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ABSTRACT: Amyloid-f oligomers (ABO) have become a representative biomarkers for early diagnosis of Alzheimer's
disease. Here, we report on an aptasensor based on stem-loop probes for a sensitive and specific detection of A oligo-
mers by an amperometric transducer principle using alternating current voltammetry (ACV). Stem-loop probes with re-
dox-active moieties are immobilized on a gold substrate as receptor element. The signal transduction mechanism relies
on redox ferrocene (Fc) reporting via charge transfer on a molecular recognition event involving a conformational change
of the molecular beacon. The stem-loop structures were optimized by considering the aptamers’ stem length, spacer, and
different ferrocene terminals. In addition, the sensor assembly and signal recording including aptamer concentration and
ACV frequency dependence are discussed. Using the optimized stem-loop probe (B-3’ Fc), the aptasensor showed a de-
crease of the Fc peak current induced by ABO binding within the broad concentration range spanning six orders of mag-
nitude. Furthermore, the detection limit of the sensor can be further decreased by optimizing the ACV frequency, howev-
er at the costs of a narrowed detection range. In this work a label-free electrochemical aptasensor is demonstrated that
facilitates the quantification of the concentration of A oligomers with high selectivity and subpicomolar sensitivity,

which may be conducive to improve the diagnosis and pharmacology studies of Alzheimer's disease.

Alzheimer’s disease (AD) is the most common chronic
neurodegenerative disease characterized by progressive
and irreversible cognitive decline." Fibrous amyloid pla-
ques in human brain slices have implicated that the pa-
thological causes of AD are closely related to amyloid
(AP) peptide aggregation. In the past long time, insoluble
AP fibrillary aggregates found in extracellular plaques
have been thought to be the main reason of AD.* Recent
experimental studies on AP peptide as well as various
animal model studies suggest that small, aqueously so-
luble oligomeric forms of amyloid-p are more cytotoxic
than fibrillar AB aggregates. Those first ones also inhibit
many critical neuronal activities, including long-term
potentiation (LTP), alter synapse physiology and memory
loss in vivo and in culture soluble forms of AP assemblies
cause substantial neuronal dysfunction even before the
appearance of amyloid plaques.>* Therefore, soluble amy-
loid-B oligomers (ABO) have been used as believable
molecular biomarkers for AD early diagnosis and therapy
targets for clinically therapeutic intervention.

Many methods have successfully implemented the detec-
tion of ABO, for example, sFIDA, SPR biosensor, fluores-
cent sensor, and ELISA.>® These methods are usually
time-consuming, high operation cost, labor intensive or
lack selectivity. Therefore, there is a continuing demand
for simple and sensitive methods for the selective assay of
neurotoxic ABO. Electrochemical biosensors represent a
rapid, cost-effective, highly sensitive alternative for ana-
lyte detection at the point-of-care. Electrochemical bio-
sensors are widely used for monitoring biomarkers of
patients with chronical diseases and possess great minia-
turized and personalized potential for medicine (diagnos-
tic tests to guide therapy) due to the fast response, high
sensitivity, and simple operation.” However, there is still
a great challenge for ABO assay due to the coexistence of
AP monomers and fibrils in samples. Moreover, ultralow
concentration detection of ABO is required, which call for
a low limit of detection (LOD) to support accurate diag-
nosis and reduce the amount of sample.



To address this issue, aptamers with high affinity and
specificity for ABO were selected by the combination of a
gel-shift assay and a competitive screening method.”
Aptamers are single-stranded DNA or RNA sequences
isolated from nucleic acid libraries via Systematic Evolu-
tion of Ligands by Exponential enrichment (SELEX)."
They are known to interact with its respective targets by
form conformational unique 3-dimensional structures.”
Molecular beacons (MB), first developed by Tyagi and
Kramer in 1996, are single stranded oligonucleotide
probes that adopt a stem-loop configuration by intramo-
lecular base pairing with a fluorophore/quencher pair
that possess a stem-loop structure. MB are mainly used
for DNA sequence detection based on changes in fluores-
cence intensity.” In addition to optical biosensors, MB
can also be replaced their fluorophores with redox groups
for electrochemical probes.” The stem-loop structured
DNA probes are superior to linear probes in several as-
pects for the detection of target molecules.” The greatest
advantage regarding stem-loop aptamers is the strong
conformational change induced by the target binding and
the reduction of the degree of freedom of the aptamer,
which leads to increased background currents due to
unspecific charge transfer.

