnologies (Madison, WI). Deoxynucleotide triphosphates were obtained
from New England Biosciences (Ipswich, MA). All oligonucleotides were PAGE purified by
the supplier (Integrated DNA Technologies Inc.; Coralville, IA) and used as received. Aptamer:
5′-GGTTGGTGTGGTTGGAAAAAAAAAAAAAAACGTGTCCTCGTTGTCTGCTC –3′
Forward Primer: 5′-GGTTGGTGTGGTTGG-3′ Reverse Primer: 5′-
GAGCAGACAACGAGGACACG-3′ RCA template: 5′-
GCTTTCGATCGTTCTGAGCAGACAACGAGGACACGCTTACTGAATAGCTA-3′

RCA template circularization
Linear RCA template (1 pmole/μl) was circularized using CircLigase ssDNA ligase at 65°C
for 3 hr in reaction buffer containing 50 mM MOPS, pH 7.5, 10 mM KCl, 5 mM MgCl2, 1
mM DTT, 0.05 mM ATP, and ligase (10 units/μl). Uncircularized template was removed by
incubating with exonuclease I (0.1 unit/μl) at 37°C for 1 hour, followed by enzyme inactivation
at 85°C for 20 min. The circle DNA was used without further purification. Circularization and
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purity were confirmed by denaturing polyacrylamide gel electrophoresis (15% TBE-Urea
Novex gels, Invitrogen; Carlsbad, CA). See Figure S1 for representative gel.

RCA detection
Biotinylated thrombin was immobilized on streptavidin ‘MyOne’ C1 magnetic beads
(Invitrogen; Carlsbad, CA) in thrombin binding buffer (1X TBB: 20 mM Tris-acetate pH 7.4,
140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 0.02% Tween-20) for 1 hour at room
temperature. Biotinylated thrombin immobilization was determined to be ~44 μg per mg of
bead by measuring free protein concentration before and after immobilization using the Pierce
BCA assay (Rockford, IL). These beads were diluted with uncoated beads to achieve the desired
thrombin concentration, so that the final bead concentration was 0.25 mg/ml. The beads were
then blocked for two hours with 50 μl blocker solution (1X TBB, 0.1% BSA, 100 μg/ml dI-
dC). The aptamer stock solution was heated at 95°C for 3 minutes and added to the blocked
beads at a final concentration of 1 μM.

After one hour incubation at room temperature, beads were quickly washed three times with
250 μl of blocker solution (1X TBB, 0.1% BSA and 20 μg/ml dI-dC) and resuspended in 50
μl of deionized water. Samples were then heated at 95°C for 5 minutes to release the bound
aptamers. After collection, aptamers (5 μl) were incubated with a 7 μl aliquot of circle DNA
(500 nM) in 1X phi29 (φ29) buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM
(NH4)2SO4, 4mM DTT) for 15 min at 37°C. Remaining RCA components including φ29 DNA
polymerase were then added to initiate reaction. Final reaction composition: 15 μl volume, 400
nM circle DNA, 1X φ29 buffer, 200 μg/ml BSA, 1 mM of each dNTP, 40,000 X dilution of
SYBR Green I, φ29 (0.5 units/μl). Reactions were monitored in 384-well plates at 31°C with
a BMG Labtech FLUOStar (Durham, NC) Optima fluorescence plate reader (λex = 480 nm;
λem = 520 nm).

PCR detection
Samples were prepared as above, using an aptamer concentration of 2 nM. After aptamer
collection, PCR reactions (20 μl) were prepared with iQ SYBR Green I Supermix (BioRad;
Hercules, CA), 0.1 μM of each primer, and 5 μl sample. Real-time PCR was performed using
the MyIQ real-time detection system. Cycling parameters were as follows: initial 4 min
denaturation at 95°C, 30 cycles of denaturation (95°C, 20 sec), annealing (50.7°C, 20 sec), and
elongation (72°C, 30 sec). Fluorescence measurements were acquired after each annealing
step. For analysis, a threshold cycle (CT) parameter of 300 relative fluorescence units (RFU)
was used. Melt profiles were obtained by monitoring SYBR Green I fluorescence upon heating
from 50°C to 95°C at a rate of 2°C/min. Primer dimers were not observed within 30 cycles.
Native polyacrylamide gel electrophoresis (4–20% TBE Novex gels, Invitrogen; Carlsbad,
CA) were run at 12 mA for 50 min and stained with ethidium bromide. Trypsin (biotinylated
following supplier’s procedure) and biotinylated HRP were immobilized on streptavidin
‘MyOne’ C1 magnetic beads and quantified using the Pierce BCA assay. Detection procedures
were identical to those used for thrombin.

