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A B S T R A C T   

Alzheimer’s disease (AD), in addition to being the most common cause of dementia, is very difficult to diagnose, 
with the 42-amino acid form of Aβ (Aβ-42) being one of the main biomarkers used for this purpose. Despite the 
enormous efforts made in recent years, the technologies available to determine Aβ-42 in human samples require 
sophisticated instrumentation, present high complexity, are sample and time-consuming, and are costly, high
lighting the urgent need not only to develop new tools to overcome these limitations but to provide an early 
detection and treatment window for AD, which is a top-challenge. In recent years, micromotor (MM) technology 
has proven to add a new dimension to clinical biosensing, enabling ultrasensitive detections in short times and 
microscale environments. 

To this end, here an electrochemical immunoassay based on polypyrrole (PPy)/nickel (Ni)/platinum nano
particles (PtNPs) MM is proposed in a pioneering manner for the determination of Aβ-42 in left prefrontal cortex 
brain tissue, cerebrospinal fluid, and plasma samples from patients with AD. MM combines the high binding 
capacity of their immunorecognition external layer with self-propulsion through the catalytic generation of 
oxygen bubbles in the internal layer due to decomposition of hydrogen peroxide as fuel, allowing rapid bio- 
detection (15 min) of Aβ-42 with excellent selectivity and sensitivity (LOD = 0.06 ng/mL). The application of 
this disruptive technology to the analysis of just 25 μL of the three types of clinical samples provides values 
concordant with the clinical values reported, thus confirming the potential of the MM approach to assist in the 
reliable, simple, fast, and affordable diagnosis of AD by determining Aβ-42.   

1. Introduction 

Alzheimer’s disease (AD) is the most prevalent cause of dementia 
among the elderly (Alzheimer’s disease facts and figures, 2021). It is a 
brain disorder that slowly and progressively impairs cognition, thinking 

skills, and the ability to independently carry out basic tasks. Statistics 
currently rank AD between the 3rd and 6th leading cause of death in the 
aged population. Data from AD International estimated that over 55 
million people worldwide were living with dementia in 2020 and 60% of 
them have AD. These will almost double every 20 years, reaching 78 
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million in 2030 and 139 million in 2050. The total societal burden of AD 
dementia was estimated at €232 billion in Europe in 2015, and $958 
billion worldwide (Lane et al., 2018; Masters et al., 2015). Besides old 
age, there are other risk factors for AD development, such as environ
mental factors (Baumgart et al., 2015; Brown et al., 2005), lifestyle 
choices (Niccoli and Partridge, 2012), susceptibility genes, and other 
diseases (Franzmeier et al., 2019; Perry et al., 2016). Despite efforts and 
current advances to improve the diagnosis and management of AD 
(Hampel et al., 2020; Nguyen et al., 2021; Se Thoe et al., 2021), which 
results in a late application of the therapeutic actions, this disease is 
currently incurable (Calabrò et al., 2021). This implies an increase in 
mortality and higher societal costs, being needed for the development of 
new prevention modalities (Wesenhagen et al., 2020). 

The definitive diagnosis of AD still requires post-mortem verifica
tion, as current technologies are not specific enough about the disease, 
become late in its development, or are very invasive (Jack et al., 2010; 
Montero-Calle et al., 2020; San Segundo-Acosta et al., 2019; Thorsell 
et al., 2010). Additionally, most AD patients are currently clinically 
diagnosed when symptoms appear and treatments are less effective 
(Palareti et al., 2016). Current AD diagnosis includes cerebrospinal fluid 
(CSF) and imaging biomarkers classified as: i) biomarkers of amyloid-β 
(Aβ) plaques, including cortical Aβ PET ligand binding and a high Aβ-42 
or Aβ-42/Aβ-40 ratio in CSF; ii) biomarkers of fibrillary Tau, including 
high levels of phosphorylated Tau in CSF and cortical Tau PET ligand 
binding; and iii) biomarkers of neuronal damage, like high levels of total 
Tau in CSF, reduced FDG-PET metabolism, and brain atrophy on mag
netic resonance imaging (Montero-Calle et al., 2023a; San 
Segundo-Acosta et al., 2019, 2021). Their analysis requires expensive 
and high-invasive techniques only available in specialized clinical set
tings. These examinations are important to identify non-AD pathological 
processes that can lead to cognitive decline and to search for biomarkers 
providing supportive features for the diagnosis of AD years before the 
appearance of symptoms. Although the incomplete verification of 
diagnostic biomarkers, strategies for their identification and quantifi
cation is a challenging area to apply effective therapies that imply a 
reduction of the disease progression and, therefore, brain deterioration 
as an alternative to classical methods (Lukiw et al., 2020; Montero-Calle 
et al., 2023a; Nguyen et al., 2021; San Segundo-Acosta et al., 2019, 
2021; Se Thoe et al., 2021). 

