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ABSTRACT: The cocaine aptamer was later found to bind
quinine with an even higher affinity. In this work, we used a
fluorescently labeled aptamer named MN#4 to study its adsorption
by gold nanoparticles (AuNPs), and the subsequent displacement
by the nonlabeled aptamer and by quinine. Without washing, 14%
of the preadsorbed MN4 strands were displaced by 4000-fold
excess of free MN4, whereas no displacement was observed after
washing, suggesting that washing removed weakly adsorbed
aptamers. In a previous paper, rapid exchange was observed with
NMR by directly mixing AuNPs and concentrated MN4, and our
work has unified the dilute and concentrated aptamer conditions.
The difference is attributable to the conformation of the adsorbed
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aptamer, where dilute aptamers are adsorbed in a collapsed state with a much higher affinity to AuNPs. In addition, the preadsorbed
MN4 aptamer cannot be desorbed by adding quinine, indicating that direct desorption-based fluorescent sensors cannot be made.
Finally, based on the similar color responses to both the aptamer and its nonbinding mutants, the label-free colorimetric detection
method cannot be directly applied for the detection of quinine. This work indicated that different experimental conditions need to
be carefully compared to have a unified understanding of aptamer/AuNP systems.

B INTRODUCTION

DNA probes and gold nanoparticles (AuNPs) have been used
in the development of optical biosensors for a long time.' ™
AuNPs are excellent fluorescence quenchers with extremely
high extinction coefficients,”'’ and they can also strongly
adsorb DNA oligonucleotides.'”'> We demonstrated that
adsorbed 15-mer DNA cannot be desorbed by adding its
complementary DNA (cDNA), supporting the strong
adsorption affinity.”” In addition, we studied a few DNA
aptamers (e.g, for adenosine, lysozyme, and Hg®") and
concluded that none of them could be desorbed from
AuNPs by adding their target molecules."

Similar observations were also observed on planar gold
surfaces,"* although very short DNA oligoes, such as S-mer,
were reported to experience DNA-induced displacement,
especiallgr with a very high concentration of salt (e.g, 1 M
NaCl)."” However, most DNA probes and aptamers are much
longer than S-mer,'®'” and AuNPs can hardly survive such
high ionic strength. In addition, since each DNA sequence is
different, they may have distinct secondary and tertiary
structures. When a well-folded DNA is adsorbed, it could be
that only a few bases contact AuNPs, leading to a lower
adsorption affinity. However, few studies touched upon the
conformation of adsorbed DNA on AuNPs.
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7 ACS Publications

The cocaine aptamer has been extensively studied,'®
including its truncation, splitting, and mutation,"”~>* and use
for the detection of cocaine.”*™*” Its adsorption on AuNPs was
recently studied by NMR spectroscopy, and the rapid exchange
of the adsorbed and nonadsorbed aptamers was observed at
the NMR time scale.”® However, the experimental condition of
NMR is very different from typical conditions used for
biosensors. For example, the concentration of DNA was very
high for NMR, while the concentration of the AuNPs was
much lower (DNA/AuNP = 10000:1). The high DNA
concentration might allow a crowded packing of DNA, and
thus, the likelihood of DNA collapsing on AuNPs decreased.
For a biosensor work, a washing step is often performed to
remove nonadsorbed or weakly adsorbed DNA, or a very low
DNA concentration was used to ensure a low background (e.g,,
DNA/AuNP < 100:1).””7*! For a 13 nm AuNP, its adsorption
capacity is typically below 100 nonthiolated DNA strands.*”
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The high fraction of free DNA (e.g, >99%) in the NMR
condition may also promote displacement or exchange with
the adsorbed DNA.

To understand the concentration gap between the NMR and
biosensor conditions and unify the observations at both high
and low concentrations of DNA, we herein studied the cocaine
aptamer as a model system. Since this aptamer can actually
bind quinine much better,**** we used quinine instead of
cocaine as the target molecule. The aptamer and AuNPs have
been interfaced to detect cocaine,”**®* but the understanding
of quinine is limited. Furthermore, in this study, adsorption of
quinine on AuNPs, its effect on the adsorption of the aptamer,
and potential fluorescent and colorimetric detection were also
studied, which are critical for designing related biosensors.**~**
Our results indicated that not only DNA sequence and
structure but also DNA concentration, washing, and
incubation time are critical. This work also points out that
different experimental conditions in different spectroscopic
techniques need to be considered to unify our understanding.

