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Plasmonic Aptamer-Gold Nanoparticle Sensors for Small Molecule
Fingerprint Identification

Jorge L Chéavez?, Juliann Leny®®, Suzanne Witt"®, Grant M. Slusher®, Joshua A. Hagen® and Nancy
Kelley-Loughnane @

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

The utilization of the plasmonic response of aptamer-gold nanoparticle conjugates (Apt-AuNPs) to design cross-reactive arrays for
fingerprint identification of small molecular targets was demonstrated for the first time. Four aptamers with different structural features
previously selected to bind different targets were used in combination with AuNPs by adsorbing the DNA on the AuNPs surface. The
optimized response of the Apt-AuNPs to the analytes showed that, depending on the specific aptamer used, target binding by the aptamer
could result in an increase or decrease of Apt-AuNPs stability. These Apt-AuNPs showed the ability to recognize different analytes with
different affinities, generating fingerprints that allowed unambiguous analyte identification with response times in less than fifteen
minutes. Importantly, it was observed that it was not necessary to select an aptamer per analyte of interest to generate differentiable
signatures, but a subset of aptamers could be use to identify a larger number of analytes. The data was analyzed using principal
component analysis, showing efficient clustering of the different datasets for qualitative and quantitative identification. This work opens
the door to using these Apt-AuNPs in point of care diagnostics applications where fast sensors with easy to read outputs are needed.

Introduction

The design of sensors that detect different metabolites
simultaneously with fast responses would improve the field of
medical diagnostics and facilitate the development of
personalized medicine'. Biomarker monitoring involves not only
the detection of specific targets, but more importantly, changes in
their concentrations that could be indicative of specific health
conditions.>* Most of the efforts in sensor design are focused on
systems that detect one target at the time with great selectivity
and specificity®’. However, when the goal is to characterize a
disease or the health status of an individual, monitoring the levels
of multiple biomarkers simultaneously would provide a more
complete characterization and potentially would result in better
prognosis®’.

Applications requiring simultaneous monitoring of different
targets might benefit from sensors that interact with multiple
analytes with different specificities®. In these multiplex systems,
like the human nose and tongue, the identification of one
compound is realized by the analysis of a target fingerprint with
an array of sensors with cross-reactive responses to different
analytes™'®. Importantly, this sensing approach is less prone to
result in false positives since the detection of a particular target is
based on the response of multiple sensing units to the same target.
When only one of the sensing elements failed resulting in false
identification of an analyte, the error is easily noticed by the lack
of response of the other sensing elements to this analyte, since the
probability of having all sensors failing simultaneously is very
low'!.

Aptamers have shown great promise as biorecognition elements
for biosensors providing great sensitivity and selectivity for a
wide range of analytes'>'*'*. The ease of their chemical
modification and their chemical and thermal stability made them
valuable capture elements for sensor design'’. It has been
demonstrated that the sequence of certain aptamer clones can be
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optimized to tune their selectivity from one target to a family of
chemically related analytes. For instance, different clones of a
cholic acid-binding aptamer were studied and a response to
multiple hydrophobic steroids was observed by some of these
clones'®. Similarly, the well-known cocaine binding aptamer was
mutated in specific positions close to the binding site to promote
binding to a series of steroids and create cross-reactive arrays'".
In a different approach, SELEX has been modified by alternating
the target a random pool of RNA was exposed to, achieving
aptamer sequences that recognized the chemical core of a family
of related compounds'®. These examples show that the binding
properties of aptamers could be advantageous to design cross-
reactive arrays for simultaneous multiplex analyte detection'.

Gold nanoparticles (AuNPs) have been used in a number of
sensing approaches due to their colorimetric response to events
that affect their stability”®?'. Aptamers have been utilized with
AuNPs to create fast colorimetric sensors for different targets,
ranging from ions* to small molecules®?** and proteins®®. The
typical colorimetric assay with aptamers and AuNPs is based on
the difference in affinity of AuNPs for single stranded DNA (ss-
DNA) and double stranded DNA (ds-DNA). It has been
demonstrated that sSsS-DNA adsorbed fast on the AuNPs surface,
while AuNPs showed a much poorer affinity for ds-DNA?. In
general, it has been proposed that target binding by an aptamer
occurs with a conformational switch from a ss-DNA-like
conformation in the absence of the target to a ds-DNA-like
conformation after target binding®®. Therefore, an aptamer
exposed to a non-target analyte remained as SS-DNA and
adsorbed on the AuNPs improving their stability due to the
addition of negative charges to the AuNPs surface. On the
contrary, an aptamer bound to its target, with a ds-DNA-like
conformation, did not adsorb on the AuNPs and provided no
improvement in stability. Experimentally, to detect a target with
these sensors, an aptamer is exposed to the sample of interest and,
after a short incubation time, AuNPs are added to the mixture.
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After the AuNPs and aptamer are allowed to interact, salt is
added to test the stability of the AuNPs. The presence of the
target and the formation of the ds-like DNA conformation after
binding resulted in AuNPs aggregation with a color change to
blue after salt addition (no DNA adsorption on AuNPs, no
increase in stability). On the other hand, in the absence of the
target, the AuNPs suspensions remained red (free aptamer
adsorbed on the AuNPs, increased stability). We have observed
when using this detection scheme, that a non-target analyte that
remains free in solution after aptamer addition can potentially
interact with the AuNPs surface affecting their stability, which
resulted in false positiveszg. To prevent the non-specific
interactions between unbound target and the AuNPs surface, the
colorimetric assays used here involved aptamer adsorption on the
AuNPs prior to target addition. These aptamer-AuNPs conjugates
(Apt-AuNPs) were prepared by simply mixing the
components followed by buffer addition and an overnight
incubation. The presence of the DNA prevented non specific
interactions, while allowing a colorimetric response to the
aptamer target, as reported previously by our group®.