The main histological hallmarks of AD are extracellular deposits of 
amyloid plaques, caused by the accumulation of insoluble forms of Aβ 
peptide, and intracellular accumulations of neurofibrillary tangles 
(NFTs) formed by aggregates of hyperphosphorylated Tau (Deture and 
Dickson, 2019; Hampel et al., 2021; Murphy and Levine, 2010; Ono 
et al., 2016). The 42-amino-acid form of Aβ is the major constituent of 
the amyloid plaques (Selkoe and Schenk, 2003; Veloso et al., 2014). 
Aβ-42 is generated by the amyloidogenic proteolysis of the amyloid 
precursor protein (APP) via β- and γ-secretase (Selkoe, 2001). Aβ 
monomers tend to polymerize into soluble filaments to form oligomers 
of higher order and insoluble fibrils that accumulate forming the amy
loid plaques and also in the walls of cerebral blood vessels (Shankar 
et al., 2008; Taylor et al., 2002). Therefore, the development of simple 
and sensitive methods to detect Aβ peptides to provide an early detec
tion and treatment window for AD is a clear challenge. 

In the last years, significant efforts have been made to measure the 
variation of Aβ-42 in human samples as a diagnostic biomarker of AD 
through fluorescence intensity distribution analysis (sFIDA) (Kühbach 
et al., 2016; Kulawik et al., 2018), fluorescence (Liu et al., 2018; Lv 
et al., 2016; Teoh et al., 2015; Xia et al., 2016), enzyme-linked immu
nosorbent assay (ELISA) (Ah et al., 2015; Klaver et al., 2010; Zhao et al., 
2021), surface plasmon resonance (SPR) (Haes et al., 2005; Yi et al., 
2015), colorimetric detection (Deng et al., 2018; Zhu et al., 2018), or 
electrochemical techniques (Qin et al., 2018; You et al., 2020; Zhou 
et al., 2021), among others. Yet, these methods require sophisticated 
instrumentation, present high complexity, are sample and 
time-consuming, and costly. Also, Alzheimer’s patient samples are hard 

to obtain, so the development of novel diagnosis tools with low sample 
requirements is also needed. Therefore, due to the existing challenge of 
providing early detection and treatment for AD, there is a need to 
improve the simplicity, selectivity, and sensitivity of low-sample-based 
diagnostic methods to make AD diagnosis more affordable. 

Micromotor (MM) technology has become a useful alternative and 
adds a new dimension to biosensing research (Feng et al., 2021; Gao 
et al., 2012; Veloso et al., 2014; Wang, 2016; Yuan et al., 2021). MM are 
microdevices that transform the energy from an external stimulus or a 
chemical reaction into kinetic energy through their autonomous move
ment along a solution (Wang, 2014). Particular attention has been given 
to tubular catalytic micromotors that can reach ultrafast speeds to 
perform complex analytical tasks. Among other protocols, these micro
motors can be prepared by templated-based electrodeposition of poly
mers (Gao et al., 2012), metals (Zhao and Pumera, 2013), and carbon 
nanomaterials (Maria-Hormigos et al., 2016b), and can be smartly 
functionalized with a plethora of receptors, such as the most commonly 
used antibodies (Maria-Hormigos et al., 2016a; Pacheco et al., 2019; 
Yuan et al., 2020a, 2020b), enzymes (María-Hormigos et al., 2022), and 
aptamers (Gordón et al., 2022; Gordón Pidal et al., 2023). The chemical 
power of MM is based on catalytic decomposition (in the inner layer, 
mostly on Pt) of a fuel solution (commonly hydrogen peroxide) that 
entails a continuous movement of MM along the sample through 
bubble-propelled locomotion, enhancing the interactions of MM surface 
with the target analytes (Novotný et al., 2019) or improving the 
recognition event through specific biomolecular interactions (Pacheco 
et al., 2019), as well as the kinetics in relevant biological fluids and 
salt-rich environments. The bubble propulsion mechanism is based on 
two simultaneous events. On the one hand, the growth of the bubbles 
collapse onto the surface, and the impulse generated by the bubbles 
detached from the surface of MM, which results in a continued release of 
bubbles that impulse the micromotor in the opposite direction. The 
speed of MM is influenced by the radius and the frequency of the bubbles 
generated, which are dependent on the concentration of the fuel. 
Another point to take into account is the fluid mixing produced by the 
movement of MM (Mundaca-Uribe et al., 2021), which involves an ac
celeration of chemical processes, allowing ultrasensitive detections in 
short times in microscale environments, which avoid sample prepara
tion if they are smartly functionalized (Maria-Hormigos et al., 2016a; 
Pacheco et al., 2019; Yuan et al., 2020b). 