B MATERIALS AND METHODS

Chemicals. The DNA samples used in this work were all
purchased from Integrated DNA Technologies (Coralville, IA) and
listed in Table 1. Trisodium citrate dihydrate, sodium phosphate

Table 1. DNA Sequences Used in This Work”

names sequences and modifications (5'—3")
FAM- GGCGACAAGGAAAATCCTTCAACGAAGTGGGTCGCC-
MN4 FAM
FAM-Ade FAM-ACCTGGGGGAGTATTGCGGAGGAAGGT
FAM-T; FAM-TTTTT
FAM-Aq FAM-AAAAA
A AAAAAAAAAAAAAAA
Ade ACCTGGGGGAGTATTGCGGAGGAAGGT
aptamer
MN4 GGCGACAAGGAAAATCCTTCAACGAAGTGGGTCGCC
MN2 GGCGACAAGGAAAATCCTTCAAAAGGGTCGAC

MN12 GGCGACCAGGAAAATCCTTCAACGAAGTGGGTCGCC
MN16 GGCGACAAGGAAAATCCTACAACGAAGTGGGTCGCC

“FAM: carboxyfluorescein.

monobasic monohydrate, sodium phosphate dibasic heptahydrate,
adenosine, and sodium fluoride (NaF) were obtained from Mandel
Scientific (Guelph, ON, Canada). Potassium cyanide (KCN) and
quinine hemisulfate monohydrate were from Sigma-Aldrich. Thio-
lated methoxypolyethylene glycol (SH-PEG, molecular weight: 1 K)
was from Nanocs (New York, NY). Citrate-capped AuNPs (13 nm)
were synthesized according to the literature using citrate reduction,
and the as-synthesized AuNPs were ~10 nM.* Milli-Q water was
used for preparing all of the buffers and solutions.

Preparation of FAM-DNA-Adsorbed AuNPs. FAM-DNA/
AuNP conjugates were prepared by adding 3 uL of FAM-DNA
(100 uM) into 150 uL of AuNPs (10 nM) and incubated at room
temperature for 3—4 h. After that, 150 uL of phosphate buffer (PB, 20
mM, pH 7.6) containing 2 mM MgCl, was added and the sample was
stored at 4 °C overnight. Then, the free nonadsorbed FAM-DNA
strands were removed by centrifugation at 14 000 rpm for 10 min and
washed with 10 mM PB (pH 7.6) 3—4 times until the supernatant had
no fluorescence under a UV lamp. Finally, the precipitate was
resuspended in SO uL of 10 mM PB (pH 7.6). The concentration of
the AuNPs was calculated based on the extinction coefficient (2.7 X
10 M~! cm™) at 520 nm.

DNA Desorption Kinetics (with Washing). To study DNA
desorption, the FAM-DNA/AuNP conjugates prepared above were
exposed to either a high concentration of nonlabeled DNA or quinine,

and the fluorescence increase was monitored. In a typical experiment,
the fluorescence of FAM-DNA/AuNP (0.7 nM AuNPs) in 10 mM PB
(pH 7.6) with 0.8 mM MgCl, (total 96 L) was first monitored for 3
min (Ex: 485 nm; Em: 535 nm). Then, 4 uL of S mM DNA (final 200
uM) or 1 mg/mL quinine (final ~ 100 M) in the same buffer was
added into the cuvette, mixed, and monitored for another 20—30 min.
After that, 1 uL of KCN (1 M) was added to dissolve the AuNPs and
fully release the remaining FAM-DNA. The fluorescence data were
then normalized to have the final fluorescence being 1.

