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In this study, beta-amyloid (APu_42)), an essential biomarker for diagnosing Alzheimer’s disease (AD), was
detected via an electrochemical aptasensing platform. Here, an innovative signal transducer was developed using
a COq laser-ablated 3D-printed electrode modified with leaf-shaped gold nanodendrites (LSG NDs, mean diam-
eter: ~ 92 nm), which could provide an efficient interface for immobilizing aptamer strands. The modified
electrode with LSG NDs exhibited an enhancement in its electrochemically active surface area about 7 times,
compared with the bare electrode. This modification showed that the size, morphology, and distributions of LSG
NDs in amplifying electrochemical signals might effectively provide a highly sensitive infrastructure for analyte
detection. The strands of a thiol-functionalized aptamer sequence interacted with the gold surface, which created
an optimized biointerface to detect AP(;_42) in a linear range from 0.1 pg mL~! to 10 ng mL ™ (limit of detection
(LOD): 84 fg mL’l, (S/N = 3)). The developed aptasensor confirmed satisfactory stability, desired reproducibility
and regeneration, and minimal impact of interfering agents. In addition, the application of this aptasensor was
monitored via an assay of spiked analyte concentrations in 20 samples, including cerebrospinal fluid (CSF) and

human serum.

1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia. There are
no clear reasons for AD occurrence, but this disease has some critical risk
factors such as age over 65 years, genetics (presence of the APOE-4
gene), patients with Down syndrome, some gene mutations, and fam-
ily history [1,2]. The development of AD leads to the abnormal accu-
mulation of Ap peptides (mainly AB(;_40) and AP _42) subtypes) and tau
proteins (phosphorylated and total types), causing the loss of normal
neurons [3,4]. Plaques formed by these peptides and proteins disrupt
normal neuron synapses due to the development of Af plaques outside
the neurons or abnormal accumulation of tau protein inside the neurons
[5]. Accessible levels of Ap oligomers and tau proteins in cerebrospinal
fluid (CSF) and blood are essential biomarkers for diagnosing and
prognosis of AD [6,7]. In AD, biological changes in the brain, such as
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developing Ap oligomers, occur before reaching accumulated proteins or
behavioral symptoms in patients. So, quantifying the level of AD bio-
markers can be extremely effective in the early diagnosis and control of
this disease, which is a promise for increasing the survival rate of pa-
tients [8,9]. Neuropathology examination of the brain is performed as
the gold standard for AD diagnosis, which includes functional magnetic
resonance imaging [10], positron emission tomography [11], computed
tomography [12,13], and analysis of biofluids (CSF and blood content)
[7]. Detecting biomarkers in biofluids provides rapid diagnosis, reduces
costs, and can even be a quantitative, wide, and more practical diag-
nostic modality [14,15]. Compared to other diagnostic methods, elec-
trochemical biosensors have some important advantages, including
simple and low-cost design, portability, the possibility of miniaturiza-
tion, and the feasibility of modifications in interface components
[16-19]. Aptasensors provide the finest detections since they are
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equipped with unique aptamer sequences; this type of biorecognition
element has several advantages, such as small size, high stability, and
high affinity (electrostatic, van der Waals and hydrogen bonding) for
capturing analytes [18,19]. So far, - various electrochemical biosensors
for Ap detection have been reported.