MM-based immunoassays (Molinero-Fernandez et al., 2020; Moli
nero-Fernández et al., 2020) and aptassays (Gordón et al., 2022, Gordón 
Pidal et al., 2023) have been demonstrated to be useful tools for diag
nosis when sample availability is limited, such as in the case of neonatal 
sepsis. Due to these excellent results, here we are exploring the MM 
potency in the diagnosis of AD. 

To this end, we propose for the first time an immunoassay approach 
based on the use of magneto-catalytic MM for the electrochemical 
determination of Aβ-42. The detection has been designed through an on- 
the-move approach using MM based on polypyrrole (PPy) due to its 
large functional groups to assess an efficient antibody functionalization 
and the PtNPs-based inner catalytic layer, which allow autonomous 
propulsion. This pioneering approach has been applied for the analysis 
of AD samples from the left prefrontal cortex brain tissue (BT), cere
brospinal fluid (CSF), and plasma samples. 

2. Experimental 

2.1. Reagents and solutions 

Biotin (azide-free) anti-β-Amyloid (1–42) (c-AbAβ-42) obtained from 
Biolegend was prepared in a phosphate-buffered saline (PBS solution pH 
7.5 (2.7 mM KCl (99%), 0.1 M Na2HPO4 (99%) from Sigma-Aldrich; 138 
mM NaCl (99%), 0.1 M NaH2PO4 from Panreac)). Human β-Amyloid 
Peptide (1–42) (Aβ-42) and HRP anti-β-Amyloid (1–16) (d-AbAβ-42) 
antibody were obtained from Biolegend. Their corresponding dilutions 
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were prepared in 5% bovine serum albumin (BSA), purchased from 
Sigma Aldrich, in PBS pH 7.5 (PBS-BSA 5%) solution. 

Streptavidin, N-hydroxysulfosuccinimide (NHSS), 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide (EDC), and hydroquinone were 
purchased from Sigma-Aldrich (Madrid, Spain). Streptavidin, NHSS, and 
EDC were prepared in 2-(N-Morpholino) ethane sulfonic acid (MES) 
solution 0.1 M pH 5, obtained from Sigma-Aldrich. Hydrogen peroxide 
(H2O2) (30%) was purchased from Fisher Chemical. Hydroquinone and 
H2O2 solutions were prepared in phosphate buffer 0.1 M, pH 7 (PB). 

Pyrrole-3-carboxylic acid, Potassium nitrate (99%), hexa
chloroplatinic (IV) acid (H2PtCl6), Nickel (II) sulfamate tetrahydrate 
(H4N2NiO6S2), Nickel (II) chloride hexahydrate (Cl2Ni–6H2O), 
dichloromethane, isopropanol, and ethanol were purchased from Sigma- 
Aldrich. Boric acid (H3BO3) (99.5%) was purchased from Fluka. 5 μm 
diameter conical pores polycarbonate membranes (PC) were purchased 
from Whatman. MicroPolish Alumina (0.05 μm) was purchased from 
Buehler. 

All chemicals used were analytical-grade reagents. Deionized water 
was obtained from a Millipore Milli-Q purification system (18.2 MΩ cm 
at 25 ◦C). 

Screen printed electrodes (SPCE) DRPC110 (3.4 × 1.0 × 0.05 cm 
(Length x Width x Height) and 4 mm Ø) were used. 

2.2. Samples 

BT, CSF, and plasma from the left prefrontal cortex from healthy 
controls and AD patient’s postmortem verified with the disease were 
provided by the CIEN Foundation’s Tissue Bank (BT-CIEN) with the 
written informed consent from all participants and complied with the 
ethical issues and brain bank’s guidelines. These samples were stored at 
− 20 ◦C until use. Protein extracts from the BT samples were obtained as 
previously described (Garranzo-Asensio et al., 2018; Montero-Calle 
et al., 2023a) and their concentration was measured by the Tryptophan 
method. 