Adsorption and Desorption Kinetics (without Washing). To
study DNA desorption without washing away the nonadsorbed DNA,
the FAM-DNA adsorption kinetics were first monitored in real time.
For the MN4 aptamer, the fluorescence of 86 yL of the sample
including 3 yL of FAM-MN4 (1 uM), 4.3 uL of PB (100 mM), and
8.6 uL of MgCl, (10 mM) was first monitored for 2 min as the initial
fluorescence (F,), where the final PB buffer concentration was S mM
and MgCl, was 1 mM. Then, 10 uL of the AuNP sample (5 nM
dispersed in S mM PB, pH 7.6) was added into the cuvette and the
fluorescence was monitored for another 10 min. After that, 4 uL of
MN4 (S mM) dissolved in PB (10 mM, pH 7.6 with 0.8 mM MgCl,)
was added to desorb FAM-MN#4 from the AuNPs. For the adenosine
aptamer, 86 yL of the mixture included 1 uL of FAM-Ade (1 uM), 4.3
UL of PB (100 mM), and 4.3 uL of MgCl, (10 mM), where the final
PB buffer concentration was S mM and MgCl, was 0.5 mM. After the
addition of 10 uL of the AuNP sample (S nM dispersed in S mM PB,
pH 7.6), 4 uL of the S mM nonlabeled adenosine aptamer in PB (10
mM, pH 7.6 with 0.8 mM MgCl,) was added. Here, the initial FAM-
DNA concentration was different from the above washed samples
since we optimized the conditions so that both washed and unwashed
samples had a similar DNA adsorption density.

AuNP Stability. To study the effect of quine toward the colloidal
stability of AuNPs in the absence of DNA, 1 uL of the quinine
solution (S pg/mL or 12.5 M) was added into 100 uL of AuNPs (2
nM) each time and around 15 additions were made. The UV—vis
absorption spectra were recorded with a microplate reader (Tecan
Spark) and the extinction ratio of 618 nm over 520 nm was calculated.
To study the effect of quine toward AuNP stability in the presence of
DNA, 2 nM AuNPs in S mM PB were premixed with 120 nM DNA
and then titrated by the quinine solution.

Colorimetric Sensing. To evaluate the colorimetric sensing
performance with MN4 and AuNPs, two methods were used. The
first one followed the procedure described in the NMR paper.*®
DNA/AuNP conjugates were prepared before adding quinine. DNA
(100 uM, 6 uL) was mixed with 13 nm AuNPs (10 nM, 1 mL) and
incubated at room temperature for 3—4 h. Then, 1 mL of PB (20 mM,
pH 7.6, 2 mM MgCl,) was added into the mixture and stored at 4 °C
overnight. Without washing, 90 yL of the DNA/AuNP complex was
separately mixed with 10 uL of quinine solutions of different
concentrations. Afterward, 2.5 uL of NaCl (3 M) was added to induce
the aggregation of the AuNPs. Two minutes later, the extinction ratio
of 618 and 520 nm was recorded. The other colorimetric sensing
procedure used was conducted by first mixing the aptamer DNA with
quinine before adding AuNPs. The DNA-quinine solution (50 uL)
was prepared by adding 3 uL of DNA (10 uM), 20 uL of PB (pH 7.6,
100 mM), 17 uL of H,0, and 10 uL of the quinine solution. After
incubation at room temperature for 15 min, S0 uL of AuNPs (10 nM)
were added. Two minutes later, the extinction ratio of 618 and 520
nm was recorded.

B RESULTS AND DISCUSSION

Cocaine (Quinine) Aptamer. The secondary structure of
the aptamer named MN4 is shown in Figure 1A. It forms a
stable three-way junction, and stem 1 is always closed
regardless of the presence or absence of target molecules.”*
This aptamer can bind both cocaine and quinine, and the
affinity for quinine is even higher. Therefore, we used quinine
as the target in this work (Figure 1C). Besides MN4, a few
nonbinding mutants, namely, MN2, MN12, and MN16, were
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Figure 1. Structures of (A) the NM4 aptamer and a few nonbinding mutants and (C) its target quinine. The structures of (B) the adenosine
aptamer and (D) its target adenosine. (E) A scheme showing the adsorption of FAM-labeled MN4 to AuNPs with fluorescence quenched, and the
addition of nonlabeled MN4 for displacement (reaction 1) and its target to induce aptamer desorption (reaction 2) with an increase in the

fluorescence.

