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Abstract: We present an electrochemical sandwich-type assay
based on the splitting of an aptamer into two fragments. Gold
nanoparticles are modified with one of the fragments and a redox
polyelectrolyte. The first is used as the recognition element, while
the other for the electrochemical signal generation. The split-
aptamer used here can detect adenosine, used as a model system
for recognizing small molecules. The multiple binding sites on the
nanoparticle, along with the high number of redox probes, yield a
selective and sensitive assay for adenosine, achieving a limit of
detection of 3.1 nM and a linear range up to 75 nM. The obtained
results are analyzed in terms of the nanoparticle and electrode
architectures. The assay can be easily extended to other small
molecules and sandwich assays, representing a promising tool for
detecting metabolites at the nanomolar level.

1. Introduction

Metabolites are low molecular-weight molecules, also referred to
as small molecules, chemically transformed in biological
processes. In clinical chemistry, these molecules represent
useful markers for early diagnosis.l'"® The development of fast
and sensitive methods for their detection is an intensive area of
research replacing the traditional methods based on
chromatographic and spectroscopic techniques, which rely on
extensive sample preparation and time-consuming procedures.
Sensors represent an alternative, where a selective molecular
recognition process occurs, generating a physicochemical
change conveniently transduced to an electrical signal.
Aptamers have played a key role in the development of sensors
since they can be developed for a wide range of targets from
metal ions to cells, among them small molecules, where
adenosine and cocaine have been extensively used as model
systemsl>®, Other features of the aptamers include: its
synthesis does not involve animals; during the chemical
synthesis, modifications can be introduced at defined positions;
these biomolecules are way more stable than proteins and might
be dried without loss of activity.

In recent years, the sequence of several aptamers has been
split into two parts, maintaining their affinity,['™'¢ allowing the

detection of a species in a similar way than the antibody
sandwich assay. In a sandwich assay using electrochemical
signaling, the capture antibody is immobilized on the working
electrode surface and binds the analyte. A second labeled
antibody subsequently binds to the analyte for the signal
generation. Colloidal metal labels have been widely used in the
last two decades in this type of assay.l'"®l A similar approach
can be taken with the adenosine aptamer, whose original hairpin
sequence can be cut in the loop domain (Scheme 1A, left). 2%
The originated segments open a myriad of sandwich-like
strategies. These fragments have been used grafted on gold
nanoparticles (AuNPs) for colorimetric detection in solution,”! or
on surfaces as recognition elements in biosensors; in the last
case, as examples of transduction methods we can mention,
fluorescence,? surface plasmon resonance (SPR),®?Z and
electrochemical detection.®?! Electrochemical detection is a
very convenient method since it can be used in turbid samples,
a relevant issue in many clinical and biological studies, and due
to its hardware simplicity, a low cost per assay can be easily
achieved. The use of colloidal metal labels in sandwich assays
allows a sensitive response; however, most of the examples
presented in the literature involve the nanoparticle's chemical
dissolution, involving the addition of reagents and introducing
more steps to the detection process or complicated construction
schemes.[17:19:23]

In this work, we present an electrochemical sandwich assay able
to generate an output current at 0.3 V vs. Ag/AgCl using square-
wave voltammetry (SWV). The assay is based on the splitting of
the adenosine aptamer into two fragments (Scheme 1A), one
immobilized on the surface of the electrode (capture fragment,
C) and the other one (signaling fragment, S) is immobilized on
AuNPs. The AuNPs also contain a redox polyelectrolyte
(polyallylamine derivatized with an osmium polypyridyl complex,
OsPA) for the signal generation (AuNP/S/OsPA, Scheme 1B).
The functionalized nanoparticles play a crucial role in the figures
of merit of the assay since each nanoparticle presents several
aptamers for adenosine recognition, improving the binding
affinity, while the osmium redox centers distributed around all
the nanoparticle have a multiplicative effect in the signal
generation. In this way, each nanoparticle works as a
multidentate ligand improving its binding to the surface,



achieving state-of-the-art adenosine quantification with a limit of
detection (LOD) of 3.1 nM.
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Scheme 1. General principle of the split aptamer-based assays. (A) The original sequence of the adenosine aptamer (left) and the sequences used in this work
(C and S, right). Pentagons in blue represent adenosine molecules. (B) Recognition assay: the modified electrode (AuE/C) is exposed to adenosine and
AuNP/S/OsPA. After incubation, the amount of adenosine-aptamer complex is determined by square wave voltammetry (SWV).

