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The purpose of this study is to investigate the possibility of improving the performance of a DNA binding dye
water quenching based aptasensor without changing or truncating the aptamer. To demonstrate the
possibility of increasing the change in fluorescence of the aptasensor by pairing it with a suitable ssDNA
probe, three ssDNA probes (probe 1, 2, and 3) were employed and the fluorescence from the bound
dyes was measured. This showed that ssDNA probe 2 created the most additional binding sites. By
varying the target compound concentration (0, 0.05, 0.5, 5, 50, and 500 mg L™! 4-n-nonylphenol), the
corresponding change in the fluorescence signal of the unpaired and ssDNA probe paired aptasensors
were measured and compared over a range of emission wavelengths. The response of all three ssDNA
probe paired aptasensors showed good fit (R> = 0.88-0.92) to a logarithmic response. The sensitivity of

the aptasensor paired with ssDNA probe 2 was improved by ~60%, whereas that of the aptasensor
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Accepted 6th June 2021 paired with ssDNA probe 3 was only improved by a marginal ~3%. This study is a demonstration of using

an appropriate ssDNA probe to increase the number of binding sites and hence the performance of

DOI: 10.1039/d1ra00971k a DNA binding dye and water quenched aptasensor. It is a possibility that can be extended to similar
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1. Introduction

The advent of aptamers has ushered in multitudes of sensing
platforms for a wide range of organic and inorganic targets such
as small molecules such as endocrine disrupting compounds,*
proteins and cells,*” and metal ions.*® Since its debut in
1990,'>"* aptamers have since consorted with a myriad of
nanomaterials such as gold nanoparticles,”*™* semiconductor
quantum dots,*”*>*¢ graphene oxide,"” or carbon nanotubes'® to
constitute an entire new class of sensors, otherwise commonly
referred as aptasensors. Depending on their respective trans-
duction schemes, quantification is achieved via an assortment
of methodologies™ such as Raman scattering,*® surface plas-
mon resonance,” colorimetry,”* fluorescence,”**** and elec-
trochemistry."®**?* Given the versatility, high sensitivity and
selectivity, their applications easily span medical diagnos-
tics,”?>*¢ food safety,”” and environmental monitoring.>>**%®
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aptasensors without having to change or truncate the aptamer.

Aptamers are oligonucleotides that are screened for their
affinity to the target molecules via the systematic evolution of
ligands by exponential enrichment (SELEX) process.'® They fold
into secondary or tertiary three dimensional structures with
pockets that bind target molecules via stacking interactions and
hydrogen bonds. A commonly exploited feature upon binding
with the target molecule is the resulting conformational change
of the aptamer. This conformational change could be trans-
duced via a variety of ways such as the interactions of attached
nanomaterials or with electrochemical responsive surfaces.
Fluorescence quantification schemes that transduce this
conformational change often employed nanomaterial pairs
such as fluorophore-quencher pair,* fluorescence resonance
energy transfer (FRET)”** and magnetic bead-quantum dots."

Recently, Kim et al. (2020)** demonstrated another fluorescence
quantification scheme that employed DNA binding fluorescence
dye and water quenching. The PoPo-3 dye was first bound to the
aptamer vig intercalation and other hydrophobic interactions.
Upon the preferential binding with the target molecules (phthalic
acid esters), the aptamer underwent conformational change. The
PoPo-3 dye is displaced from the aptamer and quenched in water.
This caused a proportional reduction in fluorescence signal which
could be measured with a single photodiode (centered at 540 nm,
with a 400-405 nm LED excitation source). The advantages of this
scheme include minimal nanomaterial synthesis and cost,
simplified fluidics, portable fluorescence measurement hardware,
and ultra-fast quantification (in as fast as 30 s).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The purpose of this study is to investigate the possibility of
improving the performance of the above mentioned DNA
binding dye water quenching based aptasensor without
changing or truncating the aptamer. The search for a new
aptamer will inevitably require the invocation of the costly and
time consuming SELEX process with no guarantee of better
performance. Aptamer truncation also requires multiple itera-
tions and optimization to avoid mistruncation. Therefore, we
propose to improve the performance of the above mentioned
aptasensor by increasing the number of conformational change
responsive binding sites on the aptamer via the use of a suitable
single-stranded DNA (ssDNA) probe.

