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ABSTRACT: With more and more new aptamers being reported, a general, cost-effective yet reliable aptamer binding assay is still
needed. Herein, we studied cationic conjugated polymer (CCP)-based binding assays taking advantage of the conformational change
of aptamer after binding with a target, which is reflected by the fluorescence change of the CCP. Poly(3-(3'-N,N,N-triethylamino-1'-
propyloxy)-4-methyl-2,5-thiophene hydrochloride) (PMNT) was used as a model CCP in this study and the optimal buffer was close
to physiological conditions with 100 mM NaCl and 10 mM MgCl.. We characterized four aptamers for K, adenosine, cortisol and
caffeine, respectively. For cortisol and caffeine, the drop in the 580 nm peak intensity was used for quantification, whereas for K*
and adenosine, the fluorescence ratio at 580 nm over 530 nm was used. The longer stem of stem-loop structured aptamer facilitated
the binding of target and enlarged the detection signal. High specificity was achieved in differentiating target with analogues. Com-
pared with the SYBR Green I dye-based staining method, our method achieved equal or even higher sensitivity. Therefore, this assay
is practicable as a general aptamer binding assay. The simple, label-free, quick response and cost-effective features will make it a
useful method to evaluate aptamer binding. At the same time, this system can also serve as label-free biosensors for target detection.

INTRODUCTION

With the development of systematic evolution of ligands by
exponential enrichment (SELEX)," 2 more and more aptamers
were selected to bind a wide range of targets, including metal
ions, small molecules, peptides, proteins and even cells.>® Ap-
tamers are low cost, highly stable, easy to modify and can un-
dergo several cycles of denaturation and renaturation without
affecting the binding ability.” However, recent reports showed
that many aptamers cannot bind to the intended targets and part
of the problem lies in binding assays.®!! A key challenge in this
field is to develop simple and effective methods to evaluate ap-
tamer binding, especially for small molecules.!?

Isothermal titration calorimetry (ITC) has been widely used
to validate aptamers through monitoring the heat of binding."
ITC is attractive as a label-free and highly accurate method, but
the instrument is expensive and it is a low throughput technique.
Many DNA intercalating dyes, such as SYBR Green I (SGI)
and thioflavin T (ThT), have also been used.'*!* The conforma-
tional change of aptamers after target binding can either pro-
mote dye binding or displace dye molecules, resulting in a flu-
orescence intensity change.'® !” However, these label-free bio-
sensors show relatively low fluorescence change due to the non-
canonical structures of aptamers. Strategies using terminal la-
beled fluorophore and quencher pairs to form aptamer beacons
were also empolyed.'® !> However, this method is quite expen-
sive and the signal is often turned off upon target binding. Li
and coworkers developed a general structure-switching strategy
through the competition of a quencher-labeled complementary
DNA (cDNA).?° The binding of target molecules released the
cDNA, leading to fluorescence recovery.?" > This is a reliable
method, although the cost of synthesis is still very high. Many

other fluorescence-based methods were also developed but they
were not widely used.?2¢

Using gold nanoparticles (AuNPs) to develop label-free col-
orimetric biosensors has been extensively investigated owing to
its simplicity.?”?* This method relies on the differed binding af-
finities and kinetics of AuNPs towards single-stranded DNA
(ssDNA) and well-folded or double-stranded DNA (dsDNA),
and target-bound aptamers were believed to adsorb more slowly
to AuNPs.*3 However, recent studies showed that many of the
assays actually reflected target adsorption to AuNPs instead of
aptamer binding to target molecules.*® Thus, a general, simple
and cost-effective binding assay is still needed.

Water-soluble cationic conjugated polymers (CCPs) have
been widely used as probes for developing sensors due to their
excellent optical properties.’* 3* One strategy is to use a cova-
lently labeled aptamer to measure the fluorescence resonance
energy transfer (FRET) with a CCP.3% 3" Label-free strategies
were also attempted. For example, guanine-rich aptamers can
form G-quadruplex in the presence of K* or a-thrombin. Thy-
mine-rich aptamers can fold DNA into a duplex through thy-
mine-Hg?"-thymine interactions. Both reactions led to a confor-
mational change of a CCP, resulting in a color or fluorescence
change.’®3 DNA hybridization can also be probed by CCP 44!
However, this method has only been applied in limited cases,
such as the detection of metal ions or proteins. No work was
performed on small molecule binding aptamers, which are a
major aptamer type. In addition, no quantitative measurements
were performed to evaluate it as a binding assay.