In our previous work, an impedimetric label-free aptasen-
sor utilizing an ABO specific aptamer has been proposed
and used to monitor the AP peptide aggregation, however
the limit of detection is still in the range of several tens of
picomol due to the impedimetric transducer principle.’
To further improve the sensitivity of the aptasensor to-
wards ABO, we report in this work on a novel molecular
beacon-based electrochemical aptamer-based (E-AB)
sensor for amperometric detection of ABO. To our know-
ledge, this is first work related to immobilization process
and stem-loop structures optimization of aptamer specific
to ABO. Amperometric detection schemes rely on charge
transfer between the electrode and redox probes that are
either attached to the receptor and/or diffuse in the solu-
tion phase.”® Here, alternating current voltammetry
(ACV) was used to operate the sensor with surface con-
fined redox processes, which facilitates low noise levels
and in principle also simultaneous detection of various
targets. The surface tethered stem-loop probes are dually
labeled with a thiol group at the proximal end for surface
coupling and a redox group ferrocene (Fc) at the distal
end for signal reporting. To optimize the aptasensor sen-
sitivity for ABO, variations of the stem-loop aptamers’
structures including stem number, ssDNA length, loca-
tion of redox probe at 3’ or 5’ terminal end, and spacer
length are tested. Furthermore, aptamer immobilization
concentration and the ACV detection parameters are
studied. The obtained amperometric aptasensor was
found to exhibit not only a high sensitivity, selectivity and
reproducibility for ABO detection but also an adaptable
range of detection and detection limits down to the sub
picomolar range by appropriate selection of ACV signal
recording conditions. Our aptasensor provides reliable
and reproducible data for the quantification of a target

molecule, which can endow affordable biosensors with
superior sensitivity and specificity.

EXPERIMENTAL SECTION

Chemicals and devices. DNA oligonucleotides used in
this work were HPLC-purified and obtained from FRIZ
Biochem Gesellschaft fiir Bioanalytik GmbH (Neuried,
Germany). The sequences are listed in Table S1 and their
structures are shown in Scheme 1. Tris (hydroxy-methyl)-
aminomethane hydrochloride (Tris-HCl), sulfuric acid,
magnesium  chloride, sodium chloride, tris-(2-
carboxyethyl) phosphine hydrochloride (TCEP), potas-
sium chloride, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
and 6-mercapto-1-hexanol (MCH) were purchased from
Sigma-Aldrich. Ethanol and isopropanol were obtained
from Merck. AB peptide (ABi-40, 4 kDa) was purchased
from Peptide Institute Inc. (Japan). All other chemicals
were analytical grade.

All of the solutions were prepared with Milli-Q water
purified through a Milli-Q ultrapure water system (18.25
MQ cm, Gradient A1o, Merck Millipore, Burlington, USA).
The following buffers were used in this study: high salt
Tris-HCI buffer (1omM Tris, 1.5 M NaCl, 1 mM MgClz, pH
7.4), low salt Tris-HCI buffer (tomM Tris, 150 mM NaCl, 5
mM KCl, pH 7.4). Artificial cerebrospinal fluid (aCSF) was
prepared by dissolving 150 mM NaCl, 3.0 mM KCl, 1.4 mM
CaCl2-2H20, 1 mM NaH2PO4, and 0.8 mM MgCl2-6H20
in MilliQ water. In order to demonstrate the potential
usefulness of the developed sensor, 45 mg dL-1 human
serum albumin was added to the aCSF to imitate detec-
tion conditions as realistic as possible. AB peptides in-
cluding Ap monomers (ABM), ABO, and A fibrils (ABF)
were prepared as described by Tsukakoshi et al (see Sup-
porting Information).”

