
Real-Time FO-SPR Monitoring of Solid-Phase DNAzyme Cleavage
Activity for Cutting-Edge Biosensing
Bernd Peeters,† Devin Daems,† Tom Van der Donck,‡ Filip Delport,§ and Jeroen Lammertyn*,†

†Department of Biosystems, Biosensors Group, KU Leuven, Willem de Croylaan 42, B-3001 Leuven, Belgium
‡Department of Materials Engineering, KU Leuven, Kasteelpark Arenberg 44, B-3001 Leuven, Belgium
§FOx Biosystems NV, Veldstraat 120, B-9140 Temse, Belgium

*S Supporting Information

ABSTRACT: DNA nanotechnology has a great potential in
biosensor design including nanostructuring of the biosensor
surface through DNA origami, target recognition by means of
aptamers, and DNA-based signal amplification strategies. In
this paper, we use DNA nanotechnology to describe for the
first time the concept of real-time solid-phase monitoring of
DNAzyme cleavage activity for the detection of specific single-
stranded DNA (ssDNA) with a fiber optic surface plasmon
resonance (FO-SPR) biosensor. Hereto, we first developed a
robust ligation strategy for the functionalization of the FO-
SPR biosensing surface with ssDNA-tethered gold nano-
particles, serving as the substrate for the DNAzyme. Next, we established a relation between the SPR signal change, due to the
cleavage activity of the 10−23 DNAzyme, and the concentration of the DNAzyme, showing faster cleavage kinetics for higher
DNAzyme concentrations. Finally, we implemented this generic concept for biosensing of ssDNA target in solution. Hereto, we
designed a DNAzyme−inhibitor complex, consisting of an internal loop structure complementary to the ssDNA target, that
releases active DNAzyme molecules in a controlled way as a function of the target concentration. We demonstrated
reproducible target detection with a theoretical limit of detection of 1.4 nM, proving that the presented ligation strategy is key
to a universal DNAzyme-based FO-SPR biosensing concept with promising applications in the medical and agrofood sector.
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1. INTRODUCTION

About 3 decades ago, nucleic acid research revealed that RNA
and DNA functionality by far exceeds simple storage and
transfer of genetic information. With the development of
functional nucleic acids (NAs) through in vitro synthesis and
selection by systematic evolution of ligands by exponential
enrichment,1−3 DNA nanotechnology has become a research
field on its own with many applications in different areas.4 In
biosensing, DNA molecules and structures are mainly being
used for nanostructuring of sensor surfaces,5 target recog-
nition,6 and signal amplification.7 The advantages of using
functional NAs are based on their in vitro and cost-effective
synthesis, various conjugation options, increased stability, and
reduced susceptibility to nonspecific adsorption, compared to
their protein alternatives such as antibodies and enzymes.6

Whereas aptamers show high affinity for specific target
molecules, NA enzymes such as DNAzymes are of great
interest in isothermal signal generation and amplification.7,8

Among the broad variety of DNAzymes, peroxidase-mimicking
and RNA-cleaving DNAzymes are commonly used for the
detection of proteins and NAs.9 Peroxidase-mimicking
DNAzymes are characterized by a G-quadruplex that binds
hemin and catalyzes the oxidation of substrates10 such as

H2O2, tetramethylbenzidine, and luminol, enabling electro-
chemical,11 colorimetric,12,13 chemiluminescent,14,15 and sur-
face plasmon resonance (SPR)16,17 read out. RNA-cleaving
DNAzymes are characterized by a small catalytic core
accompanied by two binding arms, showing stable activity in
the presence of their metal ion cofactors.18,19 Two well-known
RNA-cleaving DNAzymes are the 10−23 and the 8−17
DNAzymes,19 characterized by high catalytic efficiencies and
design flexibility. Their enzymatic activity is only determined
by the catalytic core, enabling substantial freedom in
redesigning the binding arms for any RNA or DNA/RNA
chimeric substrates of interest.
Commonly, RNA-cleaving DNAzyme substrates are labeled

with a fluorophore and quencher, resulting in a solution-based,
direct fluorescent read-out upon substrate cleavage.8,9 First
applications restricted themselves to the detection of metal
targets, based on the intrinsic DNAzyme characteristic of
needing a metal cofactor for activity.8 Extension of the
nonmetallic target repertoire is more challenging, yet possible
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using strategies in which the DNAzyme is blocked20 in the
absence of a target or by splitting the catalytic core to form so-
called binary deoxyribozymes21 or MNAzymes.22−24 Several
efforts have been reported to improve the background signal of
these fluorescent substrates with different configurations of
organic quenchers.25−29 However, another promising alter-
native is to move completely away from fluorescence and use
the (non-) intact substrate or other secondary strands for the
indirect signal generation with different read-out systems.
Electrochemical,30,31 colorimetric,32 and few SPR33,34 strat-
egies have been described that keep the NAzyme activity in
solution but still require an additional hybridization or labeling
step for indirect signal generation.
A different approach is to immobilize the DNAzymes and/or