2. Results and Discussion

2.1. Assay Concept

Scheme 1A (left) shows the DNA sequence used by Lin and
Patel in their structural studies of the DNA-adenosine complex.
This single-stranded DNA is composed of 27 nucleotides, which
folds into a hairpin structure in the presence of adenosine. The
nucleotides forming the loop are rich in guanine and are
responsible for the adenosine recognition (depicted as
pentagons in the scheme). At the left of the loop, 4 pairs of
complementary nucleotides help to stabilize the complex. If this
sequence is divided into two fragments by cutting it in the 14th
nucleotide (indicated by the scissor in the scheme), it can
reassemble in the presence of adenosine.” In order to adapt
these two new sequences to a sandwich-type assay, some
changes were introduced:! the top part was selected as capture
sequence (C) to be immobilized on a gold electrode surface; a
thiol group was added and the sequence extended with thymine
nucleotides and a short 5 nucleotide sequence (AGAGA)
(Scheme 1A, right). On the other hand, the bottom part of the
sequence (S) was modified at the 5' terminus with a thiol group
followed by 10 thymine nucleotides (Scheme 1A, right); while in
the 3" end, only four (in italics) of the eight nucleotides match
with the complementary C sequence. The S sequence binds to
the C sequence only in the presence of adenosine using these
modifications.[6-22.2526]

2.2. Gold nanoparticle functionalization

Layer by layer assembly is a powerful technique for the
construction of complex nanoarchitectures in small areas
through a simple method mainly based on electrostatic
interactions.’”%8]  This technique can be easily applied to
charged macromolecules such as polyelectrolytes,?3% proteins,
B1.321 and DNA.B® Considering that the aptamer and the redox
polyelectrolyte have opposite charges, we decided to combine in
the same nanoparticle the recognition element (S sequence)
and the amperometric transduction element (OsPA) by layer-by-
layer self-assembling. AuNPs were exposed to different
concentrations of S representing different S:AuNP molar ratios.
In Table 1, the different tested combinations are presented. The
nanoparticles were incubated in the presence of different
concentrations of S for 1 hour. They were centrifuged at 15000 g
(Scheme 2) and resuspended in 10 mM HEPES buffer, pH 7.4,
remaining stable in solution due to the negative charges
provided by the oligonucleotide phosphate moieties. The
generated combinations (AuNP/Sxx, Table 1) were exposed to
the same concentration of OsPA, incubated for 1 hour,
centrifuged and resuspended in HEPES buffer. Stable
suspensions are obtained in all cases in agreement with
previous results. 4371
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Scheme 2. AuNP modification steps, first with S and then with OsPA.

Table 1. Modification of AUNP with different S concentrations.

AuNP/S10  AuNP/SO5  AuNP/S02  AuNP/SO1
12.8 nM AuNP /uL 50 50 50 50
10 UM S/ uL 10 5 2 1
10 mM HEPES/ pL 40 45 48 49
final [S)/nM 1000 500 200 100
S:AuNP @ 156 78 31 16

[a] Ratio between final concentrations of S and AuNP. For AuNP, the final
concentration is 6.4 nM in all cases.

The morphology and the size of the AUNPs were determined by
TEM and UV-Vis spectroscopy (Figure 1), from these images,
we can observe that AuNPs have 21+3 nm diameter (n=22). In
Figure 1A, typical aptamer modified AuNPs can be observed,
while Figure 1B shows the same nanoparticles after modification
with the redox polyelectrolyte. The presence of the osmium

atoms is evidenced by a different contrast surrounding the AuNP.