ST4: 5'Fc-(CH,)-GCCTGTGGTGTTGGGGCGGGTGCGAGGC-(CH,)s-S-S-(CH,)s-OH-3'
ST5: 5'-Fc-(CH,)-GCCTGTGGTGTTGGGGCGGGTGCGCAGGC-(CH,)5-S-5-(CH,)g-OH-3'

ST6: 5-Fc-(CH,);-GCCTGTGGTGTTGGGGCGGGTGCGACAGGC-(CH,)g-S-S-(CH,)s-OH-3'

A-3'Fc: 5'-OH-(CH,)s-S-S-(CH,)-CCAACGCCTGTGGTGTTGGGGCGGGTGCG ~(CH,)s-Fc-3'
A-5'Fc: 5-Fc-(CH,);-CCAACGCCTGTGGTGTTGGGGCGGGTGCG ~(CH,)g-8-S+(CH,)s-OH-3'
B-3'Fc: 5-OH-(CH,)y-S-S-(CH,);-CGCACGCCTGTGGTGTTGGGGCEGETGCG-(CH,)s-Fo-3'
B-5'Fc: 5-Fc-(CH,)-CGCACGCCTGTGGTGTTGGGGCGGGTGCG-(CH,)g-S-S-(CHy)e-OH-3'
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Scheme 1 Mechanism for aptasensor detection based on a
stem-loop aptamer.
Electrode cleaning and pretreatment. Prior to surface
coating, the gold rod working electrode (AuR) was po-
lished sequentially using alumina slurries with the diame-
ter 0.3 pm and o.05 pm for 5 min to become specular.
Then, the polished AuR was ultrasonically cleaned in
ethanol, isopropanol and Milli-Q water for 5 min, respec-
tively. The rinsed electrode was electrochemically cleaned
in 0.5 M NaOH (voltage sweeps from -1.5 V to o0 V, 500
scans at a scan rate of 4 V s-1) and 0.5 M H2SO4 (voltage
sweeps from o V to 1.5 V, 100 scans at a scan rate of 1V s-1)
by cyclic voltammetry to obtain a clean gold electrode



surface. The Electrode area can be determined by running
a cyclic voltammetry (CV) cycle in a fresh o0.05 M H,SO,
solution from o V to 1.35 V at a scan rate of 01 V s
Finally, the electrode was rinsed with Milli-Q water and
dried at ambient temperature for further use.
Preparation of the aptasensor. The DNA stock solution
was activated in 10 mM TCEP for 1 h to cleave disulfide
bonds and then diluted to different concentrations with
high salt concentration Tris-HCI buffer. Self-assembly was
carried out by inserting the cleaned gold electrodes in 400
pL thiolated stem-loop ssDNA solution in the dark for
overnight. After that, the electrode was slowly rinsed with
3 mL Milli-Q and Tris-HCL buffer to remove non-bonding
materials. The above electrode was immersed in 0.1 mM
MCH for 1h to prepare a compact self-assembled mono-
layer (SAM) by covering the remaining bare regions. Fi-
nally, to remove the unattached MCH and any excess
probe DNA physically adsorbed on the electrode surface,
the electrode was rinsed thoroughly to obtain the stem-
loop aptasensor with 6 mL Tris-HCI buffer and Milli-Q
water. For ABO assay, the aptasensor was incubated in
various concentrations of the complementary target for
30 min. After incubation, the electrode was rinsed by Tris-
HCI buffer to remove non-specifically adsorbed target
ABO.

Electrochemical measurements. All measurements were
performed on a three-electrode cell at room temperature,
including the gold rod electrode with 2 mm diameter
(AuR) as working electrode, a platinum wire as counter
electrode, and a saturated Ag/AgCl electrode as reference
electrode. ACV measurements were performed using an
Autolab PGSTAT302 (Eco Chemie, Netherlands) with
NOVA software in Tris-HCI buffer (10 mM Tris, 150 mM
NaCl, 5 mM KCl, pH 7.4). ACV scans ran between o V and
0.6 V with potential steps of 0.005 V, modulation ampli-
tude 0.025 V, modulation time 0.4 s and interval time 0.8
s. All experiments were carried out at least three times to
ensure the repeatability of the response trend and calcu-
late the relative standard deviation (R.S.D). The concen-
trations of aptamers and ABO were determined with a
UV/Vis/NIR spectrometer Lambda goo (Perkin Elmer,
USA).

AFM measurements. AFM imaging was performed using
a Nanoscope Multimode 8 microscope (Bruker) equipped
with a piezoelectric scanner and aluminum back coated Si
cantilevers from Bruker (OTESPA-R3) with a resonant
frequency range of AFM cantilever 15 - 300 Hz, and
number of pixels 512 x 512 at scan rate 1 Hz, scan size 0.5
pm. A bare gold (111) single crystal disk was used as model
electrode surface. The activation and cleaning of the sin-
gle crystal was done by thoroughly rinsing it in ethanol,
isopropanol, and Milli-Q water. After drying, the crystal
were annealed for 10 min in a hydrogen flame and cooled
down to room temperature in an argon stream. The sub-
sequent aptamer modification and target detection were
done as described in section 2.4.