In total, 3 BT samples from healthy individuals (n = 1), and from AD 
patients at Braak IV (n = 1) and VI (n = 1) were analyzed. From plasma, 
a total of 3 samples from healthy individuals (n = 1), and from AD pa
tients at Braak IV (n = 1) and V (n = 1) were used, together with 4 CSF 
samples from healthy individuals (n = 1), and AD patients at Braak IV (n 
= 1), V (n = 1), and VI (n = 1). The same BT, CSF, and plasma were 
measured with the MM and the SMCxPRO technologies. 

The Institutional Ethical Review Board of the Spanish Research 
Center for Neurological Diseases Foundation (CIEN), the Instituto de 
Salud Carlos III, and the University of Alcalá de Henares approved this 
study on the analysis of biomarkers of Alzheimer’s disease (CEID2021/ 
4/108). 

2.3. Apparatus 

An electrochemical station μ-Autolab Type III (Eco Chemie, Utrecht, 
Holland) was used for template-assisted electrochemical deposition of 
PPy/Ni/PtNPs and to carry out the amperometric measurements. 
Advanced VortexMixer-ZX3 from VWR and Thermosaker TS-100 C from 
Biosan were used for incubation stages. For the handling of magnetic 
PPy/Ni/PtNPs, a Magnetic block DynaMag-2 obtained from Thermo
Fisher was used. Scanning electron microscopy (SEM) images were ob
tained with a JEOL JSM 6335 F instrument and X-ray analysis was 
performed through an EDX detector attached to a SEM instrument. 

2.4. Electrochemical synthesis of tubular catalytic PPy/Ni/PtNPs MM 

The conical pores of a PC membrane were treated with a sputtered 
thin gold film to perform it as a working electrode. The membrane was 
assembled onto a Teflon-plated cell covered with aluminum foil serving 
as an electrical contact to the working electrode for the subsequent 
electrodeposition. First, the outer layer was electropolymerized 

applying a voltage of 0.8 V until the current was stabilized from a so
lution containing 25 mM pyrrole-3-carboxylic acid and 7.5 mM KNO3. 
An intermediate Ni layer is plated inside the PPY by galvanostatic 
method in two steps: initially, 10 pulses of 20 mA for 0.1 s for the 
generation of nucleation spots was carried out and continued by a 
constant current of − 6 mA for 300 s to grow the Ni layer for a solution of 
1.2 M H4N2NiO6S2, 82 mM Cl2Ni–6H2O and 464 mM acid boric. Finally, 
the Pt layer was deposited by amperometry at − 0.4 V for 750 s from an 
aqueous solution containing 4 mM of H2PtCl6 and 0.5 M boric acid. After 
the electrodeposition, the sputtered gold layer was gently hand-polished 
with 0.05 μm alumina slurry. The cleaned membrane was dissolved in 
CH2Cl2 for the release of MM (3 times, 15 min). Successive washing of 
the MM with isopropanol (3 times, 10 min), ethanol (2 times, 5 min), 
and water (1 time, 5 min) to get a neutral medium. All this process was 
performed using a magnet-holding block. All MM were stored in ultra
pure water at 4 ◦C when not in use. The template preparation method 
resulted in reproducible MM with a similar shape and size. Next, with 
the use of an optical microscope, the number of micromotors is counted 
in 1 drop of 1 μL (n = 10) of the synthesized and washed batch, to know 
the concentration of micromotors/μL per synthesized batch. 

2.5. Micromotor functionalization 

The fabricated set of MM was functionalized in their outer layer with 
streptavidin to immobilize the c-AbAβ-42. In this sense, a solution of MM 
was incubated with a 100 mM EDC/NHSS solution (50 μL for each 200 
μL of MM) prepared in 0.1 M MES buffer, pH 5, for 30 min at 25 ◦C, to 
activate the carboxyl-terminated groups of the micromotor’s surface. 
Then, the activated MM were washed 2 times with MES buffer, followed 
by the addition of streptavidin 400 μg/mL in 0.1 M MES buffer, pH 5.0, 
for 1 h at room temperature. Immediately, the MM were washed twice 
with 100 μL of MES buffer, and once with 100 μL of 0.1 M PBS buffer. 
Finally, the streptavidin-modified micromotors were incubated in a so
lution containing 25 μg/mL c-AbAβ-42 for 30 min at room temperature. 
After that, the supernatants were removed and washed twice with 100 
μL of PBS buffer, and then the MM were resuspended in 25 μL of PBS and 
maintained at 4 ◦C. 