In the last few years, nanomaterials have been interfaced with
bio-recognition elements (BREs) to design cross-reactive sensors
for multiplex protein detection. The Rotello group has
demonstrated nanoparticle-based cross-reactive sensing for
identification of different types of proteins and cells with a
fluorescence output® ***! and recently the plasmonic response of
aptamer-modified nanorods to binding events was used for
multiplexed protein detection'®. Very recently, the use of the
label-free plasmonic response of Apt-AuNPs in cross-reactive
sensors for protein targets has been demonstrated®>'"®. Small
molecular targets non-plasmonic multiplex detection based on
aptamers has been recently demonstrated using fluorescence
detection”® and SERS™. However, the multiplex plasmonic
identification of small molecular analytes has not been
demonstrated to the best of our knowledge. Small molecules are
challenging targets for cross-reactive sensors since they have
lower number of functional groups compared to proteins, which
makes their classification difficult. In this work, we designed a
library of Apt-AuNPs with four aptamers: adenosine binding
aptamer (ABA)®, riboflavin-binding aptamer (RBA)*®, estradiol-
binding aptamer (EBA)*’ and cholic acid-binding aptamer
(CABA)*®. The colorimetric response of these Apt-AuNPs to
their targets and the other analytes in this set was fully
characterized. Importantly, while performing these studies an
exciting phenomenon was observed: the effect of aptamer binding
to its target on AuNPs stability depended on the aptamer used,
and could result in an increase or decrease of particle stability.
The aptamers used in this sensing scheme showed the ability to
respond to multiple targets with different affinities. We
demonstrated in this work that different fingerprints were
obtained based on the combined response of the Apt-AuNPs to
each of the analytes studied. Moreover, principal components
analysis (PCA) was used to efficiently cluster the data,
demonstrating that this library of Apt-AuNPs show great
potential to be used as a cross-reactive arrays for multiplex
detection of chemically similar molecules.

two
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Experimental Section

Materials

Riboflavin, 17-B-estradiol, hydrogen tetrachloroaurate(III)
(HAuCl,), sodium citrate, sodium chloride (NaCl) , magnesium
chloride (MgCl,), cholic acid, adenosine, tris-HCI and potassium
chloride (KCl) were obtained from Sigma-Aldrich (St. Louis,
MO). HEPES buffer was purchased from Amresco Inc. (Solon,
OH) All chemicals were of analytical grade and used without
further purification.

DNA Synthesis

All synthesis reagents were purchased from Glen Research
(Sterling VA 20164), except where noted. All oligonucleotides
were synthesized in-house using the following protocol: The
phosphoramidite method of oligonucleotide synthesis was
performed on an ABI 394 eight column DNA/RNA Synthesizer.
Sequences were grown from a 3’ end solid support base followed
by a standard progression of 1) oxidation (washing with 0.02M I,
in THF/Pyridine/H,0); 2) detritylation (washing with 3%
TCA/DCM) 3) coupling (introducing appropriate T,A,C, or G
phosphoramadite) 4) capping (THF/Pyridine/Ac,0) and 5) a final
oxidation step to remove trace H;O from the reaction chamber.
For de-protection and purification, the glass beads attached to the
base of the newly formed DNA were transferred to the bottom of
a 25 mL glass test tube. Then 3 mL of a 1:1 Ammonium
Hydroxide:Methylamine (Sigma-Aldrich St. Louis MO) solution
was added to the tube. The tube and its contents were incubated
at 65 °C for 30 min. After removal from the incubator 250 pL of
3M NaCl was pipetted into the mixture and vortexed briefly. Ice
cold ethanol was added in 6 mL aliquot and the mixture was
placed in the freezer for 30 min. After the sample test tube was
removed the mixture was applied to a NAP-5 desalting column
(GE Healthcare Bio-Sciences Pittsburgh, PA 15264) in 1 mL
fractions. Fractions were collected in 1.5 mL micro centrifuge
tubes and concentrated using an Eppendorf Vacufuge (Eppendorf
Hauppauge, NY 11788). Samples were then re-suspended to
working concentrations using DNAse free H,O.

AuUNPs Synthesis and Characterization

The AuNPs were synthesized as reported previously®*. In brief,
98 mL of deionized water (Millipore, Billerica, MA) were mixed
with 2 mL of 50 mM HAuCl,, heated and refluxed. As soon as
reflux started, 10 mL of a 38.8 mM sodium citrate solution was
added. The solution turned red after a few minutes. Heat was
discontinued and the reaction was allowed to continue for 20 min
under constant stirring. Subsequently, the suspension was
allowed to cool down and filtered with a 0.2 um polyester
membrane. The AuNPs suspensions were kept in the dark when
not in use at RT. The AuNPs size was determined to be 15 nm by
dynamic light scattering (DLS). The extinction maximum was
determined to be 520 nm in a Cary 300 UV spectrophotometer
(Agilent Technologies, Santa Clara, CA). The AuNP
concentration was calculated to be 10 nM, based on a molar
absorption coefficient of 2.4x10° L mol! ecm™.
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Assay Design