RESULTS AND DISCUSSION

Principle of the aptasensor. To construct an amperome-
tric Fc-based aptamer biosensor for ABO, we employed
surface-immobilized stem-loop ssDNA molecules as rec-
ognition elements and ferrocene as redox label. The stem-
loop receptor, dually labeled with thiol and ferrocene, has
been designed such that it has two five-base sequences at
the terminal ends of the aptamer-probe, so that the DNA
strand will be closed and form a double-stranded stem
structure by thermostable paring. The concept of ABO
detection based on a stem-loop aptamer is shown in
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Scheme 2 Oligonucleotide sequences used in this work.
Red letters indicate nucleotides that were inserted into
the original aptamer sequence to form a stem loop either
with nucleotides of the original aptamer sequence ((blue
letters) or with inserted nucleotides (pink / yellow letters)
at the end of the DNA.

Scheme 2. After cleaning the gold electrode surface, the
stem-loop probe is assembled at the electrode interface to
form a SAMs through DNA-thiol bonding. Then the re-
maining uncovered areas of the electrode are blocked by
MCH decreasing unspecific adsorption. Directly after the
formation of the mixed monolayer, the immobilized
stem-loop probes exist in their “closed” state in the ab-
sence of target ABO, at which the ferrocenes are localized
close to the electrode surface facilitating an efficient elec-
tron transfer and consequently enabling the measure-
ment of high redox currents. After administration of the
target ABO, it binds to the ssDNA and brakes the stem,
which causes a transformation of the DNA into the “open”
conformation. This increases the distance between ferro-
cene and the electrode surface, which diminishes the
charge transfer current. Since the electron transfer de-
pends exponentially on the distance between donor and
acceptor, even small changes in the aptamer conforma-
tion can be efficiently probed by the amperometric detec-
tion scheme.

Atomic force microscopy (AFM) was used to investigate
the step by step modification of the sensor electrode and
the binding of ABO to the aptamer modified surface (Fig-
ure 1). A bare gold (1) single crystal disk was analyzed by
AFM as a reference surface to provide a surface smooth
enough to allow an unambiguous mapping of morpholog-
ical changes during surface modification. Figure 1 shows
three rows of images with the top view topography in the
first row, a cross section corresponding to the respective



white lines in the second row, and a 3D image in the bot-
tom row to visualize the stepwise increase of the surface
roughness.

The AFM images of the bare Au electrode exhibit atomi-
cally flat Au terraces with monoatomic steps (step height
approx. 2A) on the left side (Figure 1A, E, and 1).*° The
corresponding cross-section shows a flat line with sub-A
corrugations originating mainly from the noise of the
AFM system indicating a clean and adsorbate free surface.
After aptamer immobilization, several 3D topographical
features can be observed. Firstly, one can still see monoa-
tomic steps and also holes. The latter can be assigned to
defects in the topmost gold layer generated during apta-
mer immobilization, which is commonly found for thiol-
based SAMs.”** Secondly, corrugations are present on the
terrace as well as surrounding the monoatomic holes,
which possess feature heights of around 1 nm and can
presumably be assigned to unordered aptamer molecules,
(Figure 1B, F, and ]). Since the concentration of the apta-
mer solution was low and no blocking MCH was applied
until this preparation step, it can be assumed that the
immobilized ssDNA lie down on the surface, which is
supported by the small feature height (smaller than ap-
tamer length). After blocking the remaining free Au areas
with MCH, the monoatomic defects disappeared. The
surface exhibits a large number of homogeneously distri-
buted hillocks (Figure 1C and G) with heights of 1.5 nm *
0.5 nm (see particle analysis, Supporting Information,
Table S2), suggesting that the aptamer receptors form
small domains of generally upstanding ssDNA sur-
rounded by short chain MCH molecules. Apparently, a
phase separation takes place between polyanionic apta-
mers and MCH with hydrophobic alkyl chains. At last, the
surface morphology of the Au crystal was studied after its
incubation in ABO medium. The AFM analysis revealed a
significant increase in the height of the hillocks confirm-
ing the formation of aptamer/ABO complexes with
heights of 3.1 nm + 0.9 nm. The surface roughness of the
Au crystal continuously increased during the modification
sequence from bare gold, via aptamer and MCH adsorp-
tion to the ABO binding from 0.08 nm, 0.33 nm, 0.51 nm
to 0.94 nm, respectively. These results are also manifested
in the corresponding 3D AFM height images (Figure 1I-L)
and particle analysis (see Supporting Information, Figure
S1and Table S2).