In a research, a biosensor was developed to detect several AD bio-
markers, including Tau, ApoE4, Ap, and miRNA-101 [20]. A single-sided
printed signal interface was utilized, while the working electrode area
was made from a layer of Au. The surface of the working electrode was
electrochemically modified with an array of gold nanodendrites. The
electrodeposition conditions were optimized based on various potentials
and deposition times, and —0.8 V vs. Ag/AgCl for 800 s was selected as
the optimum. The authors used only HAuCly, which primarily can pro-
duce AuNPs, and to the best of our knowledge, producing other specific
shapes and morphologies require some compatible additives such as
biogenic amines [21-23], carbohydrates [24,25] or other biocompatible
agents [16,18,26,27]. It is unfamiliar to produce gold nanodendrites just
from a synthesis solution containing HAuCls. In addition, the size and
elemental analysis of the nanostructure were not reported. However,
considering the present limitations for using antibodies [28,29], this
biosensor showed good performance. In another research, a bare gold
electrode was employed as the signal interface, and using
thiol-functionalized aptamers an aptasensor was developed to detect
ABO [30]. The electrochemical assays were performed using EIS, and
the analytical results were satisfactory. Nevertheless, the application of
other novel signal interfaces and advanced electrode surface modifiers,
such as nanomaterial (s), is missing. In addition, the aptasensor assem-
bly could be developed in more advanced platforms that authors have
not followed; since several aptamer sequences were used, they could be
employed in a sandwich-like platform or/and in the conjugated form
with advanced materials such as nanomaterial (s). In a study, an
APTS-Pt/Ti-glass substrate was employed as the signal transducer for
biosensing AP(1_42) [31]. The surface of this signal interface was
modified with APTS and 1-ethyl-3-(3-dimethyl aminopropyl) carbodii-
mide hydrochloride (EDC) to be able to bound with
amino-functionalized aptamer or antibody, and the authors claimed that
the sensing performance is based on electrical capacitive coupling effect.
While the authors obtained good results, this biosensor could be
equipped with nanomaterial (s) and/or other assemblies such as multi-
plexed detection and sandwich-like platforms. In addition, the analytical
performance could have been evaluated with common electrochemical
techniques and in the same way for both conditions (immunosensor and
aptasensor). In another research, a sandwich-like aptasensor equipped
with molecular signal amplification and AgNPs was developed to detect
ABO [32]. Here, a GE was employed as the signal interface and was
treated with an aptamer sequence, and then various concentrations of
analyte were added. Then, another aptamer sequence was added to the
surface to establish the sandwich-like structure. Afterward, two hairpin
DNA sequences capable of interacting with AgNPs were added to the
surface, and electroanalytical assays were performed using linear sweep
voltammetry. The authors reported good performance, but the surface of
the used electrode could have been modified with advanced materials to
deliver an enhanced electroactive surface area. In addition, other new
signal transducers could be used. Electrochemical aptasensors have
mostly been developed using commercially available glassy carbon,
gold, and screen-printed electrodes [19,33,34]. The efficiency of these
electrodes has been very satisfactory, and they are still widely used.
However, one of the possibilities that can be employed to improve the
diagnostic performance and reduce the design cost of aptasensors is
using of three-dimensional (3D) electrodes, which is a scorching topic
and may be used as an alternative over other electrodes in the design of
electrochemical aptasensors [35-37]. These electrodes have important
advantages that warrant their application. The most important advan-
tages of these electrodes include low-cost design, improved electro-
chemical performance, and controllable modifications in the production
materials [35,38,39]. One of the most important innovations in
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electrochemical aptasensors is modifying the electrode surface with
different nanomaterials. Recent research has shown that applying
biocompatible nanomaterials based on gold and carbon has been widely
considered [40-44]. The enhanced electroactive surface area of elec-
trodes modified with nanomaterials is suitable for immobilizing the
optimum volume of aptamer strands. Also, the extended surface allows a
higher electron transfer rate and will provide amplified electrochemical
signals.

In this research, we designed and produced a CO; laser-ablated 3D-
printed platform electrode in which the electrode surface was modi-
fied with leaf-shaped gold nanodendrites (LSG NDs), creating a suitable
option for interaction with the aptamer strands intended for AP(;_42)
detection. We demonstrate that this aptasensing platform is suitable for
selective Af(;_42) detection, paving the way for developing affordable
AD diagnostic tools.

2. Materials and methods

All (bio) materials, reagents, and apparatus used are presented in the
Supplementary Materials.

2.1. Architecture and production of the 3D-printed electrode

The 3D-printed electrodes were fabricated as previously described
elsewhere [45]. In brief, the electrodes comprised a conductive part, an
electrode housing area, and an electrical contact (Fig. Sla, b). The
conductive part was a cylindrical piece fabricated in a fused deposition
modeling 3D printer using commercial conductive filaments of carbon
black and polylactic acid (CB/PLA). The electrode housing was a
non-conductive rectangular piece, printed in two halves and later glued
together by masked stereolithography 3D printing. The main 3D print-
ing parameters are presented in Supplementary Materials.