In this paper, we focused on using CCP to develop a label-
free fluorescent binding assay. To investigate the generality, our



method was utilized to study a variety of aptamer targets includ-
ing K*, adenosine, cortisol and caffeine. Although the four tar-
gets differed a lot in size, charge and hydrophobicity, all of them
can induced fluorescence change of CCP within seconds at
room temperature.

EXPERIMENTAL SECTION

Chemicals. The aptamers used in this work were purchased
from Integrated DNA Technologies (Coralville, IA, USA). The
sequences of aptamers are listed in Table S1. Lithium chloride
(LiCl), rubidium chloride (RbCI), cesium chloride (CsCl),
adenosine monophosphate (AMP), adenosine diphosphate
(ADP), adenosine triphosphate (ATP), cortisol, thymidine, p-
estradiol, deoxycholic acid, dopamine, caffeine, paraxanthine,
theobromine, theophylline, ThT, SGI and hydrochloric acid
were from Sigma-Aldrich. Sodium chloride (NaCl), potassium
chloride (KCI), magnesium chloride (MgCl2), sodium phos-
phate monobasic anhydrous (NaH2PO4), sodium phosphate di-
basic (Na2HPOs), adenosine, guanosine, cytidine, uridine, 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) and
tris(hydroxymethyl)aminomethane (Tris) were from Mandel
Scientific (Guelph, ON, Canada). Poly(3-(3'-N,N,N-triethyla-
mino-1'-propyloxy)-4-methyl-2,5-thiophene ~ hydrochloride)
(PMNT) was customized from Okeanos Tech. Co., Ltd using
the method depicted in previous papers.*® 4> Milli-Q water was
utilized for preparing all the buffers and solutions.

K" binding assays. A typical reaction had a volume of 100
uL. In a 96-well microplate, different concentrations of K* were
added to a 200 nM aptamer solution at room temperature. After
incubation for 5 min, 3 uM PMNT was added (3 pM monomer
unit or 22.7 nM polymer concentration). The fluorescence of
PMNT was immediately measured. PMNT was excited at 392
nm and its emission was recorded from 450 nm to 650 nm using
a microplate reader (Tecan Spark).

Binding assays of other aptamers. Different concentrations
of adenosine, cortisol or caffeine were added into 200 nM cor-
responding aptamer in 20 mM HEPES, pH 7.5 with 100 mM
NaCl and 10 mM MgCl, at room temperature. After incubation
for 5 min, PMNT (3 puM for adenosine and 5 uM for cortisol
and caffeine) was added. The fluorescence of PMNT was im-
mediately measured after mixing.

SGI fluorescence assay. A 500 pL reaction solution con-
tained 5 uM aptamer and 0.5x SGI in 20 mM HEPES, pH 7.5
with 100 mM NaCl and 10 mM MgCl.. Different concentra-
tions of K* or cortisol were gradually titrated into the mixture
at room temperature. After incubation for 5 min, the fluores-
cence of SGI was measured with 470 nm excitation and the
emission was recorded from 500 nm to 600 nm.

RESULTS AND DISCUSSION

CCP-based K* binding assay. In this work, we chose a cat-
ionic polythiophene derivate, PMNT (Figure 1A), as a model
CCP since it showed obvious fluorescence changes in response
to the conformational change of DNA.** 4! The average molec-
ular weight of our PMNT was 38 kDa (132 thiophene monomer
units) with a molecular weight distribution of 1.87 as character-
ized by gel permeation chromatography (Figure S1). We chose
this length since it is much longer than most aptamers (typically
between 20 to 60 nucleotides), ensuring more comparable re-
sults for different aptamers. As the fluorescence change de-
pends on the length of both CCP and DNA,* for a short PMNT
(e.g. with only 40 repeating units), some aptamers might carry

more charges while others carry less charges compared to the
PMNT, resulting in additional variations to the system.