AuNP-aptamer conjugates (80 aptamers per AuNP) were
prepared by mixing 2 mL 10 nM AuNPs (15 nm) with 16 pL of
100 uM DNA. These mixtures were allowed to incubate for at
least 2 hours and then were diluted 1:1 with 10 mM HEPES, 1
mM MgCl, buffer. This mixture was then left to incubate
overnight. The Apt-AuNPs were typically used within three days
after their preparation. In the case of the ABA- and EBA-AuNPs,
the first step in the assay optimization was to determine the NaCl
needed to promote a mild aggregation of the AuNPs exposed to a
blank sample. Once the NaCl concentration was set, the same
experiment was performed with a sample containing the
aptamer’s target (adenosine for ABA and estradiol for EBA). A
higher aggregation response was observed in the presence of the
target in each case. The NaCl concentration was adjusted again to
maximize the difference in response between the blank and the
target-containing samples. Finally, the linear range of the
response was determined and each analyte was tested in this
concentration range with the other Apt-AuNPs. In the case of the
CABA and RBA, the Apt-AuNPs were exposed to NaCl
concentration that promoted severe aggregation, since
preliminary data showed that target binding increased the Apt-
AuNPs stability. Once the optimal NaCl concentration to promote
Apt-AuNPs aggregation in the presence of a blank was
determined, similar experiments were performed in the presence
of the target, followed by assay optimization.

Analyte Detection

To prepare the targets, a 100 mM stock solution of adenosine,
estradiol, and cholic acid and a 10 mM stock solution of
riboflavin were made by dissolving the analytes in dimethyl
sulfoxide. Then each target was diluted down with the
appropriate buffer to the concentrations reported in the plots.
Estradiol and adenosine were diluted using a 1/3 Strength
Estradiol Binding Buffer (33.3 mM Tris-HCl, 66.7 mM NaCl, 8.3
mM KCI, 3.3 mM MgCl,, 1.7% EtOH). Riboflavin and cholic
acid were diluted using the 10 mM HEPES, 1 mM MgCl, buffer.
AuNPs (75 pL) were mixed with 10 pL of the analyte stock
solution. The mixtures were incubated for 10 min in a 96-well
plate, protected from light. Subsequently, a volume of a 2 M
NaCl solution was added simultaneously to all the wells used in
an experiment to obtain the same final salt concentration. After
briefly mixing the samples, the plate was immediately transferred
to a Spectra Max M5 plate reader (Molecular Devices,
Sunnyvale, CA) and the extinction of the AuNP suspensions at
530 and 650 nm was recorded. The degree of aggregation was
plotted as the ratio of the extinction intensity of the aggregated
AuNPs (extinction at 650 nm) over the individual AuNPs
(extinction at 530 nm) as a function of target concentration.

Principal Component Analysis

For PCA analysis, five replicates of the response of each Apt-
AuNP to each analyte at a concentration of 15 and 20 pM were
obtained. The data was analyzed with XLSTAT software.

3

Results and Discussion
Apt-AuNP Library Design

Four aptamers reported in the literature were selected to design
Apt-AuNPs by the following criteria (see Table 1 for sequences):
they bind to small molecules with relatively similar structures
(see Figure 1A for chemical structures), they have different
lengths, and their predicted secondary structures are significantly
different (See Figure 1B for a schematic representation of their
conformations and Figure S1 for mfold predicted structures). The
use of aptamers with different structural features was intended to
increase the probability of having different interactions between
each analyte and the different aptamers, increasing the chances of
obtaining different fingerprints. Using analytes with relatively
similar structures but that do not belong to the same family, was
expected to provide a means to study the cross-reactivity of these
Apt-AuNPs. It is important to consider that the selectivity and
affinity of the aptamer free in solution could be affected by
aptamer immobilization on a surface. In the case studied here, the
aptamers are adsorbed on the AuNPs surface, interacting strongly
with the AuNPs through the interaction of multiple nucleotides,
which could alter target binding thermodynamics and kinetics.

Table 1 Sequences of the Aptamers used in this Study

Name Sequence
ABA ACCTGGGGGAGTATTGCGGAGGAAGGT
EBA GCTTCCAGCTAATTGAATTACACGCAGAGGGTAGCGGCTCTG
CGCATTCAATTGCTGCGCGCTGAAGCGCGGAAGC
CABA GCAGGGTCAATGGAATTAATGATCAATTGACAGACGCAAGTC
TCCTGC
RBA TTTTTTTTTTGGAACGACGGTGGTGGAGGAGATCGTTCC

W o 7%

estradiol

adenosing
riboflavin

k T <

Fig. 1 A) Chemical structures of analytes used in this study, B):
Schematic representation of the experimentally reported structures of
the aptamers used here, (see Figure S1 for mfold predicted structures).

B)

Effect of Analyte Adsorption on Citrate-Stabilized AuNPs
Stability

It is well-known that different species with amine and hydroxyl
groups, especially proteins, interact strongly with the surface of
citrate-stabilized AuNPs***’. Their adsorption on AuNPs can
result in an increase or decrease in the AuNPs tendency to
aggregate in media with high ionic strength, depending on the
functional groups and structure of each protein. Figure S2 shows
that the small molecule analytes used here interacted strongly
with the AuNPs, as well. The plot shows the citrate-stabilized
AuNP degree of aggregation: the ratio of AuNPs extinction at
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650 nm (blue, aggregated AuNPs) and 530 nm (red, well-
dispersed AuNPs), in the presence of each analyte (180 uM)
before and after salt addition. It was observed that addition of
adenosine, estradiol and riboflavin resulted in AuNPs aggregation
when NaCl was added, while cholic acid resulted in AuNPs
stabilization against salt-induced aggregation. Due to this, it was
decided that to help prevent non-specific interactions between the
analytes and the AuNPs, the DNA aptamers were going to be
deposited on the AuNPs surface before analyte detection, as
discuss next.