2.2. Surface treatment of 3D-printed electrode by CO, laser-ablation

The process of CO; laser ablation has been confirmed to increase the
electrical conductivity of 3D-printed electrodes by removing polymeric
material from the electrode’s surface [46,47]. Hence, a CO, laser
(wavelength of 10.6 um) from a low-cost hobbyist laser engraver was
used with power set to 1.6 Watts, laser scan rate of 20 mm s~ 1, and focal
distance (distance between the laser emission and the substrate) of 7
mm. The total laser ablation time was 30 s

2.3. Preparation of A monomers (AfMs), Ap oligomers (ASOs), and Ap
fibrils (ApFs)

Different aggregation forms of Ap were prepared based on previous
protocols with some modifications [48,49]. Briefly, 30 pg lyophilized
powder of AB(; _42) was dissolved in 1 mL hexafluoroisopropanol (HFIP)
and ultrasonicated for 15 min; then, the HFIP was evaporated using a
flow of pure nitrogen, and the attained ApMs (30 pg) was kept at —20 °C
before use. In order to prepare 30 pg mL™! of ABOs, the prepared ApMs
(30 pg) in the previous procedure were added to 1 mL of dimethylsulf-
oxide (DMSO). After 15 min ultrasonication, the achieved mixture was
incubated in the refrigerator (4 °C) for 24 h. Finally, ApFs was prepared
using a mixture of 30 pg lyophilized powder of AP;_42) in 1 mL
deionized (DI) water (Milli-Q Millipore 18.2 MQ cm) and then incubated
at 37 °C for seven days. Here, ABOs (the most toxic form) were used as
the analyte in all assays. Two nontoxic forms (ABMs and ABFs) were used
for the selectivity assay.

2.4. Preparation of the aptasensing platform
After the 3D printed electrode was assembled and then ablated by the

CO4, laser, its surface was modified with a thin layer of LSG NDs via
electrodeposition (Chronoamperometry, potential: 0 V and time: 300 s)
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in the synthesis solution containing 20 mM HAuCly, 0.5 M HSO4, 75
mM spermine, and 75 mM histamine dissolved in water (Fig. Slc).
Electrodes were then dried under a nitrogen flow and characterized
electrochemically (using cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and differential pulse voltammetry
(DPV) techniques). Then, the surface morphology and distribution of
LSG NDs were characterized by field emission scanning electron mi-
croscopy (FESEM). Also, in another characterization, the chemical
composition of the electrode surface was analyzed by an energy-
dispersive X-ray spectrometer (EDS). A high-affinity [50] aptamer (24
mer oligonucleotide: 5-GCCTGTGGTGTTGGGGCGGGTGCG-3') was
chosen as the biorecognition element for ABOs (analyte) and received
while 5" end was thiol-functionalized (Table S1). The aptamer concen-
tration for immobilization on the surface of the electrode was calibrated
to be 10 uM. In order to activate the aptamer strands for immobilizing on
the electrode surface, the thiol groups were cleaved via treatment with a
dithiothreitol (DTT) mixture solution (500 mM DTT and 10 mM sodium
acetate, pH 5.2) at room temperature for 20 min. Afterward, the mixture
solution was washed thrice with ethyl acetate (300 pL total) to eliminate
excess DTT. 20 pL of activated aptamer mixture solution was dropped on
the electrode surface and kept at 4 °C for the desired time obtained
through the open circuit potential (OCP) technique [16,18,21,51]; more
information about aptamer characterization is presented in Supple-
mentary Materials (section 8). In the next step, the electrode was treated
with 20 uL of 1 mM 6-mercapto-1-hexanol (MCH) and kept at room
temperature for 30 min to block the nonspecific aptamer strands and
improve the sensing performance by creating a self-assembled mono-
layer (via Au-S bond) of aptamer on the electrode surface. Then, various
concentrations of ApOs were added to the surface (electrode/LSG
NDs/aptamer) and incubated at 37 °C for the desired time (the pro-
cedure and analysis details about the binding process between aptamer
and analyte presented in Supplementary Materials).

All electrochemical measurements performed in a mixture of 0.5 M
KCl and 0.5 mM ferro/ferricyanide (K4Fe(CN)g/K3Fe(CN)g) dissolved in
20 mM Tris(thydroxymethyl)aminomethane (Tris)-HCl pH 7.4 (cali-
brated with the aptasensor performance). An Ag/AgCl was employed as
the reference electrode and a platinum wire was the counter electrode.
All analytical measurements were performed using the DPV technique
considering the following parameters:

Initial potential: 0 mV, end potential: 500 mV, step potential: 5 mV,
modulation amplitude: 25 mV, modulation time: 0.05 s, interval time:
0.5 s, and scan rate: 10 mV s L