tested as control sequences (Figure 1A). These controls had
only one or a few base differences compared to MN4, and thus,
the overall folded structure could be retained. To have a
complete understanding, we also included the adenosine
aptamer (Figure 1B; the structure of adenosine is shown in
Figure 1D), A5, as well as FAM-labeled A5 and T DNA.*~*

NMR showed that the MN4 aptamer used the tri-adenine
loop in stem 2 to adsorb to AuNPs, and rapid exchange
between the adsorbed and nonadsorbed aptamers was
observed.”® Upon the addition of the target molecule, the
equilibrium was shifted to the desorbed state, and it was
believed that target binding to the aptamer was the reason for
this shift. However, the NMR experiment used a very large
excess of the aptamer (200 uM) compared to the AuNPs (20
nM), which was far away from the aptamer concentration for
most biosensor experiments (often in the low yM to low nM
region). Therefore, we herein used a 3’-end carboxyfluorescein
(FAM)-labeled MN4 aptamer to understand this concen-
tration gap.

Fluorescence Spectroscopy for Studying Free Ap-
tamer Adsorption. To evaluate the exchange between the
adsorbed aptamers and free aptamers in a typical sensing
condition, we first adsorbed FAM-MN4 onto 13 nm of AuNPs
using the MgCl, aging method as described in the NMR
paper.”® The difference was that in the NMR experiment, no
washing was performed, but we washed away the nonadsorbed
FAM-MN4 with buffer after centrifugation. We then
monitored the fluorescence increase indicative of FAM-MN4
desorption after adding a high concentration (200 yM) of
nonlabeled MN4 (schematically shown in Figure 1E, reaction
1). We chose 200 uM MN4 since this was the concentration
used in the NMR experiment. To minimize the inner filter
effect (e.g,, absorption of excitation and emitted light by the

AuNPs), our final AuNP concentration was 0.7 nM, which was
lower than 20 nM used for the NMR. Given the large excess of
the free DNA, the difference in AuNP concentration would not
significantly affect the displacement kinetics. We measured the
adsorbed FAM-MN4 on these AuNPs to be 47.3 nM (MN4/
AuNP = 68:1). Therefore, the ratio of the nonlabeled MN4
and the adsorbed FAM-MN4 was more than 4000:1. Given
such a high ratio, we can assume that desorbed FAM-MN4
cannot be readsorbed, and desorption of FAM-MN4 would
result in a fluorescence increase. At the end of the experiment,
KCN was added to fully release all of the FAM-MN4 and the
final fluorescence was used to calculate the percentage of the
FAM-MN#4 released in the previous step. As shown in Figure
2A, only ~1% FAM-MN4 desorbed from the surface at 50 min
after adding 200 kM MN4 DNA (inset). Almost the same
amount of FAM-MN4 was desorbed when only buffer was
added, indicating the observed 1% desorption was nonspecific
instead of competition from free MN4.

In addition, we also studied the FAM-labeled adenosine
aptamer (FAM-Ade) using the same method (Figure 2B). In
this case, the adsorbed FAM-Ade probes were seldom
desorbed by 200 yM nonlabeled aptamer either. Although
compared to the NMR experiment, our DNA probe contained
an extra FAM label, the FAM label did not contribute much to
the adsorption, and the adsorption affinity was dominated by
the DNA sequence. For example, FAM-labeled poly-A DNA
was adsorbed much strongly than FAM-poly-T DNA.*?
Therefore, we concluded that no exchange of the adsorbed
aptamer occurred in the traditional sensing procedure (e.g, a
low initial aptamer probe concentration and free probes
removed) even when a large excess of free aptamers were
present, suggesting very stable aptamer adsorption by AuNPs.

https://doi.org/10.1021/acs.langmuir.1c02239
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Figure 2. Desorption of (A) FAM-MN4 and (B) FAM-Ade by 200 yM nonlabeled MN4 or Ade aptamer from AuNPs prepared through the
adsorption and washing steps. The buffer contained 10 mM PB and 0.8 mM MgCL. Insets: the same plot with a small y-axis scale. Kinetics of (C)
FAM-MN4 and (D) FAM-Ade adsorption followed by desorption. FAM-labeled aptamers (30 nM) were first adsorbed onto 0.5 nM AuNPs and
monitored for (C) 10 min for FAM-MN4 or (D) 40 min for FAM-Ade until the fluorescence stabilized. Then, 200 uM nonlabeled aptamer was
added. (E) Scheme showing the stable adsorption of a low concentration of the collapsed MN4 aptamer that cannot be displaced, and the rapid

exchange of the folded MN4 when adsorbed at a high concentration.