For sandwich capture assays, magnetic beads functionalized with anti-thrombin antibodies
were used. The monoclonal anti-thrombin antibody was biotinylated according to
manufacturer’s instructions (Pierce). After purification, the biotinylated antibody was
immobilized on streptavidin ‘MyOne’ C1 magnetic beads for 1hr at room temperature, washed,
and resuspended in blocking buffer and stored at 4°C until needed. Beads were incubated with
various concentration of thrombin diluted in binding buffer. After numerous washing, beads
were incubated with aptamers as outlined above.
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RESULTS AND DISCUSSION
RCA detection

A few examples demonstrating aptamer-based detection by RCA have been reported recently.
(39–42) As mentioned earlier, the 50nt ssDNA aptamer construct employed in this study can
be amplified via RCA. Although less sensitive than PCR, the RCA technique is convenient as
it can be performed at a constant temperature, e.g. 31°C when φ29 DNA polymerase was used,
without the need for thermal cycling. This technique is especially important should a
thermocycler not be accessible or practical.

As an initial model system for enzymatic aptamer detection, thrombin protein was directly
immobilized on magnetic beads. Thrombin functionalized with a single biotin was immobilized
onto ~1 μm diameter streptavidin-coated magnetic beads. The thrombin-labeled beads were
then serially diluted into unlabeled beads and subsequently treated with blocker reagents. After
incubation with the DNA aptamer, unbound oligonucleotides were removed (details are
described in the experimental section). The thrombin-bound aptamers were then dissociated
into 50 μl of water by heating the complex at 95°C and 5 μl of the aptamer-containing
supernatant were used for RCA analysis. The heat-extracted aptamer was hybridized to a 50nt
pre-formed circular ssDNA template on its “built-in” primer tail. Upon the introduction of
φ29 DNA polymerase,(43,44) the aptamer’s primer tail was efficiently extended. The DNA
extension process can efficiently be monitored in real-time (rt) with SYBR Green I dye.

As seen in Figure 2, the aptamers extracted from the protein-aptamer complex efficiently
underwent RCA. Extension of the aptamers at increasing thrombin concentrations showed a
corresponding increase in detection signal. At the highest thrombin concentration (1 μM)
studied, the bound aptamers were easily detected via the RCA technique in fewer than 10
minutes. The lowest concentration of thrombin protein detected was ~3 nM. From the rt-RCA
traces, the individual maximum rates of formation, i.e. the rates of ssDNA extension, were
derived for each thrombin concentration. The maximum rates (y-axis) were plotted against the
thrombin concentration (x-axis) to yield an estimated limit-of-detection (LoD) of 2 nM. The
derived LoD from the RCA amplification technique is ~3 orders of magnitude higher compared
to the value derived from PCR (vide infra), which is consistent with the aforementioned
limitation in sensitivity for the RCA biodetection approach. Negative controls, consisting of
biotinylated trypsin and horseradish peroxidase (HRP), were also performed in the above
experimental approach. No RCA amplification was detected in the presence of either negative
control targets (Figure 2b), confirming that the observed signal is a result of aptamer binding
to the thrombin. Recent advances in rt-RCA detection, such as utilizing sequence-specific
hairpin beacons (45) as opposed to the non-specific DNA fluorophore SYBR Green I, could
readily be incorporated into our approach to facilitate rt-multiplexed detection. However, for
applications where target protein concentrations are not limiting, the RCA approach is an
attractive alternative to PCR as the readout process can be performed in real-time under
isothermal conditions.

PCR detection
The PCR-based amplification assay approach is similar to the aforementioned RCA
amplification approach. Briefly, different protein concentrations were first immobilized onto
magnetic beads and incubated with the aptamer. After magnetic partitioning of the protein-
aptamer complex, the heat-extracted aptamer was amplified by PCR and monitored in real-
time with SYBR Green I dye. In Figure 3A, rt-PCR data are presented for the detection of
different concentrations of thrombin protein. The increase in fluorescence is relative to the
amount of PCR product produced. As expected, at higher concentrations of thrombin, fewer
PCR cycles are required for significant signal to accumulate as the concentration of the bound
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aptamers is higher. The cycle value at which exponential growth of the PCR product occurs
(the CT value) is plotted against the thrombin concentration (y- and x-axes, respectively, Figure
3B). An approximate LoD value of ~2 pM can be subsequently derived from this plot. Again
for negative controls, no PCR amplified products were detected in the presence of either
biotinylated trypsin or HRP (Figure 3B insert), indicating that the observed rt-PCR signal is
indeed due to the interaction between the aptamer and its thrombin target.