2.5. Evaluation of aptasensor performance

To evaluate the reproducibility, the aptasensor was reassembled six
times, and for each time, a DPV was recorded. In order to repeat each
cycle, biomolecules attached to the electrode surface were eliminated
via 30 s washing with a piranha solution. The regeneration experiment
was repeated six times, bounding the aptasensor with a concentration of
analyte (0.05 ng mL™D), recording a DPV, and then cleaving the bound
aptamer/analyte by inserting the aptasensor at a high temperature
(95 °C) for 5 min and subsequently recording another DPV. The high
temperature step was aimed to linearize the aptamer strands and release
the analyte molecules from the aptasensing interface [52]. The stability
performance was evaluated by providing the aptasensor interface bound
with analyte (0.05 ng mL 1) and analyzing it for consecutive days. After
recording each DPV, the aptasensor was refrigerated in 20 mM Tris-HCI
(pH 7.4). In another experiment, the selectivity of the aptasensor was
evaluated in the presence of several concentrations of analyte (ABOs)
and potential interfering agents (ApMs, APFs, hemoglobin (Hb), and
human serum albumin (HSA)) to find the possible interfering effect of
them against the aptasensing performance. Finally, the performance of
the aptasensor was evaluated by spiking various concentrations of ABOs
in artificial CSF (detail presented in Supplementary Materials) and
human standard serum samples (50% diluted in phosphate-buffered
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3. Results and discussion
3.1. Importance and principle of detection

As shown in Fig. 1a, Ap plaques accumulate in the main structures of
the brain, such as the hippocampus and cerebral cortex, in AD patients.
There are three main paths for diagnosis. Referring patients to visual
diagnosis based on tomography is one of the most common methods to
show the extent of Ap accumulation. Unfortunately, this method is not
effective in the early diagnosis of AD. The A level in CSF and serum is
monitored mainly through immunoassay and other qualitative methods
such as colorimetry. Due to the limitations of antibodies, non-portable
equipment, and high-cost process, it is expected that aptasensors may
become alternative products to early diagnosis of this disease (Fig. 1a).

Fig. 1b shows the design and production of the signal transducer,
which started utilizing 3D printing of the CB/PLA filaments. The bare
electrode preparation was then finalized by surface treatment with the
COq laser. In the next step, the primary surface modification of the
electrode was performed by electrodeposition of LSG NDs, which led to a
significant increase in the electrochemically active surface area (shown
in the Supplementary Materials) and also provided a special surface for
optimum immobilization of aptamer strands; the synthesized nano-
structure greatly increased the diagnostic sensitivity (Fig. 1c). Next, the
thiolated aptamer was immobilized on the surface through the bonding
between thiol and gold. Then the aptamer immobilization process was
conditioned by adding MCH. In this research, [Fe(CN)g] 3-/4 was used as
the redox marker. In the absence of the analyte, redox molecules had
maximum access to the electrode surface, which led to higher DPV
currents. In the presence of the analyte, due to the high affinity of the
aptamer molecules against the analyte, the aptamer conformation was
changed and trapped analyte molecules. Due to the large size of analyte
molecules compared to redox molecules, the electrode surface’s occu-
pancy increased, hindering redox molecules’ access to the electrode
surface. In addition, the isoelectric pH of A was reportedly about 5.5
[53]. In analyte preparation solution pH (~ 7), Ap was negatively
charged. Considering the net negative charge of the redox marker, an
electrostatic repulsion was created on the electrode surface, which
decreased the electron transfer rate. The steric and electrostatic re-
pulsions had a linear relationship with analyte concentrations, which
could provide a simple signal-off AD aptasensor.

3.2. Characterization of 3D-printed electrode modified by laser ablation
and LSG NDs

3.2.1. FESEM microscopy and EDS analysis

The surface morphology of the bare 3D-printed electrode was
investigated by FESEM microscopy (Fig. 2a), and the micrograph of the
surface confirmed a porous morphology with advantages such as
improved reaction and material distribution that can interact with a
higher rate of electrons leading to a significant increase in the charge
transfer process compared to flat surface electrodes. Then, a thin layer of
LSG NDs was electrodeposited on the electrode surface (Fig. 2b-f). The
morphology of dendrites provided an enhanced and stable surface for
immobilizing aptamer strands on the surface. Analysis of FESEM mi-
crographs confirmed that the diameter of LSG NDs was between 63 and
137 nm with an average of 92 nm (Fig. S2 and Table S2); the average
length of LSG NDs was about 570 nm. The applied potential (0 V) for
electrodeposition was optimized to have the desired array of LSG NDs
(Fig. 2g) [23,40,54]. The presence of biogenic amines (spermine and
histamine), which are positively charged, acted as shape-directing
agents and provided a homogeneous nanolayer of AuCly ions via elec-
trostatic interaction between the electrode surface and LSG NDs syn-
thesis solution. In another analysis, the chemical composition of the
modified surface with LSG NDs was evaluated by the EDS, and results
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Fig. 1. Disruption in the functioning of neurons created by Af plaques and possible diagnostic methods for AD (a); Design, production, assembly, and laser-ablation
treatment for the 3D-printed electrode (b); and surface modification with LSG NDs and fabricating aptasensor platform (c).