The strong DNA adsorption by AuNPs was consistent with the
previous work.'”’

While our fluorescence experiment had the same total DNA
concentration as that in the NMR experiment, a major
difference was washing, and likely we washed away all of the
weakly adsorbed DNA. To test this hypothesis, we then
designed a fluorescence experiment without washing (Figure
2C,D). In this case, the fluorescence of 30 nM FAM-MN4 in
buffer (5 mM PB with 1 mM MgCl,) was monitored for 3 min.
After adding AuNPs, a decrease in fluorescence was observed,
which was attributed to DNA adsorption. At 12 min, the
fluorescence decreased to 23% of the initial value, suggesting
that ~77% of FAM-MN4 was adsorbed. At this point, a final of
200 uM MN4 was added and an obvious increase in the
fluorescence was observed, suggesting the displacement of a
fraction of the adsorbed FAM-MN4 from the AuNPs. Based

on the fluorescence enhancement at 40 min, 14% of the

adsorbed FAM-MN4 desorbed. The remaining DNA, however,
was still stably adsorbed on the AuNPs despite the presence of
the 4000-fold excess of nonlabeled DNA. Combining the
washed and unwashed experiments, we concluded that the
washed samples washed away the loosely adsorbed MN4
aptamers. Without washing, a fraction of the loosely adsorbed
aptamers can be displaced, whereas the remaining tightly
adsorbed ones still cannot be desorbed. This experiment can
explain the difference between the fluorescence and NMR
spectroscopic data. In NMR, AuNPs were directly mixed with
concentrated NM4, and it was likely that no stable aptamer
adsorption could occur before being displaced by other
aptamers. The displacement continued to happen and the
adsorbed aptamers had no chance to adopt more stable
adsorption conformations. In our fluorescence experiment, for
the unwashed system, we initially still added a low
concentration of probe DNA, and thus, they had a chance to

11942 https://doi.org/10.1021/acs.langmuir.1c02239
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Figure 3. (A) Photograph depicting the color change of AuNPs (S nM) in the presence of quinine in the range of 0—1.75 M. Quinine was titrated
into 2 nM AuNPs and (B) the UV—vis spectral change, and (C) the extinction ratio as a function of quinine concentration. The adsorption of (D)
FAM-MN4 and (E) FAM-Ade aptamer onto AuNPs preadsorbed with different concentrations of quinine. AuNPs (0.5 nM) and 30 nM FAM-
MN4 were used and the adsorption buffer contained S mM PB and 1 mM MgCl,. (F) The extinction ratio as a function of quinine concentration
when quinine was added into 2 nM AuNPs premixed with various DNA in S mM PB (pH 7.6).

collapse on the AuNPs to be stably adsorbed. Nevertheless,
14% of the adsorbed aptamers were loosely adsorbed. Without
washing, they were displaced by the concentrated nonlabeled
aptamers.

As a control, FAM-Ade was tested in the same way. FAM-
Ade was added to the AuNPs, and in this case, the quenching
was ~38%. After adding 200 yM nonlabeled Ade aptamer,
however, almost no fluorescence increase was observed (Figure
2D). We reasoned that the adenosine aptamer was adsorbed
more tightly than MN4. MN4 has 6 base pairs in stem 1 to
close its structure, whereas the adenosine aptamer has only 4
base pairs, making it more likely to be adsorbed in a collapsed
conformation. Each aptamer might be adsorbed differently on
AuNPs, but in general, they were all adsorbed very strongly.
Thus, aptamer adsorption is under a kinetic control. The
dynamics of the aptamer on the AuNPs is related to the initial
aptamer concentration, DNA sequence, time of incubation,
and washing.