their substrates to a solid surface, confining the DNAzyme
activity at this solid surface. Based on various conjugation
possibilities of NAs, different nanomaterials35,36 and planar
surfaces37 can be functionalized and act as fluorescence
quenchers. In addition, surface immobilization allows washing
steps, minimizing potential background signals. Besides
fluorescence, researchers have been developing DNAzyme-
based solid-phase systems in combination with different labels
such as nanoparticles (NPs)38 and electrochemically active
components,16,39 avoiding complex and dual labeling of
substrates with fluorophores and quenchers. So far, sensing
applications of surface-immobilized RNA-cleaving DNAzymes
or their substrates are mainly restricted to the detection of
their metal cofactors.40 In contrast, direct solid-phase
monitoring of NAzyme activity on the surface has not been
reported for the detection of NAs or proteins.
SPR is a solid-phase technology and known as the gold

standard for molecular interaction analysis. The technology
uses an evanescent wave at the sensor’s interface to measure
changes in refractive index (RI) caused by specific interaction
between surface-immobilized receptors and target mole-
cules.41,42 Starting from complex and bulky prism-based
microfluidic systems, SPR technology has been developed
into more user-friendly and cost-effective configurations, such
as optical fibers.43,44 An in-house-developed fiber optic SPR
sensor (FO-SPR) was previously reported by our group.45 FO-
SPR can compete in sensitivity and specificity with the prism-
based systems due to their compatibility with gold nano-
particles (AuNPs) for signal amplification.46 However, not
only binding of AuNPs labels but also the release of AuNPs
from the surface has been used to design sensitive bioassays,
such as high-resolution melting assays.47 In addition, the FO-
SPR technology has proven its value in biosensing applications
for the detection of DNA, proteins, and small molecules.48−50

Furthermore, compared to other standard techniques, the FO-
SPR platform is capable of real-time monitoring, quantifying
kinetic measurements and fast sample analysis.
Based on the limitations of the NAzyme-based fluorescent

sensors and restricted biosensing applications of surface
immobilized NAzymes and substrates, the primary objective
of this work is the development of an innovative, solid-phase
biosensing concept sensitive to surface-based catalytic cleavage
activity of NAzymes. Instead of secondary hybridization or
labeling of NAzyme products on the surface, the research
focused on the direct interaction between surface-tethered
substrates and NAzymes to create an associated response
signal. Direct solid-phase monitoring of NAzyme activity has
the advantage to enable integration of the signal transduction
into NAzyme cascades amplifying the amount of NAzyme

itself,23,51,52 enabling reduced assay times. These type of
NAzyme cascades are of great interest, as increasing the
amount of NAzymes intrinsically generates an additional
amplification effect due to their catalytic activity. The second
aim of this work is to show the potential of the proposed solid-
phase sensor concept toward biosensing applications. This
way, the interesting advantages of NAzymes DNA nano-
technology such as their specificity, isothermal signal
generation, and amplification could be explored to create
new NAzyme-based bioassay concepts. Furthermore, in
combination with detection strategies only redesigning the
initial step of the amplification cascade but keeping the
NAzyme binding arms and substrate strand constant, a
universal solid-phase sensor could be developed for different
targets such as proteins and NAs.
To do so, we present for the first time the development of a

AuNP-labeled FO-SPR sensor and a generic DNAzyme-based
bioassay concept for single-stranded DNA (ssDNA) detection.
The FO-SPR platform was selected based on several features
such as its AuNP compatibility, dip probe format, and real-time
analysis capacity of molecular binding events. First, a ligation
strategy was designed to prefunctionalize and optimize the FO-
SPR sensors with AuNP-labeled DNAzyme substrates. Second,
DNAzyme detection was established by monitoring the
corresponding FO-SPR shifts for different DNAzyme concen-
trations in real time. As a proof of concept, a third section
focused on the detection of a ssDNA target strand by
temporary blocking the DNAzyme with an inhibitor strand,
containing an internal loop for target recognition. Target
detection was established, revealing that in combination with
its real-time aspect, user-friendliness, and fast response time,
FO-SPR technology holds great potential in the study of
surface-based NAzyme cleavage activity and the development
of innovative NAzyme-based bioassay concepts for NA
detection.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. All DNA sequences were

synthesized and purified by Integrated DNA Technologies (IDT,
Leuven, Belgium). Full sequence information is provided in Table S1
of the Supporting Information. Trizma base, sodium dodecyl sulfate
(SDS), magnesium chloride, and DNA/RNAse-free water were
purchased from The Merck group-Sigma-Aldrich (Bornem, Belgium).
Potassium dihydrogen phosphate and sodium chloride were obtained
from The Thermo Fisher Scientific group-Fisher Scientific (Mer-
elbeke, Belgium), and dipotassium hydrogen phosphate and 1,4-
dithiothreitol (DTT) from AppliChem GmbH (Darmstadt, Ger-
many). Ethylenediaminetetraacetic acid (EDTA) was purchased from
Acros Organics (Geel, Belgium), sodium hydroxide from Chemlab
(Zedelgem, Belgium), and ethanol absolute from VWR Chemicals
(Haasrode, Belgium). Both Illustra NAP-5 columns and Immobiline
DryStrip Cover Fluid were obtained from GE Healthcare Life
Sciences (Diegem, Belgium). AuNPs (Ø 20 nm) were provided by
BBI Solutions (Cardiff, U.K.) and poly(ethylene glycol) (PEG)-
molecules (C27H55NO9S), used as a backfilling molecule, by Polypure
AS (Oslo, Norway). The Ampligase Thermostable DNA Ligase (5 U/
μL) with accompanying 10× reaction buffer was purchased from
Epicentre (Madison). Nondenaturing TBE gels (10%) and 5× TBE
buffer were obtained from The Thermo Fisher Scientific group
Invitrogen (Merelbeke, Belgium) and 6× Orange DNA Loading Dye
from The Thermo Fisher Scientific groupThermo Scientific
(Merelbeke, Belgium).

