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concentrations as low as 100 pM.9,10 In this letter, we
demonstrate a novel method for the ultrasensitive detection
of protein biomarkers that uses DNAzymes to recognize the
speciﬁc adsorption of proteins onto aptamer monolayers. This
methodology can be used in conjunction with both nanoparticle-enhanced SPRI (NE-SPRI)10−12 and enzymatically
ampliﬁed SPRI6,13,14 to detect protein biomarkers from
nanomolar to subpicomolar concentrations.
The key concept of this new method for the ultrasensitive
detection of proteins with aptamer monolayers is the use of
surface bound protein−aptamer complexes to block the sitespeciﬁc nucleic acid cleavage activity of DNAzymes. We label
this process “DNAzyme footprinting”, and Figure 1 shows how

ABSTRACT: A novel method to quantitatively measure
the binding of proteins to single-stranded DNA (ssDNA)
aptamers that employs the inhibition of the DNAzyme
hydrolysis of aptamer monolayers is described. A 28-base
DNAzyme was designed to speciﬁcally bind to and cleave a
29-base ssDNA sequence that can fold into a G-quartet
aptamer and bind the protein thrombin. The binding
strength of the DNAzyme to the aptamer sequence was
designed to be less than the binding strength of the
thrombin to the aptamer (ΔG° = −43.1 and −51.8 kJ/
mol, respectively). Formation of the thrombin−aptamer
complex was found to block DNAzyme cleavage activity
both in solution and in an ssDNA aptamer monolayer. We
denote this method for detecting protein−aptamer
complexation as “DNAzyme footprinting” in analogy to
the process of DNase footprinting for the detection of
protein−DNA interactions. By attaching a 40-base
reporter sequence to the ssDNA aptamer monolayer, the
detection of any protein−aptamer complexes remaining on
the surface after DNAzyme activity can be greatly
enhanced (down to one thrombin−aptamer complex per
10 000 ssDNA molecules corresponding to 100 fM
thrombin in solution) by a subsequent surface RNA
transcription ampliﬁcation reaction followed by RNA
detection with nanoparticle-enhanced SPR imaging. In
addition to RNA transcription, DNAzyme footprinting can
be coupled to a wide variety of other nucleic acid surface
ampliﬁcation schemes and thus is a powerful new route for
the enzymatically ampliﬁed detection of proteins via
protein−aptamer complex formation.

Figure 1. Schematic diagram of the DNAzyme footprinting methodology.

we use this concept. DNAzyme footprinting requires two
components: (i) a single-stranded DNA (ssDNA) molecule
that we denote as the “bioaﬃnity sequence” that can reversibly
fold into an aptamer structure and noncovalently bind to a
protein, and (ii) an ssDNA DNAzyme engineered to cleave the
aptamer in the bioaﬃnity sequence in the absence of protein−
aptamer complex formation. As shown in Figure 1, bioaﬃnity
adsorption of a protein biomarker onto the ssDNA aptamer will
block the access of the DNAzyme to the cleavage site and
prevent hydrolysis. To quantitatively measure the amount of
protein blockage of DNAzyme cleavage activity, we attach an
additional ssDNA sequence to the aptamer monolayer (labeled
as a promoter-reporter sequence in Figure 1). If the aptamer−
protein complex is not formed, then the DNAzyme will cut the
ssDNA, removing the promoter-reporter sequence from the
surface. Thus, the number of reporter-promoter sequences that
remain on the surface is a measure of the number of adsorbed
protein−aptamer complexes. This method of “protecting” the

T

he development of novel surface bioaﬃnity methods to
detect protein biomarkers at extremely low (subpicomolar) concentrations is crucial for the early stage clinical
detection of a variety of infectious diseases, cancers, and
neurological disorders.1−4 Surface bioaﬃnity measurements
that employ DNA or RNA aptamers in lieu of antibody
microarrays have recently emerged as a rapid and robust
alternative for the detection of protein biomarkers in biological
samples.5−7 Aptamers possess several potential advantages over
antibodies for bioaﬃnity sensing: better air stability and shelf
life, ease of fabrication, and reduced cross-reactivity via
nonspeciﬁc adsorption.7,8 We have previously employed DNA
and RNA aptamer microarrays for the direct detection of
protein biomarkers with the techniques of surface plasmon
resonance imaging (SPRI) and SPR phase imaging (SPR-PI) at
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DNAzyme cleavage site with the protein−aptamer complex is
reminiscent of the process of enzymatic footprinting, in which
binding sites for protein transcription factors are identiﬁed by
the protection of dsDNA from DNA endonuclease activity by
the formation of protein−dsDNA complexes.15,16
As an initial demonstration, we have designed the two
ssDNA oligonucleotides depicted in Figure 2: (i) a 98-base

Figure 3. Time-based gel electrophoresis of DNAzyme footprinting in
solution.