Free PMNT has a random-coiled nonplanar conformation
with a fluorescence emission peak at around 530 nm. We first
assessed the influence of K* on the fluorescence of PMNT, and
the fluorescence barely changed after adding 1 mM K™ (Figure
S2A). When interacting with a target-free aptamer, electrostatic
attraction between the negatively charged aptamer and posi-
tively charged PMNT brought them to proximity, stretching
PMNT to a highly conjugated conformation with the fluores-
cence peak redshifted to 580 nm (path A, Figure 1A). The ad-
dition of K™ facilitated the formation of a G-quadruplex struc-
ture. PMNT could then only wrap around the G-quadruplex re-
sulting in a less conjugated conformation (path B, Figure 1A),
shifting the fluorescence peak back to 530 nm (Figure 1B).
Therefore, the fluorescence change of PMNT could reflect ap-
tamer binding to K.

We then evaluated the effect of aptamer concentration. As
shown in Figure S3A, titration of the K" aptamer into 3 pM
PMNT (monomer unit concentration) gradually quenched the
530 nm peak with the maximum quenching effect achieved at
100 nM aptamer. Further increasing the aptamer concentration
led to a new peak at 580 nm due to the formation of a highly
conjugated, planar conformation of PMNT. We then plotted the
fluorescence ratio of 580 nm to 530 nm against the aptamer con-
centration (Figure S3B), from which an apparent dissociation
constant (K4) of 169 nM was obtained. This fluorescence ratio
saturated at 500 nM aptamer, and we chose 200 nM aptamer for
the K* binding assay.

To assess the effect of buffer, we performed our assay in wa-
ter, Tris-HCI, phosphate buffer (PB) or HEPES (Figure 1C).
The fluorescence ratio plot showed a Kq of 89 uM K" in water
and 336 uM in Tris-HCI. Using a FRET assay, Takenaka et al.
reported a Kq of 280 pM K for the same aptamer sequence,**+
which was quite comparable to our results. Therefore, although
PMNT is a cationic polymer, it barely interfered with the ap-
tamer (when K* and the aptamer were premixed). With lower
than 100 uM K*, water also had better sensitivity than Tris-HCI
(Figure S4). For the other buffers, higher Ka’s 0of 985 uM in PB
and 2776 uM in HEPES were obtained. Their higher K4 values
were due to the Na* ions in PB and HEPES, which competed
with K* for binding to the aptamer. Thus, we chose water as the
optimum reaction medium.

We also switched the order of mixing by incubating PMNT
with the aptamer before adding K*, where decreased fluores-
cence was observed in the range of 1 to 100 uM K*, and a
shifted fluorescence was achieved with more than 1 mM K*
(Figure S5A). The calculated K4 was 484 uM (Figure S5C),
which was 5.4-fold of that from the previous mixing method.
When the aptamer and PMNT were premixed, the aptamer
needs to be first released from PMNT to bind K*. The Kq of the
aptamer binding to PMNT was 169 nM (Figure S3B), whereas
the Kq of the aptamer and K* was 89 uM (Figure 1C), demon-
strating a tighter binding of the aptamer and PMNT. This is rea-
sonable since the aptamer and PMNT are two polyelectrolytes
with strong collective charge attraction. In this case, a correc-
tion factor is needed to obtain the true Kq of the aptamer/K*
binding, which was similar to that in aptamer strand displace-
ment assays.*®*® A further implication is that the system is
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Figure 1. (A) Schematic representation of the CCP-based K binding assay. (B) The fluorescence spectra of PMNT after adding
different concentrations of K* in 200 nM aptamer in water. (C) The fluorescence ratio of PMNT in response to K* concentration in
different buffers. (D) The fluorescence ratio of PMNT/aptamer system as a function of K™ concentration. Inset: the linear response at
low K* concentrations. (E) The specificity for K" detection. The concentration of all of the cations was 1 mM. (F) The detection of
K" in the presence of 10 mM NaCl. The error bars are standard deviations from triplicate measurements.

under kinetic control, where a binding state reached first
would have a kinetic advantage, although the system may not
be under the thermodynamic equilibrium. Therefore, we chose
to add PMNT after the formation of K*/aptamer complex to bet-
ter reflect aptamer/target binding.

As shown in Figure 1D, the fluorescence ratio increased with
increasing concentration of K*. The fluorescence ratio showed
a good linear relationship in the range of 1 uM to 20 uM (R? =
0.9675, inset of Figure 1D) with a detection limit of 0.5 uM.
To evaluate the specificity of our CCP-based K™ binding assay,
1 mM group 1A metals were tested (Figure 1E), where only K*
showed a high signal. In addition, the fluorescence spectrum of
K" was significantly different from other cations (Figure S6).
We also measured K* in the presence of excessed Na". As
shown in Figure 1F, 10 mM Na" did not affect the response of
0.1 mM or 1 mM K7, indicating that our method has high spec-
ificity for K.