Sensor preparation and reaction buffers were as follows: PB buffer
(180 mM phosphate, pH 8), PB−SDS buffer (10 mM phosphate,
0.01% (w/v) SDS, pH 8.0), TE buffer (10 mM Tris, 1 mM EDTA,
pH 8), Tris−SDS buffer (20 mM Tris buffer, 0.01% (w/v) SDS, pH
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8.3), and DNAzyme reaction buffer (20 mM MgCl2, 50 mM Tris, 150
mM NaCl, pH 9.4).
2.2. FO-SPR Sensor Fabrication and Gold Surface Function-

alization. An overview of the FO-SPR experimental setup is
presented in the Supporting Information (Figure S1). Production of
the FO-SPR sensors was based on the design described by Lu et al.49

Briefly, an optical fiber (Thorlabs, Newton) (Ø 400 μm) was cut to a
final length of 4.3 cm. Both endings were stripped and cleaned to
remove the jacket and cladding, respectively. The FO-SPR sensor was
coated with a 50 nm gold layer, after which the FO-SPR sensor was
ready for functionalization. The gold surfaces were functionalized
based on the work of Hurst et al. and Daems et al.48,53 Both the FO-
SPR sensors and the AuNPs were incubated with 1 μM thiolated
DNA strands (Table S1), reduced in 0.05 M DTT in PB buffer prior
to use. After an overnight incubation, the FO-SPR sensors and AuNPs
were washed with Tris−SDS (dipped 5× in 2 mL) and PB−SDS (3×
centrifuging at 16 200g for 15 min and resuspended in a final volume
of 1 mL). Next, backfilling of the FO-SPR sensors and AuNPs was
done with 50 μM PEG-molecules for 1 h. The FO-SPR sensors were
then washed with and stored in Tris−SDS at 4 °C until further use.
The AuNPs were washed two times with PB−SDS and finally
resuspended in DNA/RNAse-free water to a final concentration of
4.65 nM by measuring the maximal optical density at 530 nm with a
microplate reader SpectraMax M2/M2e (Molecular devices, San
Jose).
2.3. AuNP Ligation to the FO-SPR Sensor Surface. A AuNP-

labeled DNAzyme substrate coupled to the FO-SPR sensors was
created by means of ligation. A ligation reaction mix was prepared
containing 1× Ampligase buffer, 0, 10, 100, or 1000 nM of ligation
template, Ampligase (0.05 U/μL), and 2.32 nM functionalized AuNPs
in a final volume of 100 μL. Prior to ligation, a baseline signal was
established for 5 min in 20 mM Tris (pH 8.3), followed by incubation
of the FO-SPR sensors in the ligation mixture for 20 min. Next, the
FO-SPR sensors were washed for 4 min in 20 mM Tris (pH 8.3), 2
times for 30 s in 10 mM NaOH, and afterward a second baseline was
recorded in Tris buffer. All reaction vials were heated simultaneously
to 50, 55, or 60 °C and covered with 50 μL mineral oil (to avoid
evaporation). The FO-SPR signals were monitored in real-time on an
in-house-developed FO-SPR system described by Lu et al.49 Finally,
the AuNP-labeled FO-SPR sensors were stored in Tris−SDS at 4 °C
until further use in the DNAzyme-based experiments.
2.4. Real-Time FO-SPR Monitoring of DNAzyme Activity.

DNAzyme reaction mixtures contained DNAzyme reaction buffer and
0, 0.1, 1, 3.125, 6.250, 10, 12.5, 25, 50, or 100 nM DNAzyme in a final
volume of 100 μL. A first baseline was established in DNAzyme
reaction buffer for 7 min, followed by incubation of the FO-SPR
sensors in one of the DNAzyme reaction mixtures for 30 min. The
catalytic reaction was stopped by washing two times for 30 s with 10
mM NaOH, 1 time for 30 s with TE buffer, and afterward a second
baseline was recorded in the DNAzyme reaction buffer. All reaction
vials were heated simultaneously at 55 °C and covered with mineral
oil.

2.5. DNAzyme Blocking with Inhibitor Strand. Different
concentrations of 100, 140, or 180 nM inhibitor strand were mixed in
DNAzyme reaction buffer with a fixed DNAzyme concentration of
100 nM. After 30 s heating at 95 °C and incubation at 55 °C for 30
min, the inhibitor−DNAzyme complex was cooled and stored at 4 °C.
DNAzyme inhibition experiments were performed identically to the
DNAzyme activity experiments, but instead of different DNAzyme
concentrations, the FO-SPR sensors were incubated with a four-time
dilution of the different inhibitor−DNAzyme mixtures in DNAzyme
buffer.

2.6. DNAzyme-Based Target Detection. Target concentrations
of 0, 10, 12.5, 15, 20, 25, or 30 nM and 30 nM of nonmatching
ssDNA (Table S1) were incubated at 55 °C for 20 min in DNAzyme
reaction buffer together with a 1.4:1 ratio of inhibitor−DNAzyme
complex prepared as aforementioned prior to starting the DNAzyme
activity read out. Read out of the DNAzyme activity was performed as
described earlier, except for the first baseline. This baseline was
prolonged to 10 min, making a total of 30 min incubation of the
ssDNA target with the DNAzyme−inhibitor complex before starting
the read out.