As a demonstration of the proposed approach, we employed
an aptasensor that consisted of an aptamer that is selective to
nonylphenol (4-n-nonylphenol)? and a common low cost DNA
binding fluorescence dye (SYBR Green I). As shown in Fig. 1a,
the SYBR Green I dyes are bound to the aptamer, possibly
intercalated between the base pairs in the hairpin loops. Upon
binding with the target compound nonylphenol, the confor-
mational change freed the SYBR Green I dyes which are then
quenched in water. In order to increase the number of binding
sites, an appropriate sSDNA probe can be paired as shown in
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Fig. 1b. This would result in a larger change in the fluores-
cence signal as more SYBR Green I dyes are freed and
quenched.

The said aptamer was first screened and reported by Kim
et al. 2020 (ref. 2) and the structure with lowest Gibbs free
energy (AG = —8.90) is shown in Fig. 2a. It is selective to non-
ylphenol, partially selective to bisphenol A and do not respond
to other endocrine disrupting compounds such as benzylpeni-
cillin, phenylphenol, phenol and di-2-ethylhexylphthalate. Kim
et al. 2020 (ref. 2) did not report the specific substructure that is
responsible for the binding with nonylphenol. Therefore, we
designed three ssDNA probes to pair with different substruc-
tures of the aptamer. As shown in Fig. 2b, the three ssDNA
probes (namely ssDNA probe 1, ssDNA probe 2 and ssDNA
probe 3) are designed either to pair with one of the hairpin
loops or a segment.

In order to demonstrate the possibility of increasing the
change in fluorescence of the aptasensor by pairing it with
a suitable ssDNA probe, different quantities of three ssDNA
probes (1, 5, and 10 uM) were employed and the fluorescence
from the bound dyes were measured. This enabled the prelim-
inary identification of the ssDNA probe that would create the
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most number of additional binding sites. By varying the target
concentration (0, 0.05, 0.5, 5, 50, and 500 mg L™ 4-n-nonylphenol),
the corresponding change in the fluorescence signal of the
unpaired and ssDNA paired aptasensors were measured and
compared over a range of emission wavelengths (~520 to 600 nm).
An emission wavelength specific comparison would yield the
fluorescence response with respect to the target concentration.
Finally, the performance of the unpaired and ssDNA paired apta-
sensors and improvement in sensitivity were compared.

2. Materials and methods

2.1. Aptamer and ssDNA probe design

As mentioned earlier, a sSDNA aptamer (NP7, 5'-NH,-ATG CGG
ATC CCG CGC GGC CGG CCA GTG CGC GAA GCT TGC GC-3')?
previously screened by Kim et al. 2020 (ref. 2) for the detection
of nonylphenol (4-n-nonylphenol) was employed in this study.
As shown in Fig. 1b and Table 1, the three complementary
ssDNA probes used in this study were designed to bind with
said aptamer. The ssDNA probes were labeled as ssDNA probe 1,
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2, and 3, which have 6, 10, and 8 mer, respectively. All the
aptamer and ssDNA probes were commercially synthesized and
purified using polyacrylamide gel electrophoresis (PAGE) and
modified with the amine group and Cq spacer at the 5’ end
(Bioneer Corp., Daejeon, Korea). The secondary structure of the
aptamer was predicted by a DNA folding program, Mfold** and
depicted in Fig. 1 and 2.