2.6. Aβ-MM immunoassay strategy 

The proposed strategy is based on a sandwich-type immunoassay 
where anti-β-amyloid modified MM (5000 micromotors) were added to 
a solution (25 μL of total volume) containing the sample analyte (23 μL), 
d-AbAβ-42 dissolved in PBS with BSA 5%, and H2O2 (2% final concen
tration) as MM fuel. The self-propulsion of MM, thanks to the catalytic 
reaction between the inner Pt layer and H2O2, provides for 15 min the 
on-the-fly biorecognition of the β-amyloid protein in the sample. Af
terwards, the addition of 100 μL of PBS causes the MM to stop and, 
immediately, the supernatant was removed retaining the MM thanks to 
their intermediate magnetic layer and the aid of a magnet, followed by 
several washing steps with PBS. 

2.7. Electrochemical measurements 

The previously obtained MM-immunocomplexes were resuspended 
in 45 μL of hydroquinone (HQ) solution (1 mM) and transferred onto the 
surface of a commercial SPCE, where are retained by a small magnet 
located on the back of the working electrode surface to perform 
amperometric measurements at − 0.2 V. Once the baseline was stabi
lized, 5 μL of H2O2 solution was added (5 mM final concentration) and 
the produced signal was recorded. The measurements were based on the 
difference between the steady-state and the background currents after 
the 200 s. These results were fitted to a four-parameter logistic equation 
using the software SigmaPlot 15.0 (Eq (1)). 
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i is the electrochemical signal, while imax and imin are the maximum and 
minimum current values of the calibration graph, respectively. EC50 is 
the value of the analyte concentration corresponding to 50% of imax, and 
h is the hill slope. 

The limit of detection (LOD) was calculated using the criteria 3 s/m 
and the limit of quantification (LOQ) 10 s/m. S was estimated as the 
standard deviation measuring the lowest protein concentration used in 
the calibration (0.2 ng/mL, n = 10), whereas m is the slope of the 
regression lineal obtained from the linear calibration plots. 

2.8. SMCxPRO immunoassays 

The high-sensitivity SMCxPRO instrument (Merck) was used for the 
measurement of total Aβ-42 (03-0146-00) in BT, CSF, and plasma 
samples following manufacturers’ instructions. For the determination of 
Aβ-42 levels, plasma and CSF samples were 1/5 diluted, whereas 100 μg 
of each BT sample was analyzed. 

2.9. Statistical analyses 

p-values <0.05 were considered statistically significant. ROC 
(Receiver Operating Characteristic) curves and correlation between MM 
and SMCx data were obtained with R (version 3.6.2), using the “Mod
elGood” and the “Epi” packages to determine the diagnostic ability of 
the test (Montero-Calle et al., 2023b; Torrente-Rodríguez et al., 2022). 

3. Results and discussion 

3.1. MM-based immunoassay approach: strategy, characterization, and 
optimization 

We hypothesize that the anti-Aβ-42 functionalized MM can perform 
the Aβ-42 determination towards a sandwich-type immunoassay effi
ciently using low clinical sample volumes. To this end, tubular MM was 
electro-synthetized by concentric layers with designed functions: 
PPy–COOH–streptavidin outer layer as immobilization support for 
capture anti-β-amyloid antibody, and internal PtNPs catalytic layer for 
the generation and ejection of oxygen bubbles from H2O2 used as fuel for 
driven catalytic propulsion. Also, a Ni intermediate layer for magnetic 
detection handling on the SPCE was electro-synthetized. A scheme of the 
sandwich-type MM-based immunoassay approach is shown in Fig. 1 
(Top). 

PPy/Ni/PtNPs MM characterization was carried out. SEM images 
revealed a well-defined conical shape (5 μm of width, 10 μm of height) 
of the MM (Fig. 1A). The synthesis efficiency towards the homogeneous 
distribution of the layer-by-layer MM electrosynthesis was demon
strated by the EDX analysis shown in Fig. 1B. They revealed its 
composition confirming the presence of C and N from PPy as the sensing 
layer, Ni as the magnetic layer, and Pt as the catalytic layer. 

The on-the-fly immunoassay optimization procedures involve the 
study of those variables related to immunoassays together with those 
specific from the propulsion of MM into the sample solution and their 
interaction with the analyte. 