that in the absence of hTh, a signiﬁcant amount of cleavage of
the aptamer sequence was observed after 1 h, and complete
cleavage of the aptamer was observed after 12 h. In contrast, in
the presence of hTh, the aptamer remained uncleaved even
after 36 h.
Having veriﬁed that the thrombin−aptamer complex can
block DNAzyme activity in solution, we then used the
DNAzyme footprinting methodology to detect thrombin with
aptamer monolayers attached to gold thin ﬁlms. As depicted in
Figure 1, any thrombin−aptamer complex that blocks the
DNAzyme cleavage activity will leave a promoter-reporter
sequence on the surface. Thus, the fractional surface coverage
of promoter-reporter sequences is a measure of the fractional
surface coverage of adsorbed thrombin molecules (θhTh), which
at low concentrations is proportional to the solution
concentration (ChTh): θhTh = Kads·ChTh where Kads is the
Langmuir adsorption coeﬃcient (1.2 × 108 M−1 for hTh
adsorption).10 The surface coverage of promoter-reporter
sequences can be detected by various possible SPRI methods:
(i) by direct SPRI detection of the hybridization adsorption of a
complementary ssDNA sequence onto the monolayer, (ii) by
SPRI detection of the adsorption of gold nanoparticles
(AuNPs) modiﬁed with the complementary ssDNA sequence,
or (iii) by NE-SPRI detection of RNA or DNA transcripts
created in a surface polymerase reaction using the promoterreporter sequence. We have veriﬁed that method (ii) can be
used detect thrombin at nanomolar concentrations (see
Supporting Information for an exemplary experiment, Figure
S2), and demonstrate here the most sensitive method (iii) to
show that this DNAzyme footprinting technique can be used at
extremely low relative surface coverages (down to θhTh = 10−5),
corresponding to subpicomolar thrombin concentrations.
To detect the promoter-reporter sequences at these low
surface coverages, we have employed an on-chip RNA
ampliﬁcation-detection strategy that we have used previously
to detect ssDNA at femtomolar concentrations.12 The on-chip
enzymatic ampliﬁcation process is depicted schematically in
Figure 4a. As seen in the ﬁgure, the DNA bioaﬃnity sequence is
immobilized onto an SPRI microarray element (denoted as a
generator element (G)). A surface RNA polymerase reaction is
used to create multiple RNA transcripts of the 40-mer reporter
sequence (approximately 2000 copies as measured previously).12 The transcribed RNA diﬀuses and adsorbs onto an
adjacent SPRI microarray element (denoted as a detector
element (D)) modiﬁed with a capture sequence of 20-mer
ssDNA which is complementary to half of the RNA sequence.
The adsorbed RNA transcript is detected by the further
adsorption of AuNPs coated with ssDNA that is complementary to the other 20 bases of the RNA. This three-sequence

Figure 2. The DNAzyme sequence and the thrombin aptamer
sequence as part of “bioaﬃnity sequence”. The red arrow indicates the
DNAzyme cleaving site T7.