CCP-based adenosine binding assay. To assess the gener-
ality of this method, we then tested a few small molecule tar-
gets. Adenosine plays regulatory roles in many cellular pro-
cesses and it is a model aptamer target.** Addition of 100 uM
adenosine did not affect the fluorescence of PMNT (Figure
S2B). The adenosine aptamer has a stem-loop structure, and the
loop region can stretch PMNT to a highly conjugated confor-
mation (path A, Figure 2A). With adenosine, a rigid binding
complex similar to a dsSDNA was formed.!”*° Thus, PMNT had
to enwind the double helix, resulting in a less conjugated struc-
ture similar to free PMNT (path B, Figure 2A). The conforma-
tional change of the aptamer upon target binding may be re-
flected in the fluorescence change of PMNT.

To control the initial conformation of the aptamer, we varied
its terminal stem length from two to six base pairs (bp). As de-
picted in Figure S7, PMNT showed only a small shift to 530
nm after adding adenosine using the 2 bp (Ade-Apt-2) and 4 bp
(Ade-Apt-4) aptamers. Only the aptamer with a 6 bp stem (Ade-
Apt-6) shifted the fluorescence of PMNT back to 530 nm by
adenosine. Therefore, aptamers with a shorter stem are more
easily opened, which favored redshift of PMNT fluorescence
but disfavored aptamer binding to its target. Therefore, Ade-
Apt-6 was chosen for further studies.

We then tested the influence of salt by adding different con-
centrations of NaCl and MgCl.. As depicted in Figure 2B, 100
mM NaCl was optimal. Too much salt would screen the charge
attraction between PMNT and the aptamer, whereas too little
salt disfavored aptamer binding. With 100 mM NaCl, we fur-
ther investigated the influence of MgCl, as Mg?*" may mediate
aptamer-target interactions (Figure 2C). The Kq value in the ab-
sence of Mg?* was 89 pM, which decreased to 35 pM with 2
mM Mg?*and 42 uM with 10 mM Mg**. A Kqof 42 uM differed
by only a few folds compared to the literature reported value
(around 6 to 17 puM),* 3! suggesting that the interference of
PMNT on aptamer binding was minimal. For the subsequent
studies, we chose to use 10 mM Mg*".

With the optimal buffer condition (20 mM HEPES, pH 7.5,
100 mM NaCl and 10 mM MgClz) and 200 nM Ade-Apt-6, the
fluorescence of PMNT at 580 nm first decreased and then
shifted to 530 nm with increasing adenosine concentration (Fig-
ure 2D). Plotting the fluorescence ratio against adenosine con-
centration (Figure 2E), we found that a fine linear relationship
in the range of 5 to 80 pM adenosine (R* = 0.9532, figure inset)
with a detection limit of 1.6 pM.
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Figure 2. (A) Schematic representation of the CCP-based adenosine binding assay. The fluorescence ratio change of PMNT as a
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triplicate measurements.

A commonly used dye, SGI, was also used for comparison.
As shown in Figure S8, the fluorescence of SGI decreased
along with increased adenosine concentration, which was con-
sistent with previous reports.!” While sensitive detection was
also achieved, this was a signal-off sensor, whereas the PMNT
method allowed ratiometric detection.

We finally assessed the specificity of our method by incubat-
ing Ade-Apt-6 with guanosine, cytidine, uridine, AMP, ADP
and ATP (Figure 3A). AMP, ADP, ATP and adenosine all pro-
duced a similar binding signal,’> whereas guanosine, cytidine
and uridine produced negligible signals, consistent with the lit-
erature report (Figure 3B and 3C)."7

CCP-based cortisol binding assay. To further evaluate the
generality of our method, we chose a more hydrophobic target,
cortisol. Cortisol (50 uM) did not change the fluorescence of
PMNT (Figure S2C). The cortisol aptamer (CSS.1) has a stable
stem-loop secondary structure with a 6 bp stem and two small
hairpins were predicted in the loop region (Figure 4A).'¢ Thus,
binding of cortisol may only induce some local conformational
changes of the aptamer. We first optimized the aptamer concen-
tration. A higher CSS.1 concentration induced more fluores-
cence shift of PMNT to 580 nm (Figure S9), suggesting that
although CSS.1 has a three-way junction structure, it behaved
like a ssDNA when interacting with PMNT. We chose 200 nM
CSS.1 for subsequent studies.