Fig. S1A shows the influence of the number of MM on immunoassay 
performance. Briefly, the number of MM used in the assay is optimized 
to have enough binding sites for the formation of complexes with the 
highest clinically relevant concentration of the analyte in the samples (to 
reach the highest c-AbAβ-42 concentration). Even a higher amount of MM 
produced a higher signal, they gave rise to aggregations, diminishing the 
active surface and lowering the effective navigation to capture the 

Fig. 1. Sandwich-type MM-based electrochemical immunoassay for Aβ-42. (Top), SEM images (A), and EDX analysis (B) of PPy/Ni/PtNPs micromotors (bottom). 
Scale bar: 10 μm SEM images and 9 μm EDX images. 
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analyte molecules. The high signal in controls can be due to the non- 
specific binding of HRP-labelled detection antibody (d-AbAβ-42) onto 
the MM surface especially in higher amounts of them. For this reason, 
the optimized amount of micromotors was chosen to have enough 
binding sites to form the highest amount of the immunocomplexes 
without such aggregation occurring. From the inspection of these 
studies, 5000 micromotors become as the optimum number due to the 
standard/sample (presence of Aβ-42) signal-to-blank (without Aβ-42) 
ratio. Streptavidin previously attached to the MM surface allowed the 
oriented immobilization of the specific antibody to be evaluated in the 
range between 200 and 800 μg/mL. The optimal amount of 400 μg/mL 
ensures the modification of the active surface of MM. 

After optimization of the number of MM and their functionalization 
with streptavidin, the concentration of c-AbAβ-42 on the surface of MM 
was studied in a range of 5–50 μg/mL. At set MM number, this variable 
showed an important influence as shown in Fig. S1B. The highest signal 
was obtained at 25 μg/mL, while higher values displayed a lower signal, 
probably due to steric hindrance produced by the excess of c-AbAβ-42 on 
the MM surface. In addition, the time needed for antibody immobiliza
tion was evaluated in the 15–60 min range. 30 min. reached the highest 
signal, while higher times could produce excess agglomeration of MM or 
immobilized cAb molecules, reducing the MM-based immunoassay ef
ficiency (Fig. S1C). BSA used to reduce nonspecific binding of the ana
lyte or detection antibody onto the MM surface was also tested in a range 
of 1–10 % (w/v). 5% BSA was directly added to the sample solution to 
prevent non-specific binding. 

Once the functionalized MM was adequately optimized, those vari
ables related to the on-the-fly immunoassay were also studied. This in
cludes the concentration of d-AbAβ-42, the sample volume, and the 
recognition time as well as propulsion conditions. 

d-AbAβ-42 was tested in a range of 0.25–1.5 μg/mL, even in the 
presence and absence of the Aβ-42 through the autonomous propulsion 
of micromotors. The highest signal was obtained with 1 μg/mL d-AbAβ-42 
ensuring the efficient labeling of all Aβ-42 captured onto the c-AbAβ-42- 
MM (Fig. S2A). Looking at Fig. S2B, sample volume had a notable in
fluence on the analytical signal. As can be observed, 25 μL of sample is 
needed to obtain better results. A higher volume sample probably re
duces the chance of finding the existing analyte molecules at any given 
time for the used optimized amount of MM. Recognition time during the 
on-the-fly step was also studied between 5 and 60 min. In this sense, 15 
min produced the best result since higher times cause agglomeration of 
MM, excess bubble formation that prevents the correct movement of 
MM, reducing the formation of the immunocomplexes, and inactivation 
of peroxidase enzyme due to the presence of high H2O2 concentration 
needed for propulsion (Fig. S2C). A comparison of the effectiveness of 
the self-propelled motion of MM versus static or stirring conditions is 
provided in Fig. S3. The on-the-fly recognition produces an improved 
performance in comparison with the controls (static and conventional 
stirring conditions), being 2% v/v H2O2 as the adequate fuel concen
tration. Higher fuel concentrations cause the same negative effects 
previously commented on for recognition time discussion. Briefly, the 

variables tested and selected values are listed in Table 1. 

3.2. Analytical performance 

The analytical performance of the MM-based immunoassay was 
carefully studied (see Table S1 for analytical figures of merit). The 
sigmoidal and the linear calibration plots obtained were shown in 
Fig. 2A, with a working linear range between 0.2 and 50 ng/mL (r =
0.997, EC50 = 1.9 ng/mL) covering the clinically relevant concentra
tions with high sensitivity, LOD: 0.06 ng/mL and LOQ: 0.2 ng/mL. 
Precision was also studied at three concentration levels (0.2, 2, and 50 
ng/mL) with values (in amperometric signals) of RSD0.2 = 5.8%, RSD2 =

7.5%, and RSD50 = 4.8% for intra-assay studies (n = 5). On the other 
hand, the stability of the c-AbAβ-42-MM conjugates was tested under 
storage at 4 ◦C in 25 μL of PBS. They were prepared on the same day, 
stored, and used to construct immunoassay on different days and mea
sure 2 ng/mL Aβ-42 solutions. The amperometric responses remained 
during at least 50 days within the control limits set by ±3 times the 
standard deviation of the measurements (n = 5) carried out on the first 
day, decreasing the amperometric signal by 2% from day 55. (Fig. 2B). 
This excellent storage stability suggests the possibility of preparing a set 
of c-AbAβ-42-MM conjugates and storing them under the above
mentioned conditions until their use for the preparation of the immu
nosensors was requested, subsequently lowering the overall 
immunoassay analysis times. 