2.2. Construction of ssDNA probe paired aptasensor

Seventy-five uL of 0.02 M Tris-HCI buffer containing 10x SYBR
Green I dye (SYBR™ Green I Nucleic Acid Gel Stain, Invitrogen,
Carlsbad, CA, USA) and 10 pL of 10 uM aptamer were mixed with
10 pL of three ssDNA probes (0, 1, 5, and 10 uM as final
concentrations) and 5 pL of ultrapure distilled water in an
opaque 96-well microplate (SPL, Gyeonggi, Korea). For the
negative control, ultrapure distilled water (Ultrapure™ DNase/
RNase Free Distilled Water, Invitrogen) was added instead of
ssDNA probe. The mixture was subjected to the subsequent
fluorescence measurement.
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structure of the nonylphenol specific aptamer.
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Table 1 Sequences of the aptamer and ssDNA probes used in this study

Name Sequences of oligonucleotides (5 — 3') Size Ref.

Aptamer NP7 5'-NH,-ATG CGG ATC CCG CGC GGC CGG CCA GTG CGC GAA GCT TGC GC-3' 41 mer Kim et al., 2020 (ref. 2)
ssDNA probe 1 5'-NH,-Cg-(T)10-GGATCC-3’ 6 mer This study

ssDNA probe 2 5'-NH,-Cg-(T)1o-TTCGCGCACT-3’ 10 mer This study

ssDNA probe 3 5'-NH,-Cg-(T)10-CAAGCTTC-3’ 8 mer This study

2.3. Response of aptasensor paired with different sSDNA
probes in presence of target compound

The target compound (4-n-nonylphenol) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). A range of target compound
concentrations (0, 0.05, 0.5, 5, 50, and 500 mg L™ " as final
concentrations) were subjected to measurement by the ssDNA
probe paired aptasensor. First, 100 mg of nonylphenol was dis-
solved in 10 mL of 100% DMSO solvent to make the 10 000 mg L™"
stock solution. The subsequent dilution was performed with 10%
DMSO solution. Seventy-five puL of 0.02 M Tris-HCI buffer con-
taining 10x SYBR Green I dye and 10 pL of 10 uM aptamer were
mixed with 10 pL of ssDNA probes (0, 1, 5, and 10 uM as final
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concentrations) in an opaque 96-well microplate (SPL, Gyeonggi,
Korea). Subsequently, 5 pL of nonylphenol solution dissolved in
10% DMSO solution (0, 0.05, 0.5, 5, 50, and 500 mg L~ " as final
concentrations) was added to the microplate to give a total reaction
volume of 100 pL. Samples were incubated in a Mixmate shaker
(Eppendorf, Hamburg, Germany) at 400 rpm for 3 h at ambient
temperature. For negative control, ultrapure distilled water was
added instead of ssDNA probe.

2.4. Fluorescence measurements

The fluorescence emission spectra and endpoint measurement
of the ssDNA paired aptasensor were obtained by SpectraMax
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Fig. 3 Fluorescence spectra (emission at 520-560 nm) of SYBR Green | dyes that are bound to ssDNA paired aptasensor using varying quantities
of (a) ssDNA probe 1, (b) ssDNA probe 2, (c) ssDNA probe 3. (d) Fluorescence spectra for 10 uM of ssDNA probe 1, 2 and 3.
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M2 spectrofluorometer (Molecular Devices, Spectra Max M2,
Sunnyvale, CA, USA). The emission spectra was obtained from
520 nm to 600 nm at 497 nm excitation. The endpoint
measurement was implemented at A.,, = 528 nm and A, =
497 nm.