2.7. Scanning Electron Microscopy (SEM) Images and Data
Analysis. High-resolution scanning electron microscopy (SEM)
images were made with a FEI Nova Nanosem 450 (The Thermo
Fisher Scientific groupFEI, Hillsboro). Visualization of the 20 nm
AuNPs was established with a backscatter detector (concentric
backscatter detector) using an acceleration voltage of 4.5 kV in the
column and a magnification of 100 000. Applying a bias of 4 kV on
the sample stage enabled beam deceleration and resulted in a landing
energy of 500 V. To obtain a stable imaging, drift-corrected frame
integration was used. The difference in contrast of the images could
be explained by small differences in the sample preparation and
different position of the image on the FO-SPR sensor surface.
Quantification of the AuNPs was done by using ImageJ 1.48 v
(National Institutes of Health, Bethesda),54 a Java-based image-
processing program. All SEM images having a surface area of 7.5 μm2

were sharpened if needed and after setting the proper noise tolerance,
the AuNPs could be counted using the “Find Maxima” tool in ImageJ.
For every condition, the AuNP density was determined for three
images at different locations on the same fiber.

FO-SPR data were recorded with LabView (National Instruments,
Austin) and further processed using Matlab 2015b (The MathWorks
Inc., Natick). All FO-SPR signals start with an initial baseline
measurement in simple buffer conditions. By determining the average
wavelength value across this baseline step and subtracting it from the
complete FO-SPR signal, the starting FO-SPR wavelength for every
sensorgram was normalized to 0 nm. Based on the different steps
within both the ligation an DNAzyme activity sensorgrams, different
parameters were defined to enable statistical analysis with JMP 13
(SAS Institute Inc., Cary): (i) ligation shift, (ii) DNAzyme shift, (iii)
ligation efficiency, (iv) DNAzyme efficiency, and (v) half time value.
Significant differences were analyzed by performing one-way ANOVA
followed by Tukey multiple comparison with an α-level of 0.05.

Figure 1. Illustration of (A) the ligation strategy and (B) the DNAzyme-based target detection.
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Calibration curves were linearly fitted by y = ax + b, with y as the
logarithmic half-life values, x as the logarithmic concentration, a as the
slope, and b as the intercept. The limit of detection (LOD) was based
on the linear regression and calculated as LOD = 3 × σ/S, with σ as
the standard deviation of the response estimated by the root mean
squared error (RMSE) and S as the slope of the calibration curve.55

3. RESULTS AND DISCUSSION

3.1. Concept of DNAzyme-Based FO-SPR Biosensing.
The ligation strategy to functionalize FO-SPR sensors with
AuNP-labeled substrates is depicted in Figure 1A. Three DNA
oligos are used to perform the ligation: (i) a 5′-thiolated FO-
SPR oligo immobilized on the FO-SPR sensor surface, (ii) a
3′-thiolated AuNP-oligo immobilized on the AuNP surface,
and (iii) a ligation template partially complementary to both
FO-SPR and AuNP-oligo. Upon hybridization of the FO-SPR
and AuNP-oligo with the ligation template, the ligase
recognizes the nick in the double DNA strand and links the
5′-phosporylated AuNP-oligo with the FO-SPR oligo by a
NAD-dependent ligation. As a result, AuNP-labeled DNAzyme
substrates are formed. AuNP labels are well-known to
significantly amplify the FO-SPR response signals56 and are
introduced here to enable real-time direct monitoring of the
DNAzyme cleavage activity. Furthermore, the FO-SPR and
AuNP-oligos are designed in such a way that both DNA oligos
contain part of the DNAzyme substrate each, eliminating
DNAzyme cleavage of unlabeled substrates. Figure 1B
illustrates the DNAzyme-based target detection using the
designed FO-SPR sensor. The system includes three additional
DNA oligos: (i) a synthetic, specific DNA target, (ii) a
DNAzyme, and (iii) a ssDNA inhibitor. The inhibitor is
designed to block the DNAzyme by partial hybridization. It
contains a loop of 22 nucleotides, which can be adapted to any
target without changing the DNAzyme sequence. In the
presence of the target, the inhibitor preferentially binds the
DNA target of interest due to higher complementarity and
therefore resulting in a lower ΔG compared to the interaction
with the DNAzyme. This way, the DNAzyme is activated and
can start cleaving the AuNP-labeled substrate on the FO-SPR
sensor.

To realize the proposed DNAzyme-based FO-SPR sensor,
the first set of experiments is devoted to finding an optimal
ligation temperature and template concentration for AuNP
labeling of the FO-SPR oligos. Second, the activity of different
DNAzyme concentrations is characterized and a calibration
curve is established on the AuNP-labeled FO-SPR sensor. In a
third set of experiments, blocking of the DNAzyme is evaluated
for different inhibitor−DNAzyme ratios. Finally, different
synthetic DNA target concentrations are detected and a
calibration curve is established.