3.3. Analysis of diagnosed Alzheimer’s BT, CSF, and plasma samples 

The analytical potential of MM technology was explored in the 
analysis of Aβ-42 in three clinical sample classes with high significance 
and with different analytical challenges in terms of selectivity, sensi
tivity, sample availability, and diagnosis purpose. Table 2 summarizes 
the main clinical features of the AD samples and their analytical deter
mination challenges: left prefrontal cortex BT (high selectivity is 
required due to the plethora of compounds potentially present; post- 
mortem, no alive biopsy sample can be obtained, non-invasive -post 
mortem-), CSF (both selectivity and sensitivity are challenged, being 
sensitivity the most relevant since cleaner sample is expected, invasive), 
and the plasma (high selectivity is required regarding the number of 
proteins and the highly abundance of the fifteen most abundant pro
teins, high sensitivity is also needed due to biomarkers dilution in blood, 
minimally invasive, the final sample target to avoid any biopsy and to 
help in alive early diagnosis as well). 

Table 3 lists the Aβ-42 levels obtained using the MM-based immu
noassay and the reference values obtained with the single molecule 
counting technology (SMCx). The high agreement between the 
micromotors-based Aβ-42 levels with the clinical values obtained with 
the SMCx technology for all the BT, CFL, and plasma samples analyzed 
showed the potential of the MM approach for the analysis of the golden 
AD biomarker Aβ-42. Also, both sets of data exhibited an excellent 
correlation performance (r > 0.9990, p < 0.05). Although there is no 
established consensus on the indicative levels of this biomarker in 
samples that ensure the existence of the AD disease, our approach (LOQ 
= 0.2 ng/mL) allows the reliable determination of Aβ-42 in BT, CSF, and 
plasma. The levels found in BT, CSF, and plasma samples from AD pa
tients were coincident using both methodologies (MM-based immuno
assay and SMCx), which indicates the adequate analytical behavior of 
the MM-based immunoassay to perform early or confirmatory diagnoses 
and longitudinal studies (particularly relevant in diseases with long 
clinical phases such as AD). 

It is also important to highlight that good results have been obtained 
by analyzing three very different types of matrices. An example can be 
visualized with the data obtained for patient 1 whose results show a 
high agreement with the results obtained with SMCx in two different 
matrices (plasma and BT), confirming the high versatility of our 
approach to measure different biological/clinical samples without 

Table 1 
Optimization of PPy/Ni/PtNPs MM-based immunoassay for Aβ-42 detection.  

Assay step Parameter Tested 
Range 

Selected 
Value 

Formation 
Immunocomplex 

Micromotors quantity, 
number 

2400–10000 5000 

[Streptavidin], μg/mL 200–800 400 
[c-AbAβ42], μg/mL 5–50 25 
c-AbAβ42 time, min. 15–60 30 

On-the-fly 
recognition 

[d-AbAβ42], μg/mL 0.25-1.5 1 
Block step, [BSA] % 1–10 5 
Sample Volume, μL 2–50 25 
Recognition time, min. 5–60 15 
Fuel (H2O2), % 0–4 2  

J.M. Gordón Pidal et al.                                                                                                                                                                                                                       



Biosensors and Bioelectronics 249 (2024) 115988

6

losing the efficiency of the process (Fig. S4). This feasibility would allow 
the diagnosis of the disease with plasma, the less invasive sample, and 
CSF. Despite using a low number of samples, ROC curve analyses per
formed either with the data from the MM or with the SMCx displayed 
similar results with complete discrimination between AD samples and 
controls (Fig. S4). 

Related to the comparison of our reported work with others 
described in the literature for the determination of Aβ-42, it is important 
to remark that since the MM approach is pioneering a direct comparison 
with other technologies is not fully pertinent. However, our approach 
combined shorter analysis times (15 min) (Li et al., 2019; Liu et al., 
2014; Zhang et al., 2019), with better sensitivities (Deng et al., 2018; Li 
et al., 2019), and even the use of lower sample volumes (Veloso et al., 
2014). Indeed, the fact that the MM performs the Aβ-42 detection 
on-the-fly, and the washing stages carried out, minimize the matrix ef
fect, and allows the direct determination of the undiluted samples by 
simple interpolation in the calibration plot, covering the clinically 
relevant concentrations in all samples studied. It simplifies the user’s 
analytical operation and together with the affordability and use of 
disposable electrodes and amperometry transduction is an added value 
for future POCT. 