Based on the above results, we depicted the adsorption of
MN4, as shown in Figure 2E. At low MN4 concentrations,
~86% of the aptamer was adsorbed strongly (cannot be
displaced) and likely in a collapsed state with its secondary
structure disrupted. The remaining 14% of the aptamer
adsorbed weakly (e.g, in the folded state or adsorbed via
interactions with the tightly adsorbed DNA), which can be
exchanged with the aptamers in solution. Since the adsorption
energy of DNA bases on the gold surface (e.g, via strong
coordination interactions) is much stronger than that of DNA
base-pairing interactions,” thermodynamically, the most stable
state for this system is to maximize the contacts between DNA
and AuNPs by disrupting internal DNA structures. In the
NMR condition, each DNA was well folded and the DNA

molecules were so concentrated before mixing with the
AuNPs. Therefore, before each adsorbed aptamer had the
time to collapse on the AuNPs, exchange with the free
aptamers already occurred. NMR showed that adsorption
occurred via the tri-adenine loop in stem 2.°° Since
displacement reactions on the gold surface were previously
observed with S-mer DNA homopolymers,'® it is not
surprising to see MN4 displacement with the three confined
adenine being the points of adsorption.

Adsorption of Quinine by AuNPs. The above experi-
ments studied free aptamers without adding target molecules.
Herein, we introduced the target molecule, quinine. We
recently showed that many aptamer target molecules can
adsorb on AuNPs and affect the adsorption of their
aptamers.”*~*"*’ Quinine is a weak base with its first pK, at
8.5, making it positively charged at neutral pH. In the
presence of quinine, AuNPs were aggregated to show blue
color (Figure 3A), suggesting quinine adsorption. We then
gradually added quinine to the AuNPs and monitored the
color change using UV—vis spectroscopy (Figure 3B). The free
13 nm AuNPs had a strong peak at 520 nm, which dropped in
intensity upon adding quinine, and a new peak at 618 nm
emerged, indicating aggregation of the AuNPs. We then
plotted the change of the extinction ratio at 618 nm over that
at 520 nm as a function of quinine concentration (Figure 30),
and an apparent K of 1.0 #M quinine was obtained. This value
was even lower than those measured for dopamine (5.8 uM)*°
and adenosine (7.7 #M),”” but higher than that for kanamycin
(~0.1 uM).*® Since the AuNP concentration was 2 nM, the
number of quinine molecules and the surface sites on the
AuNPs was comparable (e.g., each AuNP can accommodate at
least 100 quinine based on the capacity for DNA adsorption).
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Figure 4. Kinetics of quinine-induced desorption of (A) FAM-MN4; (B) FAM-Ade aptamer; (C) FAM-Ag; or (D) FAM-T from the AuNPs.
AuNPs (0.7 nM) were used in (A, B), and 0.5 nM AuNPs were used in (C, D) dispersed in 10 mM PB and 0.8 mM MgCl,. Quinine (100 M) was
added at the time pointed by the arrowheads. In the end, KCN was added to fully desorb the DNA. Insets: the same plot with a smaller y-axis scale.

Given the low concentration of quinine needed, the effect of
quinine on the aggregation of the AuNPs must be due to its
adsorption instead of charge screening as a salt. Given its
positive charge, it is not surprising that quinine was potent in
aggregating the AuNPs. Therefore, quinine/AuNP interactions
need to be considered in this system.

We then studied the effect of quinine on the adsorption of
FAM-MN4. We preincubated the AuNPs with various
concentrations of quinine and then added FAM-MN4. After
incubation and washing, we dissolved the AuNPs using KCN
and measured the fluorescence intensity, which represented the
adsorbed FAM-MN4 aptamer (Figure 3D). For comparison,
we also measured the effect of quinine on the adsorption of the
FAM-Ade aptamer (Figure 3E). In both aptamers, the more
quinine added, the fewer probes adsorbed. With 1.27 uM
quinine, the fluorescence intensity decreased to almost half of
the initial value. These two simple experiments demonstrated
that quinine can adsorb to the AuNPs and can also inhibit the
adsorption of its aptamer or other DNA molecules.