confirmed a homogeneous gold distribution as the main (96.82%)
element on the electrode surface (Fig. 2h, Fig. S3).

3.2.2. Electrochemical characterization of the electrode surface and
preparation of aptasensing platform

The bare 3D-printed electrode and the modified electrode surface
with LSG NDs were analyzed electrochemically via EIS, CV, and DPV.
EIS spectra for the bare 3D-printed electrode were obtained in a range

from 100 kHz to 0.1 Hz and presented a first semi-circle in high fre-
quencies that may be associated with the bulk resistance/ohmic drop
(charge transfer resistance (RCT) = 1.74 kQ) (Fig. 3a and Fig. S4a). As
the surface presented a high porosity (e.g., Fig. 2 c), the electrochemical
probe infiltrates the pores, increasing the current obtained at the elec-
trode surface and making ohmic drop the predominant phenomenon.
While frequencies diminish, the increased time of the applied potential
reduces the contribution of the pore-confined probe, and the interfacial
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phenomena become predominant. This hypothesis is sustained as all
spectra present a shift within the imaginary impedance (Z”-y axis),
representing the transition from the predominance of bulk impedance to
the interfacial impedance regardless of the electrode modification.

The EIS characterization for the modified electrode with LSG NDs
was performed in a frequency range from 1 kHz to 1 Hz (Fig. 3a and
Fig. S4b). The Randles circuit associated in series with the Warburg
impedance (Z,) presented good fitting except for the modified electrode
with LSG NDs in high decreased RCT (Table S3). However, this electrode
presented a constant phase element in parallel with a resistor, associated
with the RCT of the electrode, and a second constant phase element
(CPEy) in substitution with the Z,, in the equivalent circuit (Fig. S5). The
low phase angle of 15° supports the replacement of the Z,, in the
equivalent circuit for the CPE; observed in the Bode plot at low fre-
quencies, which suggests a contribution from the electrode polarization
in the total diffusional impedance. At the low-frequency range, diffusion
is the predominant process contributing to the system’s impedance,
represented by the Warburg element.

In the constant phase element equation:

1

Z=—— 1
Yojo* 1)

In which Yy is associated with the capacitance, o varies between
0 and 1, with 1 being a capacitor and 0 a resistor. When o = 0.5, the CPE
behaves as Z,, with a 45° phase angle observed at the Bode plot. In the
capacitor, a approaches 1 at low frequencies, representing the electrical
charge of the double layer called equilibrium differential capacitance
(Ceq) [55]. The CPE; a value of 0.619 suggests a predominant diffusional
system but with a relevant contribution of the capacitance related to the
surface electrical double layer due to the increased surface area of the
modified electrode with LSG NDs.

For the aptasensor (electrode/LSG NDs/aptamer) and aptasensor
bound with the analyte (0.05 ng mL’l), the increase in the RCT is ex-
pected since these molecules hinder the charge transfer from the signal
interface (discussed in Section 3.1 and shown in Fig. 3a and Fig. S4c, d).
The found RCT for aptasensor and aptasensor bound with the analyte
was 0.156 kQ and 0.242 kQ, respectively. All electrodes fit well to the
proposed equivalent circuit with Xz between 1072 and 103 (Fig. S5).