3. Results and discussion

3.1. Fluorescence of aptasensor paired with different ssSDNA
probes

As shown in Fig. 3a-c, the pairing with all three ssDNA probes
were able to increase the fluorescence from the SYBR Green I
dye for emission wavelengths from 520 to 560 nm. This defi-
nitely suggests that an increase in the number of dye binding
sites. Note that in this case, the spectra represent multiple
measurements of fluorescence response at discrete emission
wavelengths. Since multiple measurements were made for the
same discrete emission wavelengths, therefore they were rep-
resented by discrete points and error bars. The aptasensor
paired with ssDNA probe 2 had the most visible increase in
fluorescence. In comparsion, the aptasensor paired with ssDNA
probe 3 only had a marginal increase in fluorescence (Fig. 3d).
Since the fluorescence peak occurred at the emission wave-
length ~528 nm, the performance of each ssDNA paired apta-
sensor could be compared quantitatively at the said wavelength.
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As shown in Fig. 4a, the pairing with ssDNA probe 1 at 1, 5 and
10 uM had yielded fluorescence of 8508 + 85, 9111 + 156 and
10 143 + 96 RFU, respectively. Similarly, pairing with ssDNA
probe 2 at 1 at quantities of 1, 5 and 10 uM had yielded corre-
sponding fluorescence at 8917 £ 59, 10 228 = 225 and 12 436 +
153 RFU, and that with ssDNA probe 3 yielded 8503 + 43, 8673
+ 80 and 9014 + 22 RFU (Fig. 4b and c). It appears the fluo-
rescence did not increase noticeably with the respective quan-
tities of ssDNA probes 1 and 3. However, the increase in
fluorescence with ssDNA probe 2 quantity is more observable.
As shown in Fig. 4d, using 10 pM as the nominal quantity, the
fluorescence increase with ssDNA probes 1, 2 and 3 were 20.5 +
1.7,47.7 £ 2.2, and 7.0 £ 1.1%, respectively. This suggests that
the pairing with ssDNA probe 2 created the most number of
additional binding sites as compared to ssDNA probe 1 and 3.

3.2. Response of aptasensor paired with different sSDNA
probes in presence of target compound

As shown in Fig. 5a, the fluorescence of the unpaired aptasensor
decreased with the increasing target compound concentration.
As mentioned earlier, the aptamer employed in the study has
been previously screened for nonylphenol” and the response is
as expected. The aptasensor appeared to be the most responsive
in target concentration range from 0.5 to 50 mg L™ ". Therefore,
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Fig.4 Fluorescence endpoint (emission at 528 nm) of SYBR Green | dyes are bound to ssDNA paired aptasensor at varying quantities of (a) ssDNA
probe 1, (b) ssSDNA probe 2, (c) ssDNA probe 3. (d) Improvement in fluorescence of ssDNA paired aptasensor using 10 pM of ssDNA probe 1, 2 and

3.
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similar observation is expected with ssDNA paired aptasensors.
As shown in Fig. 5b-d, the decrease in fluorescence in response
to the increase in target compound concentration was observed
for all three ssDNA paired aptasensors across emission wave-
length spectrum from 520 to 600 nm. Note that there were
additional peaks around 550 and 580 nm and they could be due
to spectral shifts as the result of different binding environment
of the dyes. The observations are in line with the description by
Lakowicz, 1999.%*

Since the target compound concentration increment was
exponential (0, 0.05, 0.5, 5, 50, and 500 mg L), it is reasonable to
plot the fluorescence at the emission wavelength of 528 nm against
the target compound concentration with a logarithmic fit. It is
important to note that the linearity of the aptasensor's response
was not asserted here. Instead, the aptasensor's response would be
presented as a fitted equation with logarithmic variables.

Fig. 6a shows the unpaired aptasensor yielded a sensitivity of
727.4 RFUsyg n/ln mg L7' (y = —727.4 In(x) + 6854.7, R®> =
0.877). In comparison as shown in Fig. 6b and d, aptasensor
paired with ssDNA probes 1 and 3 yielded marginally higher
sensitivities of 817.5 and 748.7 RFUsys nm/ln mg L' (y =
—817.5 In(x) + 7350.8, R> = 0.899, y = —748.7 In(x) + 7264.8, R*

a
( ) Response of Unpaired Aptasensor (RFU) to Varying
Concentrations of Target Compound (mg/L)