In the NMR experiment, it was observed that adding cocaine
inhibited the exchange between the adsorbed and free MN4,
and it was attributed to that forming the aptamer/cocaine
complex favored the desorbed state. Here, based on our data, it
was also possible that a fraction of cocaine or quinine might be
adsorbed on the AuNPs to inhibit aptamer adsorption. Since
the MN4 aptamer is well folded regardless of binding to target
or not, and if adsorption occurred via the tri-adenine loop, the
effect of target binding might be small since the loop does not
directly participate in target binding. Therefore, we were more
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inclined to the second mechanism, where target molecule
adsorption inhibited the aptamer adsorption and thus the
exchange reaction.

After understanding the adsorption of quinine on the
AuNPs, we premixed DNA with AuNPs for 20 min and then
titrated with quinine to check the aggregation of the AuNPs.
Three DNA samples including MN4, adenosine aptamer, and
A were studied. As shown in Figure 3F, the A sample fully
protected the AuNPs, and no aggregation was observed,
indicating that the interaction between AuNP and quinine was
not strong enough to displace the adsorbed Ajs. In the
presence of the adenosine aptamer, the AuNPs aggregated
slightly with a maximum extinction ratio of 0.66. Finally, for
MN4, a much higher extinction ratio was reached, indicating
more aggregation, although a moderate protection effect still
occurred compared to the bare AuNPs. This experiment also
indicated that the adsorption of the adenosine aptamer was
stronger than the adsorption of MN4, consistent with the
abovementioned fluorescent displacement experiment. Overall,
the MN4 aptamer only had a weak ability to protect the
AuNPs against aggregation caused by quinine.

Feasibility for Fluorescent Sensing. Given that quinine
could adsorb to AuNPs, we then tested whether the AuNPs
with adsorbed FAM-MN4 can be used as a fluorescent sensor
(e.g, via target-induced aptamer desorption). However, even
with ~100 M quinine, the fluorescence only increased by 2%
after 25 min (Figure 4A). A similar change was also observed
when quinine was added to FAM-Ade/AuNPs (Figure 4B),
indicating that the desorption was nonspecific, as the
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Figure S. Two methods for label-free quinine colorimetric sensing with AuNPs. (A) The procedure as described in the NMR paper and the
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described in (C) but without adding salt since aggregation of the AuNPs already occurred without additional salt.

adenosine aptamer cannot bind to quinine. From this, we
concluded that this system cannot be used as a fluorescent
sensor for detecting quinine. This was attributed to the very
strong adsorption of the aptamer (note that the sample was
washed to achieve a low background fluorescence).

To decrease DNA adsorption affinity, we then used two
FAM-labeled 5-mer DNA: A and Ts. We added quinine and
monitored the fluorescence change (Figure 4C,D). A small and
steady increase was observed in the FAM-T sample, although
the desorbed DNA was less than 1%. In addition, no change
was seen in the FAM-A; sample. This can be explained by the
fact that A had a stronger affinity to the AuNPs.'® Therefore,
quinine cannot even desorb Ts; DNA, which is among the
weakest affinity oligonucleotide to AuNPs. From these data,
although quinine can adsorb on the AuNPs, it cannot desorb
the preadsorbed aptamer or DNA. The implication is that
when the MN4 aptamer was stably adsorbed under a typical
sensing condition, no specific binding of quinine to the
adsorbed aptamers can take place. Even if binding occurred, it
would not induce aptamer desorption.