The UV-Vis spectra obtained before and after functionalization
with S present a 2 nm shift in the maximum wavelength
absorbance; while after OsPA functionalization, this shift
increases in 4 nm, in agreement with the increase in the AuNPs
diameter!®22 (Figure 1C). Also, from the UV-Vis analysis of the
initial  solution and the supernatant recovered after
AuNP/S/OsPA centrifugation, it was possible to determine the
number of osmium probes assembled in each nanoparticle
yielding a AuNPs:Os molar ratio of 1:3.1x10%.
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Figure 1. AuNPs characterization. TEM image of A) AuNP/S and B)
AuNP/S/OsPA. C) UV-Vis spectra for AuNP (black), AuNP/S (blue) and
AuNP/S/OsPA (red). The numbers indicate the maximum wavelength
absorbance in each case.



The modified nanoparticles (AuNP/S/OsPA) were left to dry onto
an electrode surface and rinsed with water. Then, the adsorbed
NPs were tested to determine the presence of the osmium
probes in the nanoparticle (Figure 2). It can be observed that the
amperometric response increases as the amount of S used in
the modification of the AuNP increases. This behavior indicates
that the adsorption of OsPA is maximized on the nanoparticle
surface when the highest S concentration is used. Then, the
following experiments have been carried with AUNP/S10/OsPA.
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Figure 2. Square wave voltammograms for the different AuNP/Sxx/OsPA:
AuNP/S10/0sPA (red), AuNP/S05/0sPA (green), AuNP/S02/OsPA (blue),
AuNP/S01/0OsPA (black).

2.3. Surface modification

Gold electrodes were modified with the thiolated capture
aptamer (C) to form a self-assembled monolayer (SAM)
(Scheme 1B). Thiolated DNA probes bind to gold through the
specific Au-S interaction; however, nonspecific adsorption of
DNA occurs on gold due to its interaction with the nitrogen
atoms present in each nucleotide. The formation of mixed SAMs
with an inert mercapto-derivative improves the aptamer's
orientation toward the solution and reduces the nonspecific
binding.*® Among the most used thiolated species, we can find
mercaptohexanol®4% and polyethyleneglycol;®4" the last one
has shown a higher resistance to the nonspecific adsorption of
DNA and proteins. The gold electrode modification with C
(AUuE/C) was complemented with 5000 Da
mercaptopolyethyleneglycol (HS-PEG) at two different
concentrations, 10 and 150 uM. The anti-fouling properties of
both surfaces were tested, exposing them to AuNP/S10/0OsPA
for 4 hours. Even though in previous works, the use of 10 uyM
was enough to guarantee a low nonspecific binding, in our
assays, a higher concentration of HS-PEG was needed to
guarantee good coverage of the surface. In this condition, 150
UM, a drastic reduction of nonspecific adsorption was observed
(Figure S2, Supporting Information).

2.4. Assay performance

Once we obtained the most appropriate electrode surface and
modified AuNPs, we optimized the incubation time in adenosine
presence. In previous works, using split aptamers and
electrochemical detection, short incubation times were used (few
minutes); 23 however, the detected concentrations ranged from
micro- to millimolar. As the analyte and the aptamer
concentrations are relevant in the kinetics of the recognition
process, we decided to set longer incubation time to achieve the
detection at nanomolar levels. We found a signal saturation at
10 nM concentration if we incubate the sample for 4 hours.
Therefore, to balance a useful dynamic range with a competitive
limit of detection, we reduced the incubation time to two hours,
this time is similar to the one used by Wang et al. for low
adenosine concentrations.“? Figure 3 shows the calibration
curve obtained for samples ranging from 5 to 75 nM of
adenosine per duplicate, with a sensitivity of 82 nA nM™' cm™.
Each determination was carried out in a freshly prepared
modified electrode and subtracting an average background
current of two electrodes produced in the same batch. It can be
observed that the dynamic range covers all the tested
concentrations, and the calculated limit of detection is 3.1 nM of
adenosine (see Supporting Information). Also, good
reproducibility of the construction method is achieved since the
calibration curve involves 10 independent electrodes (10
samples at 5 different concentrations, each measured in a new
disposable electrode). From these series of measurements, only
one result was discarded as an outlier.