3.2. Screening and Optimization of Robust Ligation
Strategy. The NAzyme in this work is characterized by a
cleave-and-release process, requiring labeled substrates to
monitor the surface catalytic activity. Therefore, a ligation
strategy, having important advantages such as (i) the covalent
linkage of AuNP labels to the DNAzyme substrate, stabilizing
and creating a robust sensor surface, and (ii) the elimination of
nonlabeled DNAzyme substrates, was used. Cleavable
substrates are only formed where ligation has taken place
and minimizes the occurrence of DNAzyme cleavage without
signal generation. The AuNP labeling of the immobilized FO-
SPR oligos on the sensor surface depends on the ligation
template concentration, the functionalized AuNP concen-
tration, the amount of ligase, the incubation temperature and
time. Both the ligation temperature and template concen-
tration were studied in more detail, whereas other parameters
were fixed based on previous work of Knez et al.47,57 and the
Ampligase product specifications.
While changing and studying the parameter of interest, the

FO-SPR shift was monitored in real-time and consists of four
different steps as illustrated in Figure 2A. Step 1 represents a
first stabilization step, which enables the FO-SPR sensor to
reach its baseline level. Initial signal drift is caused by a change
in RI going from air to buffer and the increasing temperature,
as the FO-SPR sensor is temperature sensitive. In step 2,
binding of the AuNPs to the FO-SPR sensor surface through
hybridization between the ligation template, FO-SPR, and
AuNP-oligos causes the FO-SPR shift to increase. The nick in
every hybridization complex, if recognized by the ligase, gets
covalently coupled to form a AuNP-labeled DNAzyme
substrate (Figure 1A). In this step, also the nonligated

Figure 2. Ligation temperature screening. (A) Real-time FO-SPR shifts for ligation at 50 °C (blue), 55 °C (red), and 60 °C (gray). Controls
containing no ligase (dashed line) or no template (dotted line) were included to evaluate nonspecific adsorption at 55 °C. Every measurement
consists of four steps: (1) first baseline in buffer, (2) hybridization and ligation, (3) washing, and (4) second baseline in buffer. (B) FO-SPR shifts
before washing (filled bars) and final ligation shifts after washing (shaded bars) and (C) ligation efficiency. Error bars represent one standard
deviation (n = 4). Upper- or lower-case letters group the factor levels between which Tukey multiple comparison was applied. Different letters
indicate significant differences (P < 0.05).
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hybridization complexes contribute to the corresponding FO-
SPR shift. Step 3 represents a washing step in Tris buffer and
two times in NaOH, clearly distinguishable by short RI
changes in air when switching reaction vials. During this step,
all hybridization complexes are dehybridized, removing all
ligation templates and nonligated AuNP labels to make the
AuNP-labeled DNAzyme substrates available and avoid any
nonspecific release of AuNPs during target detection. Finally,
step 4 corresponds to a second stabilization step, which
enables the FO-SPR sensor to reach a new baseline level in
conditions identical to those of step 1.
Optimal reaction conditions were defined as those resulting

in a large FO-SPR shift at the end of step 4. This depends on
the hybridization with the ligation template and actual ligation,
both taking place in the same reaction vial in step 2. Therefore,
the process is strongly dictated by a proper reaction
temperature for both hybridization complex formation and
ligase activity. The ligation process was first evaluated for three
different temperatures while keeping the ligation template
concentration constant. As can be seen in step 2, the FO-SPR
shifts increase significantly for all temperatures, except for the
control experiment evaluating the FO-SPR shift in the absence
of ligation template (Figure 2A). Moreover, the exact FO-SPR
shifts, determined as the difference between the start- and
endpoints of step 2, are similar for 50 and 55 °C but lower for
60 °C (Figure 2B). This depends on the sequence
complementarity and melting temperature (Tm) of the formed
hybridization complex, being 65.1 ± 0.3 °C (Figure S2). The
decrease at 60 °C is explained by the fact that the reaction
conditions approach the Tm of the hybridization complex. For
similar FO-SPR shifts at 50 and 55 °C, both well below the Tm,
it is hypothesized that the change in hybridization equilibrium
by the temperature difference of 5 °C is not significant to cause
any change in FO-SPR shift. Furthermore, final ligation shifts
were determined as the absolute difference between both
baselines (steps 1 and 4) after washing (step 3) because
hybridization complexes for which no ligation took place only
release their noncovalent AuNP labels in step 3. This causes
the FO-SPR shifts to decrease again for all temperatures in step
3. As the ligase’s activity increases with temperature and has an
optimum at 68−72 °C (see product specifications), an
increasing ligation shift could be expected. As can be seen,
the ligation shifts were found to indeed first increase
significantly with temperature and decrease again for 60 °C

(this is because of the lower FO-SPR shift at 60 °C in step 2, as
explained earlier).
In addition to a large ligation shift, an optimal ligase activity

is desired, meaning that all hybridized AuNPs are also ligated
to the FO-SPR sensor surface. Ligation efficiencies were also
determined as a function of temperature and defined as the
ratio of the FO-SPR shift before the wash step and the final
ligation shift (Figure 2B,C). Initially, the ligation efficiencies
increased significantly, reaching a value of 90.0 ± 1.0% at 55
°C, which did not improve further. Based on the maximal
ligation shift of 101.5 ± 2.1 nm and the ligation efficiency of
90.0 ± 1.0%, 55 °C was regarded as the optimal temperature
and selected for all further experiments. Compared to the
typical range of FO-SPR shifts around 10 nm previously
reported,45,49,50 the range of the obtained FO-SPR shifts is
more than 10-fold higher. This can be explained by using
relatively short DNA oligos, a higher AuNP concentration, and
the specific choice of incubation time and reaction temperature
to improve and maximize the FO-SPR parameters such as the
FO-SPR shift, the dynamic range, and the LOD.
Furthermore, the screening of the ligation template