We then monitored the fluorescence of PMNT/CSS.1 after
adding different concentrations of cortisol (Figure 4B). While
the fluorescence of PMNT at 580 nm gradually dropped, no
peak emerged at 530 nm. Therefore, aptamer binding to cortisol
did not induce a large conformational change. We reasoned that
the aptamer had an irregular three-way junction structure,
which behaved like an ssDNA when interacting with PMNT re-
gardless of cortisol binding.
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We also assessed the effect of salt on the cortisol aptamer
(Figure S10). This aptamer was insensitive to the concentration
of NaCl, although the binding of CSS.1 and cortisol was pro-
moted by Mg?', which was consistent with a previous report.'®
The effect of Mg** saturated at 10 mM. We then studied the
effect of aptamer stem length. CSS.1 with a shorter stem may
undergo a larger conformational change after binding with cor-
tisol. Under the optimized buffer condition (20 mM HEPES, pH
7.5 with 100 mM NaCl and 10 mM MgCl), we tested three
truncated CSS.1 aptamers. As shown in Figure 4C, when the
stem was less than 4 bp, very little fluorescence change was
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Figure 4. (A) Schematic representation of the CCP-based cortisol binding assay. (B) The fluorescence spectra of PMNT after
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produced, and the fluorescence difference increased with
longer stems. The original CSS.1 with a 6 bp stem generated the
largest fluorescence difference with a Kq of 1.1 pM. This Kq
value was very close to the K¢ measured by ITC (0.7 uM),'
verifying that PMNT showed very little interference on aptamer
binding.

We also assessed the fluorescence change of PMNT by mix-
ing PMNT with aptamer before adding cortisol. This sample
showed less fluorescence changes compared to adding PMNT
to the cortisol/CSS.1 complex (Figure SS5B). The calculated K«
was 2.9 uM (Figure S5D) which was 2.8-fold of previous mix-
ing method. This was also consistent with the observation of the
K* aptamer shown above.

The cortisol binding assay was then assessed. As shown in
Figure 4B and 4D, the fluorescence intensity showed a good
linear relationship in the range of 1 to 10 uM cortisol
(R*=0.9226) with a detection limit of 0.2 uM. We also com-
pared our method with the SGI staining method (Figure S11A
and B). Interestingly, SGI could only detect cortisol higher than
1 uM using 5 pM CSS.1. With 1 pM CSS.1, the fluorescence
spectra showed little response to cortisol concentration (Figure
S11C). To directly compare the sensitivity of the two methods,
we plotted the percentage of fluorescence change in response to
cortisol concentration (Figure S11D and E). The sensitivity of
PMNT was 1.3-fold of SGI.

As a further control, a nonbinding mutated was tested, which
differs from CSS.1 by only two bases (the underlined bases in
Table S1). As shown in Figure 4E, the fluorescence of the mu-
tant was changed very little upon adding cortisol, confirming
specific aptamer binding. We then assessed the specificity using
thymidine, B-estradiol, deoxycholic acid and dopamine and
none of them showed a response (Figure 4F).

CCP-based caffeine binding assay. As a final example, a
caffeine aptamer named CAFF203 was tested.> The fluores-
cence of PMINT was almost unchanged after adding 50 uM caf-
feine (Figure S2C). CAFF203 also has an internal rigid hairpin
and it binds caffeine in a similar way as the cortisol aptamer
(Figure 5A). Indeed, upon adding caffeine, this aptamer only
showed decreased 580 nm peak without shifting the peak back
to 530 nm. Aptamers with a longer stem ensured a higher bind-
ing affinity (Figure 5B), consistent with the adenosine and cor-
tisol aptamers. The fluorescence gradually dropped with in-
creasing concentration of caffeine (Figure 5C and 5D) and caf-
feine could be quantified in the range of 1 to 10 uM with a de-
tection limit of 0.4 uM (Figure SE). The specific binding of
CAFF203 to caffeine rather than paraxanthine, theobromine
and theophylline was also shown (Figure 5F). Therefore,
PMNT can also reflect the binding of the caffeine aptamer.
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Figure 5. (A) Schematic representation of the CCP-based caffeine