The major challenges to the assay selective are the presence of
nucleobases and their derivatives. These molecules generally
generate a small signal, around 2-10% of the adenosine signal,
but always remarkably similar among them.®*3-#6l This fact can
be structurally understood considering the NMR solved aptamer
structure. Adenosine is a nucleoside consisting of adenine, a
nucleobase derivative of purine, attached to a ribose. Lin and
Patel?¥ established that the aptamer’s two recognition domains
can locate two adenosine molecules through their adenine
bases inside the loop structure. On the other hand, Huizenga
and Szostak! have established that any modification on the
adenine structure difficult the aptamer recognition. In this sense,
the guanine base, another purine derivative, and its nucleosides
are the most similar molecules to be used as a negative control.
In this work, 2'-deoxyguanosine was used to test the selective;
Figure 4 shows the results obtained for this molecule against a
similar adenosine concentration. The difference between the
current obtained in the presence of 75 nM 2’-deoxyguanosine is
lower than the current obtained for 5 nM adenosine. This
response is similar to those observed in previous assays,®*3-46l
indicating that some random interactions between the aptamer
and these nucleosides exist, a plausible behavior since all of
them are molecules rich in amino and hydroxyl groups that form
hydrogen bonds.
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dotted line corresponds to the linear fitting.
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Figure 4. Square wave voltammograms for 75 nM adenosine (black), 75 nM
2'-deoxyguanosine (gray) and 75 nM adenosine plus 75 nM 2'-
deoxyguanosine (green).

One exciting feature of the results presented here is the assay's
ability to detect a concentration of adenosine as low as 5 nM,
considering the binding constant of the original aptamer (6
uM). This behavior can be explained if we picture each AuNP
as a molecule with more than one site to bind the
complementary DNA fragments present on the electrode surface.
Bearing in mind the size and composition of one nanoparticle,
and the area that covers when is bound to the electrode surface,
we can check if this represents a reasonable model. We carried
out quartz crystal microbalance experiments to evaluate the
amount of C fragment adsorbed on gold yielding a surface
coverage of 7.7 pmol cm2. On the other hand, considering the
average AuNPs diameter (21 nm), the projected area of the
whole particle onto the surface is 7.7x107'> cm2. If we consider
that the C sequences are homogeneously distributed on the gold
surface, there are around 16 C molecules below the projected
area to interact with a single AuNP (outlined in Scheme 3). The
number of DNA strands per nanoparticle can be estimated using
the results obtained by Mirkin’s group;*”! for AuNPs with a 21
nm diameter, an average of 100 strands per nanoparticle can be
considered. Given this number, more than one strand can be
found at the bottom part of the AuNP. Therefore, we can argue
that the modified nanoparticle is working as a multisite binding
nanostructure improving the formation constant of the adenosine
aptamer complex. Regarding the signal generation, the
presence of more than 30000 osmium probes per each
nanoparticle generates a multiplicative effect in the response,
improving its sensitivity.
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Table 2. Analytical performances of recently published methods for adenosine
detection

Method Dynamic Response LOD / nM ref
range /nM

Colorimetry 5-1000 Logarithmic 0.13 18]

Fluorometry Up to 320 Linear 2.4 1ol

Electrochemical 0.1-108 Logarithmic 0.1 1“3

Electrochemical 5-200 Linear 5 1441

Electrochemical 10-1000 Logarithmic 3 18]

Electrochemical 10-40 Linear 25 146]