concentration is visualized in Figure 3. The ligation shifts
and ligation efficiencies were monitored in real time (data not
shown) and determined for 0, 10, 100, and 1000 nM ligation
template. The ligation shift (Figure 3A) for 10 nM ligation
template was significantly lower compared to the shift at higher
ligation template concentrations. Further increase in the
ligation template concentration enabled more AuNPs to bind
the FO-SPR sensor and eventually a saturation level on the
FO-SPR sensor was reached for template concentrations ≥100
nM. This saturation level is determined both by the geometry
and steric interactions of the AuNPs under specified reaction
conditions. In addition, the ligation of AuNPs to the FO-SPR
sensor surface was evaluated with high-resolution SEM images.
Figure 3B shows part of the SEM images made for every
ligation condition using different ligation template concen-
trations (full images in Figure S3). In case of 0 nM ligation
template, aspecific binding to the FO-SPR sensor surface
caused few AuNPs to emerge, resulting in a AuNP density of 5
± 6 particles/μm2 by counting the AuNPs in the SEM images.
Furthermore, the SEM image shows the gold islands of the
sputtered thin film.58 By increasing the ligation template
concentration, an increasing amount of AuNPs was ligated to
the FO-SPR sensor surface: the AuNP densities were 244 ±

Figure 3. Screening of the ligation template concentration. (A) FO-SPR shifts before washing (filled bars) and final ligation shifts (shaded bars).
(B) SEM images of four different FO-SPR sensors after ligation with 0, 10, 100, and 1000 nM ligation template. (C) Ligation efficiency. Error bars
represent one standard deviation (n = 4). Upper- or lower-case letters group the factor levels between which Tukey multiple comparison was
applied. Different letters indicate significant differences (P < 0.05).
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31, 666 ± 56, and 678 ± 95 particles/μm2 for 10, 100, and
1000 nM ligation template, respectively. A saturation was
obtained for 100 nM ligation template (Figure S4). Figure 3C
depicts that the ligation efficiencies do not significantly depend
on the template concentration. Based on the saturation of the
ligation shifts for template concentrations ≥100 nM, the 100
nM template concentration with a ligation efficiency of 90.3 ±
1.4% was selected and used together with the optimal
temperature of 55 °C in all further experiments.
3.3. Characterization of DNAzyme Activity with FO-

SPR. On the basis of the AuNP-labeled FO-SPR sensors
produced under optimal ligation conditions defined in previous
section, here the DNAzyme cleavage activity is studied. The
10−23 DNAzyme was preferred, based on several of its
characteristics as mentioned in the introduction section.18,19

Creating a FO-SPR sensor design sensitive to surface cleavage
activity of NAzymes will make the FO-SPR platform more
accessible to the increasing popularity and progress in the field
of DNA nanotechnology. Interesting features of the NAzyme
technology are (i) their intrinsic capacity of signal
amplification and (ii) their superior in vitro synthesis, cost-
efficiency, and stability compared to protein enzymes.
Figure 4A illustrates the corresponding DNAzyme activity

sensorgrams with four steps similar to the ligation strategy.
Step 1 represents the first stabilization step to reach a baseline
level as discussed previously. In step 2, the substrate cleavage
and release of AuNPs were monitored in real time. Reaction
kinetics were studied by determining the half-life value of the
FO-SPR sensor response. Step 3 represents a washing step,
again clearly distinguishable by the short RI changes in air
when switching reaction vials. Finally, step 4 corresponds to a
second stabilization step, which enabled the quantification of
the corresponding FO-SPR shift. Moreover, in combination
with the ligation shifts (see previous section), the DNAzyme
efficiency was described.
FO-SPR sensors with AuNPs were incubated with

DNAzyme concentrations between 0 and 100 nM. SEM
images were made of four different FO-SPR sensors after 0, 5,
15, and 30 min incubation with 25 nM DNAzyme (Figure 4B).
The SEM images confirm the release of AuNPs by incubation
with the DNAzyme over time. The starting AuNP density was
607 ± 28 particles/μm2, which decreased to 432 ± 26
particles/μm2 after 5 min, 87 ± 4 particles/μm2 after 15 min,
and 81 ± 1 particles/μm2 after 30 min (full images in Figure
S6). For the negative (NC) control, the AuNP density

remained at 571 ± 11 particles/μm2, illustrating the specificity
of the DNAzyme (Figure S5). DNAzyme shifts were defined as
the difference between both baselines and DNAzyme
efficiencies as the ratio of DNAzyme and ligation shifts (Figure
S7). The ligation shift gives the maximal shift that can be
expected after incubation with the DNAzyme. Both parameters
showed an increasing, logarithmic trend with the DNAzyme
concentration up to 12.5 nM DNAzyme, after which the
DNAzyme shift saturated, giving a dynamic range of 1 decade.
However, introducing the concept of the half-life values
determined in step 2 (except for 0 nM DNAzyme, Figure S8)
improved the dynamic range up to 100 nM DNAzyme and
could make both baselines unnecessary. In Figure 5, a

logarithmic transformation of the exponential part is plotted
in the function of the logarithmic DNAzyme concentrations
and a linear calibration curve was obtained (R2 of 0.95) with a
RMSE of 0.07. The lowest detectable DNAzyme concentration
was 3.125 nM and the theoretical LOD based on the linear
regression was 2.3 nM.