Figure 1 Tapping mode AFM images of gold surface be-
fore (A) and after aptamer (B), MCH (C), and ABO (D)
surface immobilization. Cross-section analysis (E-H) and
3D AFM height images (I-L) corresponding to A-D, re-
spectively.

Comparison of the aptamer Stem-Loop structures. The
aptamer oligonucleotide used in this work was selected by
Tsukakoshi et al'® using a competitive screening me-
thod.” In our work, we intended to develop an aptasensor
containing a stem-loop that shows signal off characteris-
tics, means that the redox current drops after target bind-
ing. In order to find the optimal stem-loop configuration
with the highest signal response, the stem length, spacer
length, and position of the ferrocene terminus were al-
tered. The relative suppression (SS) of the ferrocene fara-
day current (I-1,)/I, (%) was determined as the sensor
signal.

Effect of the Stem Length. The stem length is a key pa-
rameter that determines the response of the ssDNA-Fc
strand to its target. If the stem is too long or short, the
hairpin-like conformation doesn’t open or opens too easi-
ly, affecting the response signal of ferrocene upon target
administration. Hence the stem length of the stem-loop
must be properly chosen in order to obtain an optimal
balance: strong enough to form the hairpin structure but
also weak enough to be dissociated when target ABO
binds to the aptamer. Each base pair contributes to the
stem loop by a binding energy AG of approximately 5
kJ/mol.” The binding energy to the target needs to exceed
the energy sum of all base pairs. To obtain the optimal
stem length, we designed three DNA stem-loop probes
that contain different stem lengths between 4 and 6 base
pairs (ST-4, ST-5, and ST-6, shown in Table Si1 and
Scheme 2) and tested the sensing performance of the
corresponding aptasensors. Their responses to the same
concentration of ABO targets (10 pM) are shown in Figure
2A-C. Electrodes modified with ST 4 show unstable and
random ACV peak currents. The black lines represent
responses of the aptasensor in Tris-HCl buffer without
ABO (blank). The current response was unstable and
increased with the number of scans, indicating transient
stem-loop formation. After adding 10 pM APO, the cur-
rent decreased a little but subsequently increased again
(red lines). These results demonstrate that a stem length



of 4 base pairs is too short for our ssDNA sequences to
form a sturdy and stable stem-loop structure. For the
blank ST-5 probe, the current response became reproduc-
ible for repeated ACV scans. After adding 10 pM ABO, the
ST-5 aptasensor showed (34.8 + 2.0) % SS, while the apta-
sensor containing ST-6 exhibited only (20 + 3.6) % SS.
The signal difference between ST-5 and ST-6 suggests that
the stem formation strongly competes with the target
binding, if six stem base pairs are used. Consequently, the
stem structure is conserved, even if the target is present
for many of the surface tethered aptamer receptors and
the distance between Fc and electrode surface does not
change sufficiently. Among different aptamers with dif-
ferent stem length, the ST-5 showed the best detection
performance towards APO. Therefore, we chose the
ssDNA sequence containing a stem-loop with 5 base pairs
(ST-s5) for the subsequent tests.

In the following, two additional design motifs are intro-
duced for our oligonucleotide aptamers namely additional
based pairs that are forming the stem and the location of
the redox probe as well as the thiol linker, are inverted. At
first, additional stem forming bases were added either on
both sides of the aptamer strand or alternatively, on only
one end leading to ssDNA molecules with 34 (named
Probe A) and 29 bases (named Probe B), respectively.
Probe B forms the stem between additional and own
bases while Probe A uses exclusively additional bases for
the stem on both terminal ends. The second design motif
concerns the location of the thiol linker and the redox
probe. DNA with thiol at the 5’ end and ferrocene at the 3’
end are named 3’ Fc. Conversely the DNA with 3" end
thiol and 5" end ferrocene are termed as 5’ Fc.