In another electrochemical characterization, the bare 3D-printed and
the modified (with LSG NDs) electrodes were evaluated via CV analysis
in scan rates ranging from 5 to 300 mV s~'. The maximum anodic peak
(IpA) value for the bare 3D-printed electrode was ~ 71 pA (Fig. S6a).
This value was found as ~ 450 pA for the modified electrode (Fig. S6b),
confirming a significant enhancement in CV peak currents of the
modified electrode with LSG NDs (Fig. 3b and Fig. S6d). In order to
reach more features about the surface of both electrodes, electron
transfer kinetic studies were performed (Supplementary Materials).
Briefly, CVs of both electrodes confirmed quasi-reversible voltammo-
grams. Through Randles-Sevcik equations, the real electroactive surface
area (A) was obtained for the bare 3D-printed electrode, about 0.34 cm?,
and this value for the modified electrode with LSG NDs was about
2.38 cm?. CO,, laser treatment was performed on the bare electrode to
remove unwanted insulating material, exposing electroactive carbon
black sites and eventually providing a porous and compatible surface for
modifying with LSG NDs, an optimum surface for immobilizing the
biorecognition element. The charge transfer coefficient (f) for both
electrodes was 0.8 (Fig. S6d). In addition, the dimensionless function
(¥) was obtained as a function related to the difference of the peak
potentials (AEp) for each electrode separately, and also the ¥ reverse
plot (¥ x v~1/2) was used to obtain the heterogeneous electron transfer
constant (k%) (Table S4 and Fig. S6e). All other kinetics parameters are
presented in the Supplementary Materials. The results confirmed that
the surface modification with LSG NDs created a significant current
increase (Fig. S7a, b and Table S5).

Fig. 3c shows DPVs for the bare 3D-printed and the modified (with
LSG NDs) electrodes. Here, Al (Al =1 Modified electrode - I Bare electrode) was
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69.2 pA (the peak current gain ratio: 6.6) which shows the effectiveness
of LSG NDs for improving the area and the conductivity of the electrode
surface, rendering a robust signal amplification.

In an experiment, the OCP measurement was performed to determine
the optimum time for immobilizing aptamer strands on the modified
electrode surface with LSG NDs. The results showed enough time for the
maximum aptamer immobilization processes was about 55 min (Fig. S8
and the procedure detail in Section 2.4). In addition, aptamer surface
coverage (I') was estimated to be 7.046 x 10'? molecules cm 2 (11.7
pmol cm~2) (detail presented in Supplementary Materials).

The optimum binding time was determined by evaluating the
interaction between the aptasensor and 0.05 ng mL ! of the analyte at
37 °C, recording a DPV every 5 min till reaching the steady point of DPV
peak currents. The corresponding time to the steady point was 20 min
(Fig. S9 and the procedure detail in Section 2.4).

In addition, the binding affinity of aptamer for capturing the analyte
molecules was estimated by determining the dissociation constant (Kp),
which was 5.7 £+ 1.9 pM (detail presented in Supplementary Materials;
(Fig. S10 and Table S6). The aptamer immobilized on the surface of the
modified electrode with LSG NDs showed a very competitive affinity
(considering the lower Kp) against the analyte molecules compared to
other research which they found Kp as 111.64 pM [56], 3.4 nM [57],
20 nM [58], and 53.3 nM [59].

3.3. Aptasensing of ABOs

As shown in Fig. 3d, the aptasensor was evaluated at various con-
centrations of analyte and showed a linear decay of signal over a wide
range from 0.1 pg mL™! to 10 ng mL~L. Hence, by enhancing analyte
concentrations, the created steric and electrostatic repulsion on the
electrode surface hindered the electron transfer of the redox marker at
the interface. DPV peak current of the aptasensor (blank) was about
70 pA. This value in the presence of the lowest and the highest evaluated
concentrations of ABOs was 67.6 uA and 33 uA, respectively, which
confirm a high conductive interface with enough enhanced electroactive
surface area due to special morphology, size and distribution of LSG NDs
on the surface. The calibration curve for the logarithmic presentation of
concentrations and corresponding DPV peak currents is depicted in
Fig. 3e. DPV peak current in the linear regression was (Ip)/ pA = —7.16x
log C ABOs + 40.1, R? = 0.994. Here the limit of detection (LOD) (36/S)
and limit of quantification (LOQ; 100/S) were 84 fg mL~! and 136 fg
mL’l, respectively, while ¢ was the standard deviations (SD) of blank
signal in repeated assays, and S was as the slope of the linear equation
(S/N = 3).

In Table S7, all electrochemical aptasensors developed for detecting
Ap are inspected, and their main features are presented. However,
compared to other research, the developed aptasensor in this research
provided a wide detection range and a better or at least a competitive
LOD due to the presence of a special assembly. The desired convergence
was also found between the employed novel, simple, and optimal signal
interface and the highly affinitive bioprobe against the analyte
molecules.