We observed that there was a linear dependence on protein concentration for the rt- PCR DNA
quantification above 1 pM thrombin. However, at lower thrombin concentrations, there is little
to no dependence on protein concentration, which is consistent with the hypothesis that non-
specific binding of the input DNA aptamer to the magnetic beads may be overwhelming the
specific signal from bound aptamers. This observation has been previously reported by
Burbulis et al., who used ‘confidence belt’ statistical analyses to extract further information
from the non-linear region at the transition between specific and non-specific interactions.
(35) Enhanced LoD can also be accomplished by decreasing the amount of aptamer, as a 20-
fold reduction in the initial aptamer concentration results in an approximate 20-fold
enhancement in the LoD (to ~100 fM; see supplementary data section Figure S2). Conversely,
increasing the concentration of aptamer above 2 nM resulted in a concomitant reduction in
sensitivity (data not shown). Our studies also underscore the importance of blocking and
washing parameters, as well as the choice of magnetic bead platform. For instance, initial
optimization of these parameters demonstrated that blocking buffer supplemented with the
polyanionic dI-dC and 0.1% BSA provided 2- to 5-fold greater sensitivity. Furthermore, wash
buffers incorporating these blocking agents were more effective than buffer alone, whereas
increasing the number of washes beyond three was less important in overall sensitivity. Using
small polymer-coated magnetic beads (1 μm, Dynabeads MyOne Streptavidin, Invitrogen) also
provided a ca. 4-fold enhancement in the LoD when compared to larger polystyrene magnetic
beads (2.8 μm, Dynabeads M-270 Streptavidin, Invitrogen). These observations demonstrate
a certain degree of control over the LoD, which, alongside the design of detection platform
and assay parameters, can be tailored for each specific desired application.

To confirm that the rt-PCR amplified product was indeed the input aptamer, the double-
stranded (ds) DNA products were analyzed using gel electrophoresis. A single band of 50bp
dsDNA was consistently obtained at all protein concentrations investigated (see supplementary
data, Figure S3A). To further corroborate this observation, the amplified dsDNA was also
subjected to a DNA-melt analysis, which demonstrated that all the rt-PCR amplified dsDNA
have a single melting profile (Tm = ~75°C), consistent with the presence of only a single dsDNA
PCR product (Figure S3B).

Detection of biotinylated thrombin protein target on magnetic beads provided a model system
for our initial experiments. To demonstrate real-world applicability of our systems, thrombin
was also captured from solution in a sandwich assay format via magnetic beads functionalized
with an anti-thrombin antibody (Ab). The beads were subsequently incubated with the 50nt
input aptamer and detected by rt-PCR. As seen in Figure 4A, low picomolar concentrations
could be detected by rt-PCR. The data obtained from the sandwich capture assay are in accord
with the detection of thrombin directly conjugated to beads.

Last, accurate and quantitative detection of protein targets in complex mixture is highly desired
in all biological immunoassays. To investigate if the rt-PCR technique could be used to detect
the target thrombin protein in complex mixtures, the sandwich capture assay was also
performed in bovine serum (Figure 4B). We have chosen to dilute the thrombin target in 10%
serum (v/v in binding buffer), in which the anticipated dose response was again observed. This
indicates that specific capture and detection of thrombin in serum is possible. However, a
reduction in sensitivity was observed when performed in 10% serum, with the single-to-noise

Fischer et al. Page 5

Anal Biochem. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significantly diminishing to undetectable levels above 10% serum. This serum dependence is
presumably due to: (i) non-specific binding of the serum proteins to the anti-thrombin Ab
coated magnetic beads, resulting in subsequent decreased binding of thrombin to the Ab, and
(ii) increased non-specific binding of the aptamers to the various serum components in solution,
effectively depleting the pool of aptamers available for target binding. It is also likely that the
non-specific binding of serum proteins to the magnetic beads results in the increased
nonspecific binding of the DNA hybrid, a complication which is not unique to our approach.
We anticipate that the confounding effects of serum will be similar to other clinically relevant
matrices. General solutions to this are optimization of blocking and washing conditions.
Alternatively, aptamers can be selected under conditions that mimic those anticipated during
detection. Consequently, these aptamers may present greater specificity toward the target in
complex media. Nonetheless, these experiments indicate that the DNA hybrid and rt-PCR assay
are sufficiently robust to tolerate detection of ca. 10 pM thrombin in 10% bovine serum.