Effect of the oligonucleotide length. Comparing the SS of
the different aptamer receptors responding to 10 pM ABO,
aptamer A always gave a lower signal decrease than ap-
tamer B, independent whether the redox probe was lo-
cated at the 3’ or 5" terminal end, Figure 2D. This might be
caused by two main reasons: firstly, aptamer B is shorter
than aptamer A, tending to form more compact and sta-
ble SAMs. Singh et al. reported that single-stranded DNA
with short chains (less than 10 bases) or long chains
(more than 30 bases) does not produce appropriate films
because of the self-protection mechanism observed dur-
ing DNA surface film formation.** This means that long
chains will intertwine with neighboring strands rather
than interacting with the electrode material, inhibiting
the film growth. Second: the long sequence of aptamer A
makes the formation of stem-loop structures less favora-
ble due to entropic reasons.”® Therefore, short-length
aptamer B oligonucleotides including 29 bases were cho-
sen for the further design optimization of the stem-loop
DNA probe for ABO sensing.
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Figure 2 ACV curves recorded towards 10 pM ABO in 10
mM Tris-HCl + 150 mM NaCl + 5 mM KClI at ST-4 (A), ST-
5 (B), and ST-6 (C) aptasensor; (D) The SS of the different
oligonucleotide-length aptamer sensors A-3'Fc, A-5'Fc, B-
3’Fc, and B-5'Fc responding to 10 pM ABO; The effect of
location of thiol and ferrocene (B and E) and spacer (B
and F) on ABO response.

Location of thiol and ferrocene at 3’ or 5°. The position
of the thiol binding and Fc redox group also affects the
aptamer sensing performance for the same DNA oligo-
nucleotide sequence and length. A comparison of current
response of ST-5 (5" Fc, Figure 2B), B-3’Fc modified elec-
trodes (Figure 2E) exhibited a higher SS of 39 + 1.2 % in
comparison to 34.8 + 2.0 %, respectively, which can be
attributed to two differences in the stem-loop structure.
On the one hand, narrow and well defined peaks are ob-
tained for 3’-terminal Fc aptamers, while aptamers with
redox probes attached to the 5'-terminal end showed
broad peak shapes. This is because the 3’ Fc group reaches
the electrode surface easily and facilitate a reversible
heterogeneous electron transfer.”® The total amount of 3’
terminal Fc group can be correlated quantitatively to the
height of the anodic or the cathodic peak corrected from
the background current.

On the other hand, also the attachment of the two apta-
mer receptors on the electrode is different due to the
opposite position of the thiol binding moiety. 3’ thiol
groups can access to gold surface better than those at-
tached to the 5’-terminal end, enables higher surface
density of aptamer receptors.” The estimation of the
aptamer density by chronocoulometry confirms this as-
sumption (see Supporting Information, Figure S2). The
density of B-3'Fc aptamers deposited from 1.0 pM solu-
tions is with 2.75 *10” molecules cm™ nearly 50 % smaller
than those of B-5’ Fc aptamers deposited from a solution
of the same concentration. This low value for B-3’Fc ap-
tamers indicates that the chains are sparsely grafted on
the electrode surface as non-interpenetrating polymer
coils.”® Our aptamers form a parallel G-quadruplex struc-
tures after target binding, which is relatively bulky and
requires much space for ABO recognition. It should be
noted that optimal stem-loop ssDNA probe density is 2.4
- 5.0 times lower than that of linear ssDNA probes on the
same surfaces,” indicating that the stem-loop requires
more space to unfold upon target immobilization. Hence,
3’-terminal redox and 5'-terminal thiol labeling provides
apparently the highest SS and is therefore the most ap-



propriate single-stranded oligonucleotide receptor for the
detection of ABO.

Effect of spacer. Another possible aspect that contributes
to the large SS (39 + 1.2 %) of B-3’ Fc in comparison to B-5’
Fc (319 + 1.9 %) modified receptors is that the added
bases are located at the terminal bound to the surface,
which could act as a spacer for B-3’ Fe. In order to study
the effect of a spacer group on the sensor performance,
we compared the response of AuR electrodes modified
with B-5’ Fc and ST-5 modified (Fc also on 5’ terminal end)
towards administration of 10 pM APO. Figure2B and F
show that ST-5 modified AuRs exhibit a bigger signal
decrease of about 34.8 + 2.0 % than that of B-5" Fc of 31.9
+ 1.9 %. Moreover, the ST-5 modified sensors (Figure 2B)
exhibited a stable peak potential before and after ABO
binding compared to B-5’ Fc modified sensors (Figure 2F).
It has been reported that aptamers, where the unit under-
going the conformational change is located close to the
electrode surface, may not be able to fold into the three-
dimensional structure necessary for target recognition
due to steric hindrance.* Therefore, the incorporation of
a spacer can render a molecular probe attached to a solid
support more accessible to its target, which has been
proven to be an effective strategy to increase the sensitivi-
ties of ssDNA based sensors.” In summary, considering
the effects of stem length, oligonucleotide length, thiol
and Fc terminal position, and spacer, oligonucleotide B-
3'Fc exhibits the highest signal and is chosen as the op-
timal receptor in the next experiments.