Colorimetric Sensing with Apt-AuNPs

The aptamer was allowed to adsorb on the AuNPs by an
overnight incubation to prevent non-specific interactions between
the surface-active analytes and AuNPs, as we have demonstrated
previously”. The resulting Apt-AuNPs showed improved
stability against salt-induced aggregation compared to the AuNPs
non-exposed to the DNA, as observed by the higher NaCl
concentration needed to obtain a change in color from red to blue.
Importantly, the amount of NaCl needed to promote the Apt-
AuNPs aggregation was different for each aptamer, despite the
fact that all aptamers were loaded at the same density: 80
aptamer/AuNP and they were all suspended in the same buffer.
This was interpreted as evidence that each aptamer interacted
differently with the AuNPs, probably due to a combination of the
different aptamer lengths and structures. The first step in this
work was to characterize the response of each Apt-AuNP to the
four analytes studied here. In the first step, an aptamer was
chosen to prepare Apt-AuNPs and the conjugates were exposed
to the aptamer’s target to determine the dynamic range of the
response. The NaCl concentration needed to promote Apt-AuNPs
aggregation was optimized independently for each Apt-AuNPs.
In the second step, the same analyte was used to test the other
Apt-AuNPs in the analyte concentration range determined in the
first step. This protocol was repeated consistently for each Apt-
AuNP-target sets. Each data set in a graph is normalized to the
value of the blank for ease of comparison. Importantly, in all
cases, the response of these Apt-AuNPs was obtained after ten
minute incubation with the target followed by two minute
incubation with salt, showing promise to develop fast
colorimetric sensors. The variance of the data is shown in the
graphs as the standard deviation of three replicates.

The response obtained with Apt-AuNPs made with the
adenosine-binding aptamer (ABA-AuNPs) is shown in Figure 2A
and B. The ABA is a short sequence that has been shown to form
extended pseudohelix in the binding complex that
accommodates two adenosine molecules’’. The ABA-AuNPs
showed the typical response for this type of colorimetric assays, a
large aggregation response in the presence of adenosine with
minimal response to non-target analytes. This confirms that the
DNA adsorption on the AuNPs surface prevented non-specific
interactions between the AuNPs and the other analytes. Figure S3
shows TEM images of the ABA-ANPs exposed to buffer (Figure
S3A) and adenosine (Figure S3B) after NaCl addition,
confirming that the colorimetric response observed was due to
AuNPs aggregation triggered by the target binding. The Apt-
AuNPs designed with the estradiol binding aptamer (EBA-

an
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AuNPs) on the other hand, showed a large response to estradiol
and riboflavin, a milder response to adenosine and no response to
cholic acid, as shown in Figure 2C and D. The reason for this
lack of selectivity is not clear yet. The EBA is the longest
aptamer used here, with long stretches of paired nucleotides and
four small loops®, as shown schematically in Figure 1A (see
Figure S1, for mfold prediction). We hypothesized that this lack
of selectivity could be due to: i) interactions between the aptamer
and the AuNPs surface that affected the aptamer conformation,
and/or ii) the lack of strong interactions between the paired
nucleotides and the AuNPs surface, which allowed analyte
adsorption and resulted in significant cross-reactivity. In any
case, both Apt-AuNPs followed the typical response observed
when aptamers are used with AuNPs, a decrease in their stability
against salt-induced aggregation after target binding by the
aptamer, as shown schematically in Figure 2E. It is proposed that
target binding resulted in the aptamer adopting a conformation
that resembled ds-DNA, minimizing the interactions between the
aptamer and the AuNPs surface. As a result, the Apt-AuNPs
became less stable and were more prone to salt-induced
aggregation, compared to Apt-AuNPs exposed to non-target
analytes or a blank.

ABA-AuNPs
A) B)
3. 3. ® adenosine
# cholic acid
2 2.
iz, L
=32 2
TL 20 o cstradiol h
Bul ® riboflavin sul
E z

-
-

0 5 10 15 20 [ 20 40 60 80
analyte (M) analyte (uM)
EBA-AuNPs
Q D)
» adenosine
# cholic acid
iz £
= Fuw
Ex €3
Sl 5uf
= z
| « estradiol
L m riboflavin
0 5 10 15 20 0 20 40 60 [1]
analyte (uM) analyte (uM)
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A= Nacl py
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non-target g}f’ o o 7
W - - '

no AuNP aggregation

no binding no calor change

0% i
./ r}
Nt e
) 4

AuNP aggregation

target-aptamer complex color change

DNAreleased from surface
Fig. 2 Characterization of Apt-AuNPs cross-reactivity to different
analytes. A) and B): ABA-AuNPs in 424 mM NaCl, data obtained two
minutes after NaCl addition, C and D): EBA-AuNPs in 150 mM Nacl,
data obtained two minutes after NaCl addition; data show the standard
deviation of three replicates, E: proposed response mechanism.