Fluorometry Up to Linear 130 1501

6000

Photoelectrochemical ~ 0.01-1000  Logarithmic 3.3x10° 151
Electrochemical 5-75 Linear 3.1 This
work

We can consider that each nanoparticle works as a multidentate
ligand improving its binding to the surface, achieving a state-of-
the-art adenosine quantification with a limit of detection (LOD) of
3.1 nM, as it can be observed in Table 2, where our system is
compared to other works published in the last decade. It can be
observed in the table that those works presenting an expanded
dynamic range have the limitation to scale in a logarithmic way,
and the concentration can be determined in a semiquantitative
way (orders of magnitude). In particular, the work informing a
LOD of 0.1 nM is the result corresponding to the lowest
concentration determined, which in turn presents a significant

misfit with the determined regression curve (see Figure 4 in the
cited reference).? It is worth mentioning that in all the cases
reviewed for this work the old definition for LOD of S/N = 3 is
used, yielding a more favorable result, while in our system the
statistical analysis was carried out according to current IUPAC
guidelines (see Supporting Information).5?

3. Conclusion

This work describes an electrochemical based sandwich-type
assay. AuNPs are modified with a split aptamer and a redox
polyelectrolyte. The first DNA fragment is used as a recognition
element, while the other for the electrochemical signal
generation. The split-aptamer used here can detect a small
molecule, represented by adenosine; besides, the increasing
development of oligonucleotide engineering allows replication of
this strategy to other small molecules of toxicological or
metabolic relevance.l'™'®l The assay achieves state-of-the-art
figures of merit as it can be observed in Table 2.

In our assay, the redox polyelectrolyte surrounded the
nanoparticle provides a label that immediately can generate a
signal, in contrast to previous electrochemical sandwich
immunoassay involving metallonanoparticles, where the signal is
generated after several steps involving first a chemical
dissolution step, with the introduction of new reagents, followed
by an electrochemical step to complete the determination.['7-19.23]
Therefore, the combination of two dynamics areas of materials
science (nanotechnology and soft matter) can improve the
detection limit of a recognition assay by generating the
equivalent to a macromolecule constituted by a scaffold with
multiple binding sites and multiple signal-generating moieties.
This concept is represented here by the AuNP (scaffold)



containing several aptamers (multiple binding sites) and the
redox moieties (signal generation).

These features also lead to other advantages. For example, the
analysis can be performed using a low volume of liquid (25 pL);
eventually, it can be carried out in turbid media, and it involves
low-cost instrumentation, represented here by a disposable
three-electrode system (Figure S3), that it can be immediately
adopted to field-portable devices. In particular, the materials
involved in this work are screen-printed electrodes, produced by
a well-established technology used in the fabrication of glucose
strips®¥ and gold nanoparticles, widely used in chromatographic
immunoassay.® The results presented here regarding linearity
and limit of detection, where all the samples were tested on new
freshly modified electrodes indicate that the system is
reproducible and, therefore, scalable, representing a promising
tool in bioassays that can be easily adopted to other analytes,
providing a sandwich type recognition system.

Supporting information Summary

Experimental section and statistical analysis are presented in
this part.
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Insert graphic for Table of Contents here. ((Please ensure your graphic is in one of following formats))

e Adenosine
AN capture sequence c00. swv
ooy ‘5‘
A signaling sequence s 500
gold nanoparticle
400

é'
e redox polyelectrolyte \'\i” %,g‘p i‘“ gy
- 300
éz 2 2 é ; current 100
d é 0 0.10 0.20 0.30 0.40 0.50
e E/V vs Ag/AgCl

Integrating advantages. Modification of AUNP with a split aptamer and a redox polyelectrolyte produces a sensitive electrochemical
sandwich assay for adenosine; the redox polyelectrolyte surrounded the nanoparticle provides a label that immediately can generate
a signal using square wave voltammetry on a modified screen-printed electrode. The method's sensitivity opens new alternatives for
detecting metabolites through a simple amperometric assay using well-established components of the dignositics industry.
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