Optimizations of the analytical parameters. Since the
breaking of the stem affects the dynamics of the DNA
associated redox probe signaling, the sensor performance
sensitively depends on the receptor immobilization con-
dition, which can affect the blank (background) and the
target responses, see above. To determine the optimal
receptor concentration, Fc tagged aptamer probes were
immobilized on the AuR electrodes in a concentration
range of 0.1 to 1.5 pM (see Supporting Information, Figure
S3). A concentration of 1.0 pM aptamer was found to give
the highest value of Al/I,. This concentration of Fc tagged
ssDNA receptors was used for all subsequent experiments.
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Figure 3 Effects of ACV frequency on ABO detection
response from 5 to 40 Hz: A-D: ACV responses of apta-
sensor towards different concentrations of ABO; E: apta-
senor responses to blank, 10 pM, and 0.1 nM ABO at dif-
ferent frequency; F: aptasenor responses towards 10 pM
ABO at different frequency.

Further, to elucidate the influence of the incubation time
on ABO binding, the aptasensor response after 10 min to
50 min analyte exposure were recorded and shown in Fig.
S3B. A saturation of the sensor signal was achieved after
3omin. Considering sensor response and efficiency, an
incubation time of 30 min was used for all further expe-
riments.

Next, the effect of the applied AC frequency on the signal
gain was investigated. For amperometric sensors that
employ a surface-immobilized reversible redox label, the
redox signal depends inherently on the applied frequency
in ACV measurements (Figure 3).>* For B-3’ Fc receptors
(Figure 3E), the redox current from Fc group increased
between 1 Hz and 10 Hz and dropped from 10 Hz to 40 Hz
in the absence of ABO (blank). A similar trend was ob-
served for sensors in the target-bound state (10 pM and
0.1 nM ABO). The peak current should be proportional to
the AC frequency when the frequency is sufficiently lower
than the electron-transfer rate. However, as the applied
frequency reached a threshold value where electron trans-
fer can no longer keep up with the oscillating potential,
the peak current diminished relative to the background
current.” Since the % SS is determined using both the
pre- and post-binding currents, it also depends on the
applied frequency. The distance between redox group and
electrode is larger for the target bound state of the ap-
tamer in comparison to the stem-loop, which results in a
drop of the current at lower frequencies for the former.
The relative difference between target bound and stem-
loop currents was largest for 20 Hz, which can be consid-
ered as the optimal AC frequency providing the best sen-
sitivity of the target detection. However, the high sensi-
tivity came on the costs of a smaller detection range, since
the currents droped to zero already at relatively low ana-
lyte concentrations of 10 nM ABO or higher. Therefore,
we chose 20 Hz for the detection of low amounts of ABO,
and 10 Hz to achieve a wide dynamic range of detection.
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Figure 4 (A) ACV curves obtained at B-3' Fc modified
AuR upon different concentrations of ABO applied 10 Hz,
(B) The calibration curve for ABO from 1 pM to 1500 nM.



(C) ACV curves obtained at B-3' Fc modified AuR upon
different concentrations of ABO from applied 20 Hz, (D)
The calibration curve for ABO from o.1 pM to 10 nM.
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Figure 5 (A) Selectivity of the developed aptasensor to-
wards 10 pM ABM, ABO and ABF in 10 mM Tris-HCl + 150
mM NaCl + 5 mM KCI. (B) Stability of the aptasensor
signal towards 1 pM ABO stored in 4°C fridge for 7 days
and 14 days.