3.4. Screening of Inhibitor Concentration for DNA-
zyme Blocking. To retain a controlled catalytic activity,
DNAzyme blocking was established through partial DNA
hybridization. The inhibitor strand was designed to be
complementary to the DNAzyme’s binding arms and part of

Figure 4. DNAzyme response. (A) Real-time FO-SPR shifts for (a) 0 nM, (b) 3.125 nM, (c) 6.25 nM, (d) 12.5 nM, (e) 25 nM, and (f) 50 nM
DNAzyme. Every measurement consisted of four steps: (1) first baseline, (2) DNAzyme incubation, (3) washing, and (4) second baseline and (B)
represents the SEM images taken after (I) 0 min, (II) 5 min, (III) 15 min, and (IV) 30 min of incubation with 25 nM DNAzyme.

Figure 5. DNAzyme calibration curve. A linear calibration curve was
established by log−log transformation of the half-life and DNAzyme
concentration. Error bars represent one standard deviation (n = 3).
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the catalytic core, except for four nucleotides (Figure S9). In
addition, one of the blocking regions lacked complementarity
with the outer nucleotide of the binding arm and the other
blocking region contained a G−T wobble structure.24 This
way, the inhibitor strand with an internal loop was calculated
to have a Tm that enables hybridization to the DNAzyme under
DNAzyme reaction conditions and dehybridization only by a
specific trigger (The DINAmelt Web Server59,60). Formation
of the duplex between DNAzyme and inhibitor strand was
confirmed qualitatively with gel electrophoresis prior to the
FO-SPR experiments (Figure S10).
The degree of DNAzyme blocking is steered by the

concentration ratio between the inhibitor strand and the
DNAzyme. Moreover, there is a trade-off between the
background signal and the sensitivity of the assay. To avoid
significant background signal, an excess of inhibitor strand is
required, whereas to obtain the lowest LOD, the inhibitor
strand and the DNAzyme should be present in equimolar ratio.
In the final biosensing concept, it is only the DNAzyme-bound
fraction of the inhibitor that can trigger signal generation after
interaction with the target of interest. Figure S10 illustrates this
excess, which becomes visual from the 1.4:1 ratio onward in
case of the gel electrophoresis. To minimize the inhibitor
excess and still reach a maximal DNAzyme shift, 25 nM
DNAzyme was chosen as the concentration to study the FO-
SPR shifts in the function of different DNAzyme−inhibitor
ratios. Figure 6 presents the FO-SPR shifts obtained for a 1:1,

1.4:1, and 1.8:1 ratio of inhibitor strands and DNAzyme. In
comparison with the positive control (PC), not containing any
inhibitor, the presence of the inhibitor strand in a 1:1 ratio
reduced the FO-SPR shift by more than 50%. Further increase
of the inhibitor−DNAzyme ratio resulted in FO-SPR shifts
comparable to the negative control (NC), only containing 200
nM inhibitor strand. Therefore, minimal background and
inhibitor excess were realized with a ratio of 1.4:1 inhibitor
strand and DNAzyme (used in further experiments).
3.5. DNAzyme-Based Detection of a Synthetic DNA

Target. Strand displacement61 was used as the mechanism for
target-specific signal generation. By establishing specific target
detection, it is shown that the FO-SPR sensor has potential for

biosensing applications and that its sensitivity to surface
cleavage activity is not restricted to NAzyme monitoring.
Hereto, the inhibitor strand with a built-in internal loop
(Figure S9) was designed to enable preferential binding to the
target in comparison with the DNAzyme. Higher comple-
mentarity of the inhibitor strand with the target sequence was
provided by the internal loop, whereas the complementary
regions were designed to assure blocking of the DNAzyme.
Initially, this target-triggered release of the DNAzyme was

first confirmed qualitatively with gel electrophoresis (Figure
S11). Next, specific target detection was explored using the
same reaction conditions as applied for the real-time
DNAzyme activity; however, this time, the DNAzyme was
added as a blocked complex with the inhibitor strand as
described in previous section. DNAzyme shifts and efficiencies,
triggered by different target concentrations and a blank
containing a nonmatching ssDNA strand, were determined
for all response signals as mentioned in Section 3.3 (Figure
S12). FO-SPR shifts increased with target concentration, but
no significant FO-SPR shifts were observed in the absence of
the target or in the presence of scrambled ssDNA. Based on
the half-life values obtained for 0, 10, 12.5, 15, 20, 25, and 30
nM of target DNA, a calibration curve was established. Both
the DNAzyme shifts and DNAzyme efficiencies increased with
elevated target concentrations. In contrast to the DNAzyme-
only experiments, a sigmoidal trend was observed. We
hypothesize that the inhibitor excess, needed to assure
complete DNAzyme blocking, caused the initial lag in signal
generation. Furthermore, the FO-SPR shifts saturated from 15
nM DNA target onward. Therefore, half-life values of the FO-
SPR response signals were determined (Figure S13) and a
log−log transformation was performed like the DNAzyme-only
results (Figure 5). Based on the log−log transformation of the
half-life values, the kinetic information within the response
signal was used to improve and increase the dynamic range
compared to the use of the endpoint DNAzyme shifts. The
logarithm of the half-life values was observed to decrease
linearly (R2 = 0.94) with the logarithmic target concentration
(Figure 7). An RMSE of 0.08 was obtained and the theoretical
LOD was calculated to be 1.4 nM.
On the basis of these results, we demonstrated the potential

of a user-friendly, innovative DNAzyme-based FO-SPR

Figure 6. Screening of the inhibitor−DNAzyme ratio for DNAzyme
blocking. Positive and negative control (PC and NC) contained only
25 nM DNAzyme and 200 nM inhibitor, respectively. Shaded bars
contained 25 nM DNAzyme with increasing amount of inhibitor.
Error bars represent one standard deviation (n = 3).