The CABA-AuNPs did not respond to any analyte when they
were tested in the same format as the ABA- and EBA-AuNPs,
namely, they did not show a larger aggregation degree in the
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presence of cholic acid after NaCl addition, compared to the
blank. Using increasing concentrations of salt in the assay to
promote severe aggregation of the CABA-AuNPs suggested that
cholic acid binding by the CABA-AuNPs resulted in an increased
stability of the conjugates, compared to the controls. It is
important to note that the assay optimization in this case is
different from the assay discussed in the previous section. The
CABA-AuNPs were exposed to NaCl concentrations that
promoted their aggregation in the absence of any analyte. These
same conditions were used in the presence of cholic acid and the
other analytes. As shown in Figure 3A and B the CABA-AuNPs
responded to cholic acid, with negligible responses to all non-
target molecules. It could be argued that the response observed
was due to cholic acid adsorption on the AuNPs without aptamer
binding, however, the fact that there was no effect observed with
adenosine even at high concentrations suggested that surface
passivation by aptamer adsorption was optimal and prevented
non-specific interactions. Figure S4 in the supplementary
information shows TEM images of CABA-AuNPs exposed to
buffer (Figure S4A) and cholic acid (S4B). The images showed
that the colorimetric response reported is, in fact, due prevention
of AuNPs aggregation due to cholic acid binding. Interestingly,
target binding-induced Apt-AuNPs stability has previously been
observed with the riboflavin aptamer. We have reported the
design of RBA-AuNPs that responded to riboflavin at sub-
micromolar levels with no response to 2-quinoxaline carboxylic
acid (QCA), the chemical used in the negative selection step
during SELEX**. As shown in Figure S2, riboflavin adsorption
on citrate-stabilized AuNPs promoted AuNPs aggregation,
therefore, analyte adsorption can be ruled out as the cause of the
observed increased stability after riboflavin binding. In this study,
we expanded the RBA-AuNPs response characterization by
exposing them to the other analytes. Figure 3C and D shows that
a response to cholic acid was observed, with no responses to
estradiol or adenosine, again confirming that non-specific
analyte-AuNPs interactions were prevented.

Figure 1A and S1 shows that the CABA adopts a three-way
junction structure, similar to the well-studied cocaine binding
aptamer*” (CoBA), while the RBA adopts the well-characterized
G-quartet conformation. It is important to notice that our work
shows that two aptamers with significant different structural
features provided extra stability to the AuNPs upon target binding
(RBA and CABA), while two aptamers with similar structures
showed the opposite stabilization effect (CABA promoted
increase in stability while CoBA resulted in decreased stability).
These results seemed to indicate that the type of responses
obtained with Apt-AuNPs cannot be predicted only by analyzing
the aptamer structure. The exact reason for an aptamer to promote
or prevent salt-induced aggregation in the Apt-AuNPs upon target
binding is not clear yet, but we hypothesized that is a
combination of complex surface-aptamer, target-aptamer, and
target-surface interactions. This phenomenon is currently under
investigation in our group. Importantly, this target binding-
induced AuNP stability enhancement resembles what has been
reported for thiol-anchored aptamers on AuNPs*. In this case,
since the aptamers were covalently bound to the AuNPs surface,
they could not be released upon target binding. It was proposed
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that the more compact aptamer-target complex formed on the
AuNPs surface improved AuNPs stability by increasing the
surface charge density near the AuNPs surface. We believe a
similar mechanism is responsible for the effect observed here, as
shown schematically in Figure 3E. Target binding allowed the
aptamer to fold into a more compact structure that interacted
strongly with the AuNPs surface, increasing the Apt-AuNPs
stability against salt-induced aggregation. The data from these
four Apt-AuNPs suggested that minimizing direct surface-analyte
interactions was not enough to prevent responses to non-target
analytes. While these responses to non-targets could be seen as a
weakness of these colorimetric sensors, it has been shown that
sensors that respond to multiple targets with different affinities
can be used to create cross-reactive sensors that mimic the human
nose and tongue. Based on this concept, we analyzed the data of
all sensors combined per target, as shown in Figure 4, to
determine if these Apt-AuNPs could be used as cross-reactive
sensors, as will be discussed in the next section.
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Fig. 3 Characterization of Apt-AuNPs cross-reactivity to different
analytes. A) and B): CABA-AuNPs in 370 mM NaCl, data obtained two
minutes after NaCl addition, C and D): RBA-AuNPs in 333 mM NacCl,
data obtained two minutes after NaCl addition; data show the standard
deviation of three replicates, E: proposed response mechanism.

Plasmonic Fingerprint Analysis

Cross reactive sensors try to mimic the human nose by detecting
targets using a number of sensing subunits that respond with
different affinities to different analytes. Ideally, when the output
of each sensor subunit is combined, a unique fingerprint for each
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target is obtained. Most of the literature dealing with
nanomaterials-based cross reactive arrays has focused on the
identification of protein or cellular targets. This is due to the large
number of functional groups present in these species, which
improves the possibilities of observing different responses to each
analyte with a cross reactive array. Small molecules on the other
hand, due to their lower number of functional groups, are more
challenging analytes, which required sensors with more powerful
discrimination capabilities. Aptamers, due to their complex
structural features have been shown to differentiate between
analytes with similar chemical structures, showing promise for
small molecule fingerprint identification. Analysis of our results
suggested that a qualitatively different fingerprint for each
analyte studied here could be generated by combining the
response of each Apt-AuNP to the same target (Figure S5). The
data shows that the cholic acid and adenosine fingerprints are
easy to identify (Figure S5A and B, respectively). However, the
fingerprints obtained for riboflavin and estradiol looked similar at
first (Figures S5C and D, respectively), due to the dominant
response given by the EBA-AuNPs (green bars). Notably, the fact
that two different mechanisms of response were observed,
allowed to clearly identify each target, as shown in the insets in
the fingerprint plots for riboflavin and estradiol.

Importantly, the analyte fingerprints allowed not only their
qualitative identification but detailed analysis of the data showed
that analyte quantification was possible as well. As shown in
Figure 4A, a different fingerprint was obtained with each target at
the different concentrations tested. For clarity of comparison, the
Apt-AuNPs response to the analytes at 15 and 20 uM (five
replicates) was plotted side-by-side (Figure 4A), showing that the
fingerprint “shape” was analyte concentration-dependent. From
the point of view of simplicity of sensor design, it is preferred to
use the minimum number of sensors units that provide enough
discrimination power to identify the analytes of interest.
Moreover, since aptamer selection could be a time consuming
process and often quite challenging to implement for small
molecule targets, it would be ideal to utilize the minimum
number of aptamers to detect the larger number of analytes
possible. To test this idea, we compared the fingerprint generated
with the original four Apt-AuNPs and three Apt-AuNPs, after
removing the data from the ABA-AuNPs, which was the least
cross-reactive It was clearly observed that the
discrimination power of the cross-reactive sensors was
maintained when only three Apt-AuNPs were used, as observed
by the different fingerprints obtained at both concentrations
analyzed (Figure 4B).