binding assay. (B) The fluorescence intensity change of PMNT
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Discussion on different types of aptamers. In the four ap-
tamers we tested in this work, they all showed target-dependent
fluorescence change. The CCP-based fluorescent binding assay
can be summarized to a few types as shown in Figure 6. First,
some aptamers have little initial secondary structure, but can
fold into a rigid structure upon target binding. Examples of this
type include formation of G-quadruplex and DNA hybridiza-
tion (path I, Figure 6). For them, an obviously shifted fluores-
cence peak of PMNT from 580 nm to 530 nm upon target bind-
ing can be observed. Although the adenosine aptamer has a sim-
ple stem-loop structure, the initial structureless loop can render
its interaction with PMNT like an ssDNA. After binding aden-
osine, the structure rigidified to be similar to a duplex DNA. So,
it also belongs to this type. The second type is represented by
the cortisol and caffeine aptamers (path II, Figure 6). They have
a branched but rigid initial structure, which did not change
much after target binding. Their interaction with PMNT is
closer to a ssDNA regardless of target binding as reflected by
the retained 580 nm peak after adding target molecules.

Based on the above discussion, there could be another two
potential types (path IIT and IV, Figure 6), where a target-free
aptamer has a 530 nm emission peak. This require the initial
structure to be already rigid and duplex like. So far, we have not
found such an example.

Based on the wavelength change and the classification in Fig-
ure 6, we can in turn deduce some structural information about
aptamer binding. This is an advantage compared to the SGI
based assays. We believe the fluorescence PMNT can be used
as general aptamer binding assay. In addition, some assays
might also be useful as fluorescent biosensors, especially those
with a fluorescence peak shift allowing ratiometric detection.

Based on the data we collected so far, for stem-loop struc-
tured aptamers, a longer stem is more favorable for the signal
change of PMNT. This has been observed in Figure 4C, 5B and
S4. In addition, salt concentration is an important factor and
they can affect K4 values. For small molecules, a typical buffer
close to physiological salt concentration is a good starting point.
The Ka4 measured is likely to be different from the real Kq of
aptamers since PMNT may act as a competitor. Based on the
examples presented in this work, the difference is not very
large, especially when the aptamer and target are mixed first.
For example, the K4 for adenosine was measured to be around
6 uM based on analytical ultrafiltration and 16.4 pM using
ITC.*-52 Our method obtained a Kq of 42 uM which showed
only several fold differences (Figure 2B and 2C). Also, the K«
for cortisol was 0.7 uM by ITC,!® and our method achieved a
similar K4 of 1.1 pM (Figure 4C).

We made some comparisons with SGI in this work. Funda-
mentally, SGI and other dyes probe local structures of DNA,
whereas PMNT probes global structures. This is a fundamental
difference between using DNA staining dyes and CCP. Our
PMNT showed either a similar performance or even better re-
sponses than SGI, indicating the advantage of probing global
aptamer structures for developing binding assays.

CONCLUSIONS

In this work, we demonstrated a general CCP-based fluores-
cent binding assay for small molecule targets including K™,
adenosine, cortisol and caffeine. The conformational change of
aptamers upon target binding was reflected in the fluorescence
of PMNT. Although PMNT competes with target for aptamer
binding, our method achieved similar K4 compared with other
commonly used methods, as long as aptamers and targets were
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Figure 6. Schematic representation of the different types of the
CCP-based fluorescence binding assay. The blue lines are for
aptamers, green lines for random PMNT with 530 nm fluores-
cence peak, and orange lines for rigid conformational PMNT
with 580 nm fluorescence peak.

mixed before adding PMNT. In addition, for aptamers with a
stem-loop structure, a longer stem promoted more fluorescence
change of PMNT. This method also retained the high specificity
of the aptamers. Based on the shift of the fluorescence peak, the
structural of aptamers before and after target binding can be de-
duced. The utilization of biocompatible CCPs and non-labeled
aptamer ensures our assay to be a simple, label-free, and cost-
effective method, which is practical to assess aptamer binding
affinity and shows a great potential as general label-free fluo-
rescent biosensors.>* 3
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