14000
L —e— 0mg/L
12000 —v— 0.05 mglL
= —a— 0.5 mg/L
E 10000 | o— 5 mglL
B 8000 - —4— 50 mg/L
g 0 500 mg/L
@ 6000
@
S
2 4000}
2000 .
0 o]
500 520 540 560 580 600

Emission Wavelength (nm)

(c)
Response of ssDNA Paired Aptasensor (RFU) to
Varying Concentrations of Target Compound (mg/L)

14000
ssDNA Probe 2| —e— 0 mg/L
12000 - —v— 0.05 mg/L
— —=— 0.5 mg/L
2 10000 - —o— 5mglL
x —a— 50 mg/L
8 8000 - 500 mg/L
o 6000 -
[
o
2 4000 |
'
2000 |
0 | I e
500 520 540 560 580 600

Emission Wavelength (nm)

RSC Advances

= 0.87) respectively. As shown in Fig. 6¢, aptasensor paired with
ssDNA probe 2 appeared to be the most responsive with
a sensitivity of 1163 RFUszg nm/ln mg L' (y = —1163 In(x) +
9056.3, R* = 0.92).

The increase of target compound concentration from 50 to
500 mg L~" did not change the fluorescence significantly for all
four aptasensors. This suggested that at the concentration of
50 mg L', there was already sufficient quantity of target
compound to bind with all the aptasensors and the SYBR Green
I dyes at the corresponding binding sites had all been freed.
Thus, any further increase in target compound concentration
would not result in further freeing of SYBR Green I dyes and
hence lowering of fluorescence. Therefore, at high concentra-
tions of target compound, all four aptasensors exhibited similar
baseline fluorescence of ~2800 RFUsys nm (50 mg L™ target
compound). This baseline fluorescence could possibly be
attributed to the SYBR Green I dyes bound to sites that were
unaffected by the conformational change.

A similar observation was also made as the target compound
concentration increased from 0.05 to 0.5 mg L~ where the
change in fluorescence was lower in comparsion to that from
0.5 to 5 mg L~ ". This was even observed for the aptasensor
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Fig. 5 Fluorescence spectra (emission at 520—-600 nm) of SYBR Green | dyes that are bound to ssDNA paired aptasensor at varying concen-
trations of target compound nonylphenol (0.05-500 mg L™Y): (a) unpaired aptasensor, (b) paired aptasensor with ssDNA probe 1, (c) paired
aptasensor with ssDNA probe 2, and (d) paired aptasensor with ssDNA probe 3.
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paired with ssDNA probe 2 where the fluorescence decreased
from 11 842.7 + 285.9 to 11 413.7 + 117.3 RFUsyg nm-

3.3. Improvement in fluorescence response of aptasensors
paired with ssDNA probes

As mentioned earlier and summarized in Fig. 7a, the aptasensor
paired with ssDNA probe 2 yielded the highest sensitivity of
1163 RFUsys nm/In mg L™ among the four aptasensors. The
percentage improvement in sensitivity for each paired apta-
sensor is obtained by normalizing their sensitivity with that of
the unpaired aptasensor. As shown in Fig. 7b, the sensitivity of
the aptasensor paired with ssDNA probe 3 was only improved by
a marginal ~3% whereas that of the aptasensor paired with
ssDNA probe 2 was improved by ~60%.

As mentioned earlier, the plot of fluorescence versus target
compound concentration as shown in Fig. 6a-d employed
a logarithmic fit. Even though the limit of detection is not
critical in this study, it will still be of interest. For the unpaired
and ssDNA probe 2 paired aptasensors, the blank response were
8414.3 £ 216.1 and 12 060.0 * 492.0 RFUs,g nm, respectively.
Note that the fluorescence at target compound concentration of
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0.05 mg L™ (low concentration) for unpaired and ssDNA probe
2 paired aptasensors were 8472.0 &+ 178.4 and 11 842.7 + 285.9
RFUsys nm, respectively. Using the modified (to account for
negative slope) definitions of limit of blank (LOB) and limit of
detection (LOD) at 95% confidence as follows:**

LOB = mean blank — 1.645 x standard deviation of blank (1a)

LOD = LOB — 1.645 x standard deviation of low concentration
sample (1b)

The LOB and LOD for unpaired aptasensor were 8058.8 and
7765.3 RFUs,g nm, respectively. Similar calculation yielded LOB
and LOD for ssDNA probe 2 paired aptasensor as 11 250.8 and
10 780.5 RFUs,g nm- These corresponded to LOD of ~2 mg L™*
for the unpaired aptasensor and ~0.7 mg L~ " for the ssDNA
probe 2 paired aptasensor.