Performance of aptasensor for APO. To demonstrate the
versatility of the optimized oligonucleotide probe, we
used AuR electrodes modified with B-3’ Fc oligonucleo-
tide probe to detect ABO via disrupting the stem-loop
structure. The sensitivity of the electrochemical aptasen-
sor for the target assay was determined by varying the
ABO concentrations. The sensor showed a logarithmic
concentration-dependence in the range from 1.0 pM to
1500 nM, saturating at 1500 nM, when a frequency of 10
Hz was applied (Figure 4A). The calibration equation was
SS (%) = 8.5 IgC + 58 with a correlation coefficient of 0.991
(Figure 4B). The signal at detection limit was 6.5*10° nM
defined as 3 times the standard deviation and the blank
signal. Similarly, at an applied frequency of 20 Hz, the SS
possessed a logarithmic dependence on the ABO concen-
tration from 0.1 pM to 10 nM. The calibration curve was
determined to be SS (%) = 13.4 1gC + 35.8 with a correla-
tion coefficients of 0.999 (Figure 4C and D). At an applied
frequency of 20 Hz, the aptasensors possessed a narrower
linear range (from 0.1 pM to 10 pM) but a lower detection
limit of 0.002 pM compared to the situation where a fre-
quency of 10 Hz is applied. Compared to the existing ABO
assays (Table S3, the Supporting Information), the pro-
posed aptasensor showed lower detection limits and has a
wider concentration detection range. The sensor is sensi-
tive enough for the detection of low concentration of ABO
in aCSF and covers the human physiological levels for
ABO. More importantly, this method obviates the utiliza-
tion of enzyme-linked antibody and expensive instru-
ments, thus reducing the operational complexity and
assay cost.

To evaluate the selectivity of the ssDNA molecular beacon
against ABO, control experiments were performed using
10 pM ABM and APF as interfering targets. As shown in
Figure 5A, a significant SS of about 40% was observed
induced by the interaction of the aptamer probe with
ABO, while the signal caused by the other AP peptides
was significantly lower. Nevertheless, there was also an
approximately 10% SS caused by the presence of ABM and
APBF for our aptasensor, maybe owing to residual ABO
generated during the preparation of ABM and ABF sam-
ples. However, this result indicates that ABO binds to its

aptamer with higher affinity than other AP forms and the
molecular oligonucleotide redox beacon shows a high
selectivity toward ABO.

The long-term stability and reproducibility of the sensing
interface are important factors for the development and
practical implementation of an aptasensor. The stability
of the electrochemical aptasensor was tested over a period
of two weeks, Figure 5B. After each measurement, the
aptamer sensor was stored in a Tris-HCl buffer solution at
4 °C. It was observed that the aptasensor could still retain
within 80% of its initial response, indicating that the
developed aptasensors attain a sufficient stability for ABO
detection. The relative standard deviation (R.S.D.) of
reproducibility at one modified electrode was calculated
to be 1.2% for 3 successive determinations of 10 pM ABO.
For 3 different aptasensors, the R.S.D was 3.0%.

ABO levels in cerebrospinal fluid is related to AD pathol-
ogy, therefore the detection assay of ABO in real samples
could become a powerful tool for clinical diagnosis of AD.
To demonstrate the versatility of this aptasensor, ABO
detection was tested in aCSF containing human serum
albumin, as illustrated in Table S4. Our data showed ac-
ceptable conformance of 108% to 19% with data obtained
for the calibration curves, indicating good accuracy and
validity of the developed assay for ABO detection in aCSF
samples with proteins.

CONCLUSION

In this work, a simple and sensitive aptasensor based on
ssDNA stem-loop probes is proposed for the selective
detection of ABO by amperometric response change using
ACV. To obtain satisfactory performance, we have opti-
mized systematically the stem-loop structures, including
stem number, oligonucleotide length, location of redox
probes, sequence, and spacer. At the end, a stem loop
with 5 base pairs and a ferrocene label attached to the 3’
terminal end was found to possess the highest signal
change caused by target binding. The proposed
aptasensor exhibited a wide concentration detection
range from o.1 pM to 1500 nM with a low detection limit
at a fM level, which is sensitive enough for the detection
of physiological concentration of ABO. We also found
that the detection range can be adjusted by varying the
ACV frequency, which facilitated either a low detection
limit or a broad detection range. A long-time stability test
yielded 80% conservation of the original signal after a
two-week storing period. In addition, a considerable
selectivity towards ABO over other AP protein species was
observed. These excellent sensor features as well as its
other characteristics, such as easy fabrication and opera-
tion convenience, make our new aptasensor a promising
alternative to conventional ABO analysis methods for
early diagnosis of AD.
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