“bioaﬃnity sequence” that consists of an 8 nucleotide spacer, a
29-base aptamer for the 37 kDa human thrombin protein
(hTh)17 which has been used previously as a biomarker for
various coagulation-related and cardiovascular diseases, a 17base promoter sequence and a 40-base reporter sequence; and
(ii) a 28-base ssDNA DNAzyme designed to cleave the
thrombin aptamer at the thymine base position 7 in the
aptamer sequence as shown in the ﬁgure. All sequences are
listed in detail in the Supporting Information. As shown in the
ﬁgure, the aptamer includes a G-quartet motif that interacts
with hTh at the hTh-heparin binding exosite, leading to an
aptamer-hTh binding energy of ΔG° = −51.8 kJ/mol at 25
°C.17 The design of the DNAzyme is based on a Cu2+dependent DNA-cleaving deoxyribozyme reported by Breaker
et al.18 In the presence of Cu2+ and ascorbic acid, this
DNAzyme−substrate complex catalyzes a C4′ oxidation at base
T7 of the aptamer sequence (see Figure 2).18 As shown in the
ﬁgure, the DNAzyme is designed to bind to the aptamer
sequence through a combination of a duplex and a triplex
structure. The length of the duplex base-pairing sequence can
be adjusted to vary the binding strength of the DNAzyme to
the aptamer sequence.18 This 28-mer DNAzyme was designed
to have a seven-base duplex structure with binding energy of
ΔG° ∼ −43.1 kJ/mol at 25 °C that is slightly less than the
binding energy of the hTh-aptamer complex.
A set of gel electrophoresis measurements were used to
demonstrate that the hTh protein can bind to the DNA
aptamer and block DNAzyme cleavage activity in solution.
Figure 3 is an electrophoresis gel image of a series of aliquots
containing 1 μM DNA bioaﬃnity sequence that were ﬁrst
incubated either with or without 1 μM hTh, and then exposed
to 2 μM DNAzyme in solution (containing Cu2+, and ascorbic
acid) for 1−36 h. The full image of the gel is provided in
Supporting Information (Figure S1). The results clearly show
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concentration scale is shown in Figure S4). We attribute this
saturation to the formation of a full AuNP monolayer on the
Detector element as observed in previous NE-SPRI experiments.13 This saturation can be avoided by simply reducing the
RNA transcription time (and thus the amount of enzymatic
ampliﬁcation), but it would also decrease the signal at the lower
(subpicomolar) concentrations.
The initial experiments described in this letter have
demonstrated that process of DNAzyme footprinting is a
highly sensitive process for the detection protein−aptamer
complexes in a surface bioaﬃnity sensing format. The use of
DNAzyme footprinting with aptamer microarrays for the
detection of proteins has several advantages as compared to
the use of secondary enzyme-coupled antibodies with antibody
microarrays. Conventional enzymatic ampliﬁcation methods
typically require two separate biorecognition sites on protein
biomarkers for immobilization and signal enhancement.19−21
Moreover, the binding aﬃnity of the DNAzyme to the substrate
can be designed and tested by the stem-base pairing and the
speciﬁc base pair sequence can also be modiﬁed.18 Additionally,
the DNAzyme is relatively inexpensive, straightforward to
handle, and less prone to nonspeciﬁc adsorption onto the
microarray surface as compared with DNase I or other protein
enzymes. A current limitation of the DNAzyme footprinting
methodology is that the DNAzyme cleavage reaction is slow.
For our protein biosensing measurements, we allowed the
DNAzyme to react for 12 h with the microarray surface to be
absolutely sure that all unprotected ssDNA were removed from
the surface. Further experiments are needed to optimize the
DNAzyme reaction conditions and reduce this reaction time.
This DNAzyme footprinting methodology can be potentially
expanded to a multiplexed platform by using multiple aptamers
each with a distinct reporter sequence.22 Finally, we note that in
addition to SPRI, the use DNAzyme footprinting for the
detection of aptamer−protein complexes can be incorporated
into any number of surface-based bioaﬃnity measurements
(e.g., ﬂuorescence imaging, LSPR spectroscopy, microring
resonators, QCM, etc.).

Figure 4. (a) Schematic diagram of transcription ampliﬁcation and
AuNP-enhanced SPRI from an uncleaved bioaﬃnity sequence. (b)
SPRI real-time binding data of AuNPs adsorbed onto detector (D),
generator (G) and control (C) microarray elements from a 1 pM hTh
sample. (c) Δ%R increase measured at 1000 s for AuNP adsorption
onto detector microarray elements as a function of hTh concentration.
The triangles indicate the average value from a set of microarray
elements (hollow circles). A linear concentration dependence was
observed with a detection limit of 100 fM.

hybridization assembly greatly enhances the SPRI signal from
the detector elements.12
Figure 4b plots the SPRI real-time binding curves for the
ﬁnal step in this DNAzyme footprinting experiment with
enzymatic ampliﬁcation detection: the adsorption of ssDNAmodiﬁed AuNPs (2 nM) onto a microarray containing detector
(D), generator (G) and control (C) elements. (The full SPRI
diﬀerence image for this experiment is shown in Figure S3.)
Prior to this step, the microarray was exposed to (i) a 1 pM
hTh solution for 12 h, (ii) 0.2 μM DNAzyme solution for 12 h,
and ﬁnally (iii) an RNA polymerase solution (containing both
the enzyme and ribonucleotides) for 2 h. The ssDNA
sequences for the microarray elements are listed in Table S1.
A very large Δ%R increase of ∼10% is observed from the
Detector element after 1000 s. A small amount of AuNP
adsorption (∼1%) is also observed on the Generator elements,
but this signal does not interfere with the quantitation of the
Detector element signal. A small Δ%R increase of less than
0.5% is observed from the Control elements, indicating very
little nonspeciﬁc adsorption of the AuNPs onto these
microarrays.
Figure 4c plots the Δ%R increase measured for AuNP
adsorption to the microarray detector element after 1000 s for a
series of SPRI experiments at diﬀerent hTh concentrations
from 0 to 1 pM. A linear slope for Δ%R was observed for hTh
concentrations below 1 pM. A limit of detection of Δ%R =
0.7% corresponding to an hTh concentration of 100 fM was
observed; at this concentration the hTh−aptamer complex
surface coverage θhTh is equal to 10−5. To detect this very low
surface coverage, the DNAzyme footprinting method must be
very eﬀective at cleaving all of the unblocked aptamers in the
monolayer, leaving only one intact hTh−aptamer complex for
every 10 000 aptamer sequences on the surface. Above 1 pM,
the Δ%R continues to increase but saturates at 25% at
approximately 100 pM (a complete Δ%R plot for hTh
concentrations from 0.1 pM to 1 nM on a logarithmic
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