3.4. Potential and limitations

One of the possible limitations entails the degree of fluores-
cence enhancement using the presented approach. In partic-
ular, an improvement of 60% may seem insignificant as
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Fig. 6 Response of (a) unpaired aptasensor, (b) ssDNA probe 1 paired aptasensor, (c) ssDNA probe 2 paired aptasensor, and (d) ssDNA probe 3

paired aptasensor to varying concentrations of target compound.
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Fig. 7

compared to the previously reported fluorescence enhancement
studies where the improvement was often in the range of tens of
fold.*** It is important to note that the previously reported
studies also often involved the synthesis of nanomaterials, new
aptamers and fluorescence dyes as well as alternative binding -
quenching mechanisms.*>*® However in this case, the
improvement was achieved by simply pairing an existing
aptamer with an appropriate ssDNA probe. It is also reasonable
to suggest that similar improvement can be achieved by
simultaneously pairing the aptamer with all three ssDNA probes
and hence circumvent the need to select amongst them.

Another possible limitation pertains to the LOD for the
target compound nonylphenol in this study. As mentioned
earlier, the LOD for the ssDNA probe paired aptasensor was
~0.7 mg L', In comparison with electrochemical based and
synthesized nanomaterials (gold nanoparticles) approaches
with LOD in the range of ug L™, it would appear that the pre-
sented approach is not of better performance. However in light
of its simplicity and existing compatibility with portable
analyzers,*" it can be deployed to monitor contaminated rivers
and septic systems where the nonylphenol concentrations easily
exceed 0.7 mg L™, It is also highly conceivable that the use of
charged integration based fluorescence measurement will
reduce the standard deviation with time averaging and hence
improve the LOD.*%%"%”

Most importantly, this study is a demonstration of using an
appropriate ssDNA probe to increase the number of binding sites
and hence performance of a DNA binding dye and water quenched
aptasensor. It is a possibility that can be extended to similar
aptasensors without having to change or truncate the aptamer.

4. Conclusion

We have demonstrated the fluorescence enhancement of a DNA
binding dye water quenching based aptasensor without
changing or truncating the aptamer by pairing it with a suitable

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Sensitivity of unpaired and ssDNA probe paired aptasensor, (b) improvement in sensitivity of ssDNA probe paired aptasensor.

ssDNA probe. In particular, the pairing of the aptasensor with
10 uM of ssDNA probe 2 has increased the fluorescence of the
aptasensor by 47.7 & 2.2%. This strongly suggested that addi-
tional dye binding sites have been created in the aptasensor by
the pairing with ssDNA probe 2. Using varying target compound
concentration (0, 0.05, 0.5, 5, 50, and 500 mg L~ 4-n-non-
ylphenol), the ssDNA probe 2 paired aptasensor demonstrated
a logarithmic fluorescence response (y = —1163 In(x) + 9056.3,
R®> = 0.92) with a sensitivity of 1163 RFUs,5 nm/In mg L™ In
comparison, the unpaired aptasensor yielded a lower sensitivity
of 727.4 RFUs,g nm/In mg L™ In other words, the pairing with
ssDNA probe 2 has improved the sensitivity of the aptasensor by
~60%. Most importantly, this approach of fluorescence
enhancement can be readily applied to other DNA binding
fluorescence dye and water quenching based aptasensors
without the need to undergo expensive and time-consuming
screening of new aptamers.
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