Visual identification and quantification of analytes fingerprint
could be a tedious process. To simplify the data analysis from
these cross-reactive sensors, a training set was obtained to
determine whether principal components analysis (PCA) could be
used to perform the analyte identification. To do this, five
replicates of each data set were obtained per analyte studied at a
concentration of 15 and 20 puM, resulting in a 5x4x9 matrix (five
replicates, four sensors, and nine samples-one buffer and each
analyte at two different concentrations-, the raw data is shown in
Table S1). The Apt-AuNPs responses to the analytes studied were
analyzed using PCA (see results in Table S2). Four canonical

SEnsor.
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factors were obtained, with F1 (66.42%) and F2 (22.23%)
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Fig. 4 Fingerprint-based analyte identification at different
concentrations. Comparison of the fingerprints obtained with analytes
concentrations of 15 and 20 uM using: A) Four Apt-AuNPs, and B) Three
Apt-AuNPs (after removal of the ABA-AuNPs data, the least responsive

of the sensors). Error bars show the standard deviation of six
replicates.

accounted for most of the data variation (88.66%). Figure 5A,
shows a PCA score plot using F1 and F2. Importantly, each
analyte resulted in a different cluster that could be used for
qualitative identification. Moreover, different concentrations of
the same target resulted in different clusters, suggesting that these
Apt-AuNPs could potentially be used for analyte quantification as
well. The response of three Apt-AuNPs (without the ABA-
AuNPs, the least cross-reactive sensor) was analyzed by PCA as
well, Figure 5B. Three canonical factors were obtained with F1
(66.01%) and F2 (29.14%) accounting for most of the variability
(95.16%). It was observed that the three sensor matrix offered an
optimal discrimination power, showing different clusters per each
analyte at each concentration tested. In fact, no loss in the data
resolution was observed when reducing the sensor matrix from
four to three Apt-AuNPs. As discussed in the previous section,
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this data suggested that an aptamer for each analyte of interest is
not necessary to create cross-reactive sensors, rather, it seems that
a combination of a few aptamers with broad selectivities provide
enough discrimination power for analyte sensing. Currently, we
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Fig. 5 Principal Components Score Plot. The Apt-AuNPs response to the
analytes of interest was analyzed by PCA, the sample set contained one
buffer (blank) and each analyte at two concentrations: 15 and 20 pM.
Analysis of data generated by A) the four Apt-AuNPs and B) three Apt-
AuNPs (without the ABA-AuNPs data).

are exploring larger analyte sets with Apt-AuNPs libraries of
different sizes to identify the minimum number of Apt-AuNPs
necessary to identify a fixed number of targets.

Conclusions

In this work, we designed Apt-AuNPs with aptamers that bind
small molecules. Colorimetric assays for each target were
optimized and tested against multiple targets to determine
whether these sensors show any cross-reactivity. Importantly,
during these studies two different types of responses of the Apt-
AuNPs to the aptamers’ target were observed. In the case of the
estradiol-binding aptamer and the adenosine-binding aptamer,
Apt-AuNPs showed a higher tendency to aggregate after target-
binding, as was expected based on other AuNP-based assays
reported in the literature. Both, the riboflavin-binding aptamer
and cholic acid-binding aptamer showed the opposite response,
namely, that Apt-AuNPs became more stable upon target binding.
The exact reason for this difference in response is not clear yet

7

but seems to be due to specific aptamer-AuNPs interactions,
probably related to the specific aptamer sequence and changes in
its conformation in the unbound and bound state. The assays
response characterization showed some cross-reactivity with non-
target analytes. This cross-reactive nature of these Apt-AuNPs
response was utilized to demonstrate for the first time a
plasmonic multiplex sensor for small molecular targets. Principal
components analysis was shown to cluster the data efficiently,
allowing unambiguous analyte identification and quantification.
This work opens the door to utilize the plasmonic response of
Apt-AuNPs to design fast cross-reactive sensors for small
molecules. We envisioned that coupling these detection systems
to cell-phone based assay analysis will allow the use of these
sensors in point of care diagnostics applications.
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Appendix: Supplemental Figures

e
o

»»»»»»»»»»»»»»»

i RBA CABA
ABA @t TG

Figure S1. Mfold Predicted Structures of DNA Aptamers used in this Study
Notice that mfold did not predict the experimentally observed structures for ABA (pseudohelix) and RBA (G-
quartet). Structures were folded at 25 °C, 5 mM NaCl, 1 mM MgCl,, to mimic our experimental conditions.
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Figure S2. Citrate-Stabilized AuNPs Aggregation in the Presence of Different Analytes.
AuNPs were suspended in 10 mM HEPES, 1 mM MgCl,, pH 7.4 (HEPES buffer). AuNPs aggregation degree
before (blue bars) and after (red bars) NaCl addition a mixture of 90 uL AuNPs in HEPES buffer and 10 pL of

180 uM different analytes dissolved in HEPES buffer.
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Figure S3: TEM Images of ABA-AUNPs
Images showed the aggregation of ABA-AUNPs exposed to A): buffer and B) adenosine (20 uM), after addition
of NaCl