3.4. Reproducibility, regeneration, and stability performance of
aptasensor

To analyze the reproducibility, the developed aptasensor was rebuilt
6 times. A DPV was recorded each time, and the electrode was subse-
quently washed with the piranha solution for 30 s. The reproducibility
evaluation showed a low relative standard deviation (RSD), about 1.3%
(Fig. 4a and Fig. S11a).

In another experiment, a DPV was recorded for the aptasensor bound
with 0.05 ng mL™! of the analyte. Then the electrode was immersed in
DI at a high temperature (95 °C) for 5 min to change the conformation of
aptamer strands and release the analyte molecules (debound status); a
DPV was also recorded for debound status (Fig. S11b). This experiment



M. Negahdary et al.

Sensors and Actuators: B. Chemical 393 (2023) 134130

e 600000000000000000000000000000000000000000000000000000000000000000000000000000000000080000000000000000000000000000000000000000000000000000000000000000000000000000
.
.
7 50 .
a b @ :
- 70 =3 C s
< 50 N
ES < < .
27 i S H
= = .

< & o) T
z it < 50 ; s 0 T H
£ = L =1 .
£ -~ 2 H .
H E Ew Ew» =
) e E H
™ ™ H .
® E 3 L4
2 g 30 3 .
e o .
g o 5 g 2 H

e

a a2 z .
6 R .
10 .
.
6 H
First Second  Third Fourth Fifth Sixth o 0 .
Aptasensor Debound Bound Dayl  Day3  Day5  Day7  Day9 Dayl2 Dayld o

S .
: .
. 80 80 80 .
2 .
: d 0 | —Aptsensor (Y o —— Aptasensor f 2o | s :
s ABOs 50 pg/ mL. ApOs 50 pg/ mL , ABOs 50 pg/ mL E
. —_ o o
P« 60 ABMs 50 pg/ L <® ABFs 50 pg/ mL < Hb 50 pe/ mL :
. J N :
$ 30| —apsingnL 25 2:1: ; :L', :i ; 50 Hb 1 ng/mL :
- B —— ABMs 5 ng/ mL s 6 g, | sl :
: S S 40 s .
£ £ 530 :
. =¥ =30 5 :
.
P Y Yy 2 :
2 .
2 10 .
: 10 10 .
: ; :
: 0 - 0 0 100 200 300 400 500 o
: 0 100 200 300 400 500 0 100 200 300 400 500 T :
: : . otential/ m .
s Potential/ mV Potential/ mV :
: :
H .
.
: :
.
. 80 0 L
. —— Aptasensor b
: 8 | e h |=o, :
. APOs 50 pg/ mL Miture $0py/ L .
E < 60 HSA 50 pg/ mL @ APOs 50 pa/ mL+Mixture 50 pg/ .
. i —— Mixture | ng/ml. .
: 250 H3A Tng ol i"‘ —— ABOs 50 pe’ mi+Mixture | ng/ml N
. E ——HSA Sng/mL = H
. 5 Sw :
: = £ :
: 50 Gw :
e o .
: 20 M
: 10 o :
.
E 0 o .
: 0 30 10 150 20 290 3w 30 40 40 50 e m W m m W @ @ W :
. R Potential/ mV :
: Potential/ mV :
: ;
$ .
: . 80 :
. 1 .
i 7 i
: N M= o :
.
: .
: < 60 .
: = :
G .
E = 50 £ =1 s
. s :
. 2 :
: 5 40 :
. < .
. - .
. Ed .
: g 30
. > :
. & .
. 2 20 :
: :
< .
. 10 :
$ .
b4 .
: 0 .
be .
: & & &S & &y & & &S & & &S -
: &Sttt &t STt & T :
: A R 4 A S :
e & NN & § RS & 9 F&FEE :
: :
: .
H .
: :
b .
TR R T T PR PR R PR T E)

Fig. 4. Aptasensor performance for reproducibility (a); regeneration (b); stability (c); and the selectivity performance in the presence of ApMs (d); ABFs (e); Hb (f);
HSA (g); and the mixture of interferences (h); the DPV peak currents of all groups (i); the error bars represent the standard deviations of three repeated measurements

(error bar: SD/ n = 3).

was repeated 6 times, and the results confirmed a regenerative apta-
sensing platform (Fig. 4b), and the found RSD for bound and debound
statuses were 3.9% and 1.3%, respectively).