Figure 7. Log−log linear calibration curve of the half-life values and
target concentration from 10 to 30 nM. Error bars represent one
standard deviation (n = 3).
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biosensor for the specific detection of DNA biomarkers. In
comparison to our previous work focusing on the classical
AuNP-amplified “sandwich” approach for protein and NA
detection, we extended the sensor’s applicability to surface
catalytic DNA−DNA/RNA interactions with prospects of a
potential study tool for these catalytic molecules. To do so and
to make a robust sensor design, the classical sandwich
approach in combination with ligation was applied for surface
functionalization. Furthermore, we showed that the proposed
FO-SPR sensor design can be developed toward biosensing
applications by illustrating its capacity of ssDNA detection.
The LOD was calculated to be 1.4 nM, which is similar to the
previously reported 1 nM detection limit of our system for NA
detection only using AuNP amplification.62 Lower pM and
sub-pM detection limits have been obtained,48,57 but require
additional amplification of the target strand by polymerase
chain reaction or ligase chain reaction, increasing the number
of experimental steps and assay time to an hour or several
hours depending on the target. By developing a DNAzyme-
based FO-SPR sensor design, isothermal and protein-free
NAzyme amplification strategies23 or the use of other RNA-
cleaving NAzymes can now be explored to improve specificity
and reach pM−fM detection limits. Other SPR sensors using
RNA-cleaving NAzymes have already been reported with lower
pM34 and high fM33 detection limits for NAs and proteins
respectively. However, these systems also apply additional
indirect amplification strategies such as RNA transcription or
catalyzed hairpin assembly with assay times ≥hours and
multiple incubation steps. So far, the proposed DNAzyme-
based sensor in this work is the first to use FO-SPR, which
typically requires smaller sample volume (<100 μL) compared
to the prism-based systems. On the other hand, because these
prism-based systems mainly detect NAzymes indirectly, their
surface can be regenerated, whereas the proposed FO-SPR
sensor is for one-time use only. Other optical biosensors using
RNA-cleaving NAzymes are those using AuNP aggregation,
depending on the intact substrates linking them together.
Although cost-effective and user-friendly, most of these
systems have been used for the detection of metal ions and
few have been reported on biological targets.32,63

4. CONCLUSIONS
In this paper, we demonstrated for the first time a robust
ligation strategy, linking DNA-functionalized AuNPs cova-
lently to the surface of a FO-SPR sensor. Specific sequence
design in combination with ligation enabled both formation
and immobilization of AuNP-labeled DNAzyme substrates.
Moreover, the ligation strategy eliminated the presence of
nonlabeled substrates, minimizing the interference with
efficient signal generation. The AuNP surface density was
controlled through the selection of the ligation temperature
and ligation template concentration. Once the AuNP-labeled
DNAzyme substrates were immobilized, real-time detection of
surface-based DNAzyme cleavage activity using FO-SPR was
reported for the first time and a calibration curve for different
DNAzyme concentrations was obtained. Finally, the proposed
FO-SPR sensor’s potential in developing NAzyme-based
biosensing applications was proven. Using partial complemen-
tarity and the principle of strand displacement, DNAzymes
were temporarily blocked with an inhibitor strand. Preferred
complementarity between a ssDNA target and the inhibitor
strand enabled specific, DNAzyme-based target detection. By
exploiting the half-life values of the FO-SPR response signal, a

calibration curve was obtained with a theoretical LOD of 1.4
nM.
In future work, the emphasis will lie on the integration of the

designed FO-SPR sensor in NAzyme-based cascades amplify-
ing the NAzyme itself to further improve the current LOD.
Another approach is to change the AuNP size, shape, and
density to optimize the mass and coupling effect of the
particles to improve the sensor’s performance. Moreover, the
designed bioassay concept displays some interesting flexibility
in the choice of DNAzyme substrate and target of interest.
Redesigning the ligation template and associated FO-SPR and
AuNP-oligo could enable the use of different substrates. On
the other hand, it is hypothesized that detection of different
targets with the same DNAzyme and substrate used in this
work could be obtained by modifying the internal loop of the
inhibitor strand. The potential of the designed FO-SPR sensor
to be integrated in other DNAzyme-based systems or to be
modified toward different targets gives the sensor a universal
character. Based on these characteristics, the FO-SPR design
should be further adapted toward a real target of interest and
compatibility in biological matrices should be validated. In
these matrices, challenges such as nonspecific adsorption and
potential degradation of DNA components by nucleases or
interference with the assay mechanism can be encountered. As
the FO-SPR platform is fully automated and able to perform
four measurements at the same time, parallel detection of
different targets based on one universal FO-SPR sensor would
be feasible.
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