Figure S4: TEM Images of CABA-AuUNPs
Images showed the aggregation of CABA-AUNPs exposed to A): buffer and B) cholic acid (50 uM), after
addition of NaCl
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Figure S5: Fingerprint Data Analysis
The responses from the four Apt-AuNPs designed in this work were combined to obtain a fingerprint per analyte
studied. Insets show the “stabilization effect”” that allowed a more efficient analyte differentiation.
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Figure S6: T-Test Analysis

The Apt- AuNPs response was further analyzed to determine the statistical differences of the output obtained
with the analytes at different concentrations. The results are presented in Figure S6. Each plot shows the
results of one Apt-AuNP exposed to each analyte at two different concentrations. These two values were
analyzed using the t-test. It was observed that, in most cases, a statistically different response was obtained.
Analysis of the output per Apt-AuNPs has limited practical relevance since it was established in this work that
the combined response of the sensors provides a superior means for analyte identification and quantification.
Therefore the PCA output was analyzed in a similar manner, comparing the first principal component of each
sensor. Figure S6 D shows that in all cases the responses observed with different concentrations of the same
target were significantly different, confirming the superior analytical performance when the Apt-AuNPs were

used as cross-reactive sensors.
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Table S1

: Apt-AuNP Size Analysis by Dynamic Light Scattering

CABA-AuNPs peak 1 peak 2
size % SD size % SD Zav PDI
blank no salt 15.76 | 93 5.95 | 368 6.8 | 120 16.7 | 0.19
4 1
blank + 300 mM 251.7 | 87.1 | 66.7 | 8259 | 12. | 125.5| 181 0.24
NaCl 2 9 4
50 uM CA+300mM | 101.8 | 73.1 | 61.6 | 16.98 | 26. | 13.31 | 476 | 0.51
NaCl 1 9 9 2
EBA-AuNPs peak 1 peak 2 peak 3
size % SD size % SD size % SD Zav PDI
blank no salt 1863 | 94.1 | 6.02 |4.94 26 | 054 |4152 |33 1024 | 16.7 | 0.19
5 2
blank + 172 mM 88.66 | 50.3 |282 | 16.57 |41. |3.24 | 1490 |84 612. | 32.8 | 0.47
NaCl 7 3 5 4 9
5 uM Est+ 172 mM 87.97 (775 |211 |17.75 | 22. | 2.172 509 | 0.44
NaCl 9 5 4 4

Apt-AuNPs were prepared as described in the experimental section. Samples were analyzed
in a Zetasizer Nano Istrument (Malvern Instruments, Westborough, MA) utilized in
backscatter mode (173 detection angle) with the temperature set at 20.0 °C. Apt-AuNPs (75
uL) were mixed with 10 pL of assay buffer (blank) or the analyte of interest in assay buffer
and incubated for one minute. This was followed by NaCl addition (exact concentrations are

listed on Table S1), and after another one-minute incubation, the size was determined by

DLS.
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Table S2: Data Utilized for PCA Analysis

ABA EBA RBA CABA

buffer 1 0.265957 | 0.239474 | 0.275401 | 0.501433
buffer 2 0.270053 | 0.248 0.268617 | 0.52149
buffer 3 0.281501 | 0.257979 | 0.308108 | 0.480114
buffer 4 0.284211 | 0.255937 | 0.272727 | 0.52071
buffer 5 0.265416 | 0.248021 | 0.259259 | 0.530259

estradiol 1 0.579387 | 0.667638 | 0.298343 | 0.74772
estradiol 2 0.574586 | 0.663768 | 0.312668 | 0.737805
estradiol 3 0.589385 | 0.649718 | 0.321716 | 0.742424
estradiol 4 0.555241 | 0.637883 | 0.296 0.697605
estradiol 5 0.571429 | 0.628571 | 0.290667 | 0.725076
adenosine 1 | 0.289817 | 0.267532 | 0.241558 | 0.511364
adenosine 2 | 0.299479 | 0.260982 | 0.221932 | 0.461957
adenosine 3 | 0.291777 | 0.264935 | 0.228792 | 0.495798
adenosine 4 | 0.263708 | 0.239401 | 0.23057 | 0.480226
adenosine 5 | 0.278947 | 0.253071 | 0.226221 | 0.5
riboflavin 1 | 0.219321 | 0.315508 | 0.155844 | 0.404372
riboflavin 2 | 0.220472 | 0.307278 | 0.158442 | 0.382514
riboflavin 3 | 0.218182 | 0.320955 | 0.159794 | 0.389503
riboflavin 4 | 0.223377 | 0.31383 | 0.158031 | 0.359673
riboflavin 5 | 0.227513 | 0.324397 | 0.159269 | 0.365854
cholic acid 1 | 0.186667 | 0.176966 | 0.232 0.2
cholic acid 2 | 0.189474 | 0.160105 | 0.233244 | 0.228495
cholic acid 3 | 0.187831 | 0.16 0.213542 | 0.223404
cholic acid 4 | 0.18617 | 0.163102 | 0.231608 | 0.213333
cholic acid 5 | 0.195187 | 0.16129 | 0.224 0.2
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Table S3: Results of PCA Analysis of the Data of the Four Sensors
(data shown in Table S1)