The stability performance was evaluated for the aptasensor bounded
with 0.05 ng mL~" of the analyte, recording DPVs for consecutive days.
The stability was confirmed for 9 days with an RSD of about 1.6%
(Fig. 4c) and Fig. S11c). However, the AT (AT = I pirst day — I Day 12 or Day 14)
for day 12 and day 14 was 9.62 (19.52% loss of initial performance) and

19.78 (40.1% loss of initial performance), respectively.

3.5. Selectivity performance of aptasensor

The selectivity performance of the aptasensor was evaluated in the
presence of several interferences (ApMs, ApFs, Hb, and HSA). Here, the
analyte concentration was 50 pg mL™}, while the concentrations of
interfering species were 50 pg mL7} 1 ng mL~}, and 5ng mL™L. In



M. Negahdary et al.

another condition, the mixture of interfering species and mixtures
containing the interfering species + the analyte was analyzed (Fig. 4d-
h). In this experiment, AI (Al = I aptasensor — ! interferences or analyte) Was
used to present the differences between DPV peak currents. The Al for
ABOs, ApMs, APFs, Hb, HSA, the mixture of interferences, and the
mixture of interferences/analyte were 20.7, 1.78, 2.29, 0.57, 2.07, 0.64,
and 23.46 pA respectively (Fig. 4i). The results confirmed that these
agents, even in high concentrations, did not significantly affect the
performance of this highly selective aptasensor.

3.6. Application of aptasensor

The accuracy of the developed aptasensor was evaluated via spiked
concentrations of ApOs in 10 CSF and 10 serum samples (Table 1). The
recovery values for spiked concentrations in CSF samples were found
between 96.3% and 110% (RSD: 4.3). Results for serum samples were
found between 95.8% and 110.4% (RSD: 4.1). Both mediums confirmed
the desired diagnostic performance, thus suggesting this aptasensing
platform for assay of clinical samples.

4. Conclusion

Due to the recent advances in medicine and the significant
enhancement in access to amenities, the lifespan has increased. How-
ever, an important disease that generally appears in the elderly is AD,
which causes high treatment costs and challenges for patients and so-
ciety. In summary, in this research, a new aptasensor has been designed
to diagnose AD, which has important features and advantages that were
not achieved in previous research: One: A special signal interface was
developed using CO; laser-ablation 3D-printing technology which
operated as the working electrode. This type of innovative signal
transducer can be considered as an alternative for present commercial
electrodes; two: modification of the electrode surface with LSG NDs
established a large electroactive surface area for interaction with
aptamer and redox marker molecules, which compared to the bare
electrode, the electrochemical signals were greatly amplified; three: The
optimum interactions recognized in aptasensor components such as the
signal transducer, LSG NDs, and aptamer strands could provide a wide
linear detection range, a low LOD, good selectivity, and high repeat-
ability. Due to the high cost of commercial electrodes and the need for
access to major changes and modifications in the production material,
designing cheap and more optimal interfaces seems logical. The superior
efficiency and simplicity in designing the developed aptasensor in this
research is a valuable step to reaching early diagnostic platforms for AD.
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Table 1
Evaluation the application of aptasensor in detecting various spiked concen-
trations of analyte in CSF and serum samples (n = 3).

Sample No. ~ Added ApOs (pgmL™")  Detected ABOs (pgmL ™)  Recovery (%)
CSF1 0.1 0.11 + 0.04 110
CSF 2 1 1.06 +0.31 106
CSF 3 5 4.83 +£0.22 96.6
CSF 4 10 9.63 £1.29 96.3
CSF 5 50 52.75 + 2.47 105.5
CSF 6 100 97.38 £5.12 97.38
CSF7 500 509.7 + 8.02 101.94
CSF 8 1000 978.39 + 13.77 97.83
CSF 9 5000 5074 +11.32 101.48
CSF 10 10000 1036 + 44.98 103.6
Serum 1 0.1 0.103 + 0.07 103
Serum 2 1 1.08 +0.09 108
Serum 3 5 5.31 +0.87 106.2
Serum 4 10 9.75 £ 2.31 97.5
Serum 5 50 47.90 + 4.56 95.8
Serum 6 100 105.6 + 6.18 105.6
Serum 7 500 502.6 + 12.06 100.52
Serum 8 1000 1022 + 8.54 102.2
Serum 9 5000 5195 + 35.88 103.9
Serum 10 10000 1104 + 76.32 110.4
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