CONCLUSION
We have demonstrated a simple, yet efficient, amplification assay procedure based on a single
oligonucleotide DNA aptamer platform for sensitive detection of protein target leveraging real-
time amplification monitoring instrumentation. The aptamer employed was able to
simultaneously function as both affinity ligand and reporter group for the thrombin target
protein. The 50nt ssDNA aptamer sequence itself can be used directly in PCR amplification
without additional ligation or modification steps, exhibiting a low picomolar LoD for thrombin,
even in 10% serum. Additionally, since the aptamer already incorporates an appropriate RCA
primer, it can also be detected at isothermal conditions by RCA. This approach is especially
useful should a thermocycler not be readily available. The entire assay spans a wide protein
target dynamic range, accommodating concentrations from 1 μM down to low pM. As no
detrimental effect on native aptamer affinity was observed in the presence of the linker and
primer domains (data not shown), we anticipate that this approach would be applicable to a
wide variety of aptamers given proper attention to both the design and testing of the aptamer.
As a result, a diverse range of aptamer-binding targets, e.g. proteins and cells, could be
accommodated with this biodetection assay. With the employment of magnetic beads as the
partitioning platform, the described approach should readily be amendable for multiplexed
detection using a microfluidic, high-throughput assay platform and be fully automated. In
addition, RCA amplification of aptamer-hybrids can be readily adapted for protein detection
in chip-based applications as the signal is spatially localized at the site of the binding event.
(33)

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was performed under the auspices of the U.S. Department of Energy by the University of California,
Lawrence Livermore National Laboratory, under contract W-7405-Eng-48. N.O.F. acknowledges CMLS for a
directorate postdoctoral fellowship and J.B.T. acknowledges the partial support of NIH Grant AI065359.

Abbreviations
RCA  

rolling circle amplification

PCR  
polymerase chain reaction
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nt  
nucleotides

rt  
real-time

Tm  
melting temperature

LoD  
limit of detection

RFU  
Relative Fluorescence Units

ss  
single-stranded

ds  
double-stranded

Ab  
antibody
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Figure 1.
[A] Schematic of the aptamer binding biodetection process. Briefly, either anti-protein
antibody or biotinylated protein target was first immobilized onto magnetic beads. After
incubation with the DNA aptamers, unbound aptamers were removed. The target-bound
aptamer constructs were dissociated and the aptamers were analyzed in real time via either
PCR or RCA. [B] Sequence of the 50nt ssDNA aptamer construct, comprised of a thrombin
recognition domain, a poly-A linker spacer, and a short RCA primer.
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Figure 2.
Real-time (rt) RCA detection of thrombin protein target. [A] Representative RCA amplification
curves of the aptamer (2 μM) obtained at different thrombin concentrations as a function of
time, using SYBR Green I. [B] Detection of thrombin using rt-RCA. The x- and y-axes indicate
the thrombin concentration and maximal RCA rate, respectively. The measurements were
performed in duplicate and the error bars represent 1 s.d. Negative control experiments indicate
no aptamer binding to either HRP (triangles) or trypsin (squares).
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Figure 3.
Real-time (rt) PCR detection of thrombin. [A] Representative PCR amplification curves of the
aptamer (2 nM) obtained at different thrombin concentrations using SYBR Green I. [B]
Detection of thrombin (circles) by rt-PCR using a cycle threshold value of 300 RFU. Data
represent two independent experiments performed in triplicate and error bars indicate 1 s.d.
Negative control experiments (inset) indicate no aptamer binding to either HRP (triangles) or
trypsin (squares).
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Figure 4.
Thrombin capture and real-time (rt) PCR detection. [A] Serial dilutions of thrombin were
incubated with magnetic beads functionalized with an anti-thrombin antibody. Aptamers (2
nM) were subsequently added and detected by rt-PCR using a cycle threshold value of 300
RFU. [B] rt-PCR detection of thrombin in 10% bovine serum (v/v in binding buffer). Thrombin
was diluted into 10% bovine serum, and incubated with Ab-functionalized beads. After briefly
washing the beads, the aptamer (2 nM) was introduced and subsequently incubated for 1 hr.
The beads were isolated and heat-dissociated aptamers were then detected by rt-PCR using a
cycle threshold value of 300 RFU.

Fischer et al. Page 13

Anal Biochem. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