Observation F1 F2 F3 F4
buffer 1 0.262 2.867 | -0.323 -0.071
buffer 2 0.074 2.691 | -0.363 -0.252
buffer 3 -0.228 | 1.789 | -0.359 -0.039
buffer 4 -0.091 | 1.933 |-0.419 -0.059
buffer 5 -0.172 | 2.103 | -0.412 -0.160
15estradiol 1 0.945 -0.928 | -1.196 -0.231
15estradiol 2 1.152 -0.682 | -1.299 -0.007
15estradiol 3 1.173 -0.914 | -1.244 0.165
15estradiol 4 1.334 -0.855 | -1.277 -0.047
15estradiol 5 1.043 -0.659 | -1.331 -0.353
20estradiol 1 4.087 -0.252 | 0.610 -0.204
20estradiol 2 4.066 -0.047 | 0.583 -0.257
20estradiol 3 4.137 0.078 | 0.722 -0.244
20estradiol 4 3.670 -0.183 | 0.605 -0.310
20estradiol 5 3.800 -0.267 | 0.737 -0.169
15adenosine 1 -0.089 | 0.306 | -0.497 0.253
15adenosine 2 -0.088 | 0.428 | -0.450 0.432
15adenosine 3 -0.248 | 0.271 | -0.341 0.536
15adenosine 4 -0.050 | 0.182 | -0.424 0.624
15adenosine 5 -0.087 | 0.544 | -0.379 0.326
20adenosine 1 0.263 0.107 | 0.542 0.659
20adenosine 2 0.018 -0.128 | 0.683 0.423
20adenosine 3 0.155 -0.051 | 0.589 0.601
20adenosine 4 -0.114 | 0.053 | 0.517 0.670
20adenosine 5 0.063 -0.053 | 0.554 0.700
15riboflavin 1 -1.312 | -0.905 | -0.083 -0.551
15riboflavin 2 -1.447 | -0.875 | -0.141 -0.510
15riboflavin 3 -1.340 | -0.753 | -0.052 -0.020
15riboflavin 4 -1.320 | -0.956 | 0.133 -0.270
15riboflavin 5 -1.275 | -0.807 | -0.109 -0.094
20riboflavin 1 -0.631 | -0.980 | 0.058 0.278
20riboflavin 2 -0.730 | -0.923 | 0.108 0.179
20riboflavin 3 -0.661 | -0.930 | 0.033 0.178
20riboflavin 4 -0.786 | -0.933 | 0.115 0.030
20riboflavin 5 -0.702 | -0.942 | 0.095 0.016
15cholic acid 1 -1.775 | 0.389 | 0.434 -0.428
15cholic acid 2 -1.703 | 0.418 | 0.501 -0.233
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15cholic acid 3 -1.804 | 0.163 | 0.517 -0.221
15cholic acid 4 -1.773 | 0.402 | 0.479 -0.312
15cholic acid 5 -1.819 | 0.301 | 0.561 -0.388
20cholic acid 1 -1.282 | -0.158 | 0.247 -0.100
20cholic acid 2 -1.023 | -0.211 | 0.288 0.018

20cholic acid 3 -1.274 | -0.298 | 0.188 -0.008
20cholic acid 4 -1.336 | -0.237 | 0.497 -0.402
20cholic acid 5 -1.081 | -0.102 | 0.300 -0.149
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Table S4: Results of PCA Analysis of the Data of the Three Sensors
(without sensor ABA-AUNPSs, data shown in Table S1).

F1 F2 F3
buffer 1 0.581 | 19.388 | 0.788
buffer 2 0.312 | 17.148 | 2.579
buffer 3 0.044 | 7.433 0.631
buffer 4 0.143 | 8.592 0.907
buffer 5 0.093 | 10.313 1.755

15estradiol 1 1.697 | 3.276 5.957
15estradiol 2 2.612 | 2.189 3.165
15estradiol 3 2.589 | 3.400 1.119
15estradiol 4 3.018 | 3.069 3.485
15estradiol 5 2.170 | 2.013 9.554
20estradiol 1 10.564 | 0.199 0.237
20estradiol 2 10.640 | 0.016 0.059
20estradiol 3 10.700 | 0.011 0.237
20estradiol 4 8.234 | 0.094 0.003
20estradiol 5 8.601 | 0.178 0.605
15adenosine 1 0.073 | 0.111 0.029
15adenosine 2 0.088 | 0.273 0.774
15adenosine 3 0.009 | 0.094 2.000
15adenosine 4 0.103 | 0.016 2.668
15adenosine 5 0.065 | 0.537 0.348
20adenosine 1 0.008 | 0.061 10.202
20adenosine 2 0.077 | 0.003 6.445
20adenosine 3 0.004 | 0.000 9.319
20adenosine 4 0.056 | 0.031 10.050
20adenosine 5 0.011 | 0.000 11.237
15riboflavin 1 1.821 | 1.756 4.704
15riboflavin 2 | 2.039 | 1.664 4.465
15riboflavin 3 1.610 | 1.251 0.043
15riboflavin 4 | 2.022 | 1.875 0.692
15riboflavin 5 1.444 | 1.478 0.301
20riboflavin 1 0.444 | 2.276 1.223
20riboflavin 2 | 0.629 | 1.939 0.654
20riboflavin 3 0.481 | 2.035 0.491
20riboflavin4 | 0.768 | 1.934 0.074
20riboflavin 5 0.631 | 2.000 0.040
15cholicacid 1 | 3.387 | 0.736 1.184
15cholicacid2 | 3.134 | 0.816 0.078
15cholic acid 3 | 3.607 | 0.262 0.042
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15cholic acid 4 | 3.380 | 0.777 0.362
15cholic acid 5 | 3.804 | 0.569 0.574
20cholic acid 1 | 1.720 | 0.010 0.009
20cholic acid2 | 1.181 | 0.039 0.173
20cholic acid 3 | 1.622 | 0.120 0.025
20cholic acid 4 | 2.431 | 0.018 0.681
20cholic acid 5 | 1.351 | 0.000 0.034
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