Evaluation of the Label-Free Colorimetric Detection
Method. Finally, we tested whether quinine can be detected
using the classic label-free colorimetric sensing method, which
is strongly related to the adsorption of the MN4 aptamer and
quinine on AuNPs. Various strategies have been used to detect
cocaine using this method. In addition to using the full-length
MN4 aptamer,28 the aptamer was also split into two halves to
achieve the detection of cocaine.”® However, quinine has not
been used as a target yet. First, we used the procedure as
described in the NMR paper (Figure SA), where the MN4
aptamer was mixed with 13 nm AuNPs (60:1) followed by
adding MgCl, to assist aptamer adsorption. Without washing,
the as-prepared MN4/AuNP mixture was used for quinine
sensing. As shown in Figure SB (the green trace), the MN4
aptamer sample showed increased extinction ratios with higher
quinine concentrations, indicating aggregation of the AuNPs.
This was consistent with the mechanism described in Figure
SA. However, when we tested two nonbinding mutated
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aptamers, MN12 and MN16, they also showed an increased
extinction ratio. Especially for MN12, its response was
identical to that of MN4. We attributed this result to the
similar structure of MN12 and MN16 to MN4. MN12 and
MN16 only differed by one base compared to the MN4
sequence (Figure 1A), but they had a much weaker binding
affinity toward cocaine or quinine. On the other hand, the ATP
aptamer and the MN2 mutant showed much less color change.
A few base pairs close to the tri-adenine loop were deleted in
MN2, which may explain its different behavior compared to
MN4. Accordingly, this colorimetric result appeared to be
more specific toward the DNA structure rather than binding
affinity to targets.

After this, we studied another commonly used sensing
procedure (Figure SC). We first mixed MN4 (300 nM in 100
uL) with different concentrations of quinine in PB (20 mM,
pH 7.6) for 15 min and then added AuNPs for colorimetric
sensing. After 2 min, the color of the AuNPs already changed
to blue. We recorded the extinction ratio and tested the other
four DNA mutants and the adenosine aptamer. As shown in
Figure SD, all these DNA exhibited a similar response toward
the increase of quinine concentration. The responses were
saturated with just 3 M quinine. We speculated that the
aggregation of AuNPs in this experiment was caused by the
excess of quinine, which was shown to not only destabilize the
AuNPs but also inhibit further DNA adsorption. Overall, the
sensing mechanisms shown in Figure SA,C could not reflect
aptamer binding, and neither considered the adsorption of
quinine.

Quinine can destabilize the AuNPs, but with the protection
of DNA, its destabilization effect decreased. In the presence of
quinine, three things can happen. First, fewer DNA could be
adsorbed due to the formation of the DNA/quinine complex.
Second, quinine could adsorb to destabilize the AuNPs. Third,
the adsorbed quinine further inhibited DNA adsorption. All
these effects point to the decreased colloidal stability of the
AuNPs. Since a similar colorimetric response was observed
with the inactive mutants, and quinine cannot induce much
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aptamer desorption, we do not believe that this colorimetric
method can be used for the detection of quinine or for the
evaluation of quinine binding by the aptamer. In this
experiment, the aptamer was already in a prefolded state,
and the effect of quinine binding on the adsorption of the
aptamer could be small. To better modulate analyte-dependent
aptamer binding, more sophisticated designs such as split
aptamers might be required.”® Even for such engineered
aptamers, the test of nonbinding mutants would also be
important to confirm the sensing mechanism.

B CONCLUSIONS

In this work, we carefully studied the adsorption of the cocaine
or quinine aptamer to AuNPs and compared our results with
that from a previous NMR work. Our fluorescence work was
performed with a much lower concentration of DNA, leading
to tighter adsorption. When AuNPs were mixed with a highly
concentrated MN4 sample under the NMR condition, the
well-folded aptamer could only transiently interact with the
AuNPs. Before stable adsorption can be achieved, displace-
ment already took place. Under dilute conditions, the adsorbed
MN4 had the time to collapse on the AuNPs and approach a
thermodynamically most stable state. We observed the
displacement of a small fraction of DNA without washing
only for the MN4 aptamer, whereas for the adenosine aptamer,
we could not find evidence for its displacement by nonlabeled
aptamers even without washing. Therefore, the sequence of
DNA, its concentration, incubation time, and washing are all
important to determine the outcome of aptamer/AuNP
systems. In the second part of this work, the potential of
developing fluorescent and colorimetric sensors using the
MN4 aptamer was studied. Since quinine cannot induce
desorption of the aptamer, a direct dequenching-based
fluorescent sensor is difficult to develop. In addition, label-
free colorimetric detection was deemed impossible as well for
the full-length MN4 aptamer since a similar response was
observed with the nonbinding mutants. This can be explained
by the strong affinity between quinine and AuNPs, and such
target/AuNP interactions were often ignored in most previous
works.
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