It is also important to highlight that commercially available ELISA 
kits, commonly adopted in this field (e.g. https://www.rndsystems. 
com/products/human-amyloid-beta-aa1-42-quantikine-elisa.kit_d 
ab142#product-datasheets) and validated for the determination of cell 
culture supernatants, tissue lysates, and CSF but not for plasma samples, 
more challenging for the low concentration due to the blood-brain 
barrier, required 4.5 h unlike the 15 min of the proposed technology 
(starting from the c-Ab pre-coated plate or c-Ab-MM, respectively). 
Indeed, the unique features offered by the enhanced MM-assisted 
immunosensing coupled with electrochemical transduction in terms of 
cost and portability made the proposed technology ideal for trans
lational progress beyond the well-controlled laboratory bench toward 
the portable in-field devices for outpatient and hospital routine or even 
for low-resource settings. 

Additionally, in our approach, a set of unique real samples of AD 
patients were analyzed, which allowed us to glimpse the high potential 
of MM technology in the field of biosensors, which, although in an 
adolescent stage, is also offered as a competitive alternative to other 

Fig. 2. Analytical performance for amperometric determination of Aβ-42 using an MM-assisted immunoassay. (A) Sigmoidal curve and the calibration plots; (B) 
Amperometric response from the immunoassay from the stored anti-Aβ-42 (c-Ab = 25 μg/mL, Aβ-42 = 2 ng/mL) functionalized MM. Control limits (red lines) were 
calculated as 3 × mean values of three amperometric responses obtained on the preparation day. Conditions are described in Table 1. 

Table 2 
Main features, challenges, and types of diagnosis of Alzheimer’s disease allowed by the three types of samples analyzed.  

Sample Clinical key features Selectivity Sensitivity Invasive Biodisponibility Diagnosis 

BT AD (Braak IV, V, and VI) and healthy +++ ++ Post mortem Post mortem Not applicable 
CSF AD (Braak III, IV, V, and VI) and healthy + +++ +++ Alive Early 
Plasma AD (Braak IV, V, and IV) and healthy +++ ++ + Alive Early 

+, ++, and +++ denote low, medium, and highly challenging respectively. 

Table 3 
Analysis of BT, CFL, and plasma samples from control subjects and Alzheimer 
patients.  

Samples MM (pg/mL) SMCx (pg/mL) Er (%) 

Tissue 
Control 1 

Female, age: 61 years, Healthy 
293 ± 41 293 0.3 

Control 2 
Male, age: 74 years, Healthy 

89 ± 11 <80 11 

Patient 1 
Female, age: 91 years, AD Braak IV 

735 ± 170 688 7 

Patient 2 
Female, age: 88 years, AD Braak VI 

2289 ± 634 2166 6 

Cerebrospinal fluid 
Control 3 

Female, age: 84 years, Healthy 
171 ± 20 164 1 

Patient 3 
Male, age: 85 years, AD Braak IV 

212 ± 26 184 15 

Patient 4 
Male, age: 87 years, AD Braak V 

684 ± 41 650 5 

Patient 5 
Male, age: 91 years, AD Braak VI 

1026 ± 60 972 4 

Plasma 
Control 2 

Male, age: 74 years, Healthy 
209 196 4 

Patient 1 
Female, age: 91 years, AD Braak IV 

289 300 4 

Patient 6 
Female, age: 86 years, AD Braak V 

277 289 4  
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biosensors and clinically established approaches. 

4. Conclusions 

The first MM-based immunoassay for fast and accurate determina
tion of Aβ-42 in Alzheimer’s diagnosed clinical samples with high sig
nificance has successfully been developed. The immunoassay through an 
on-the-fly recognition of Aβ-42 was performed speedily (15 min), with a 
high sensitivity (0.06 ng/mL), and in a low volume of clinical BT, CSF or 
plasma samples (25 μL) with a linear range that covered the clinical 
levels, allowing the direct determination without any dilution, reducing 
the complexity of the analysis. Our approach exhibited an excellent 
agreement with the declared diagnosed values in BT, CSF, and plasma 
samples from clinical AD patients obtained with SMCx. Remarkably, 
although the detection of a single biomarker is not enough for AD 
diagnosis, the results presented here highlight the potential of MM for 
diagnosis using a plethora of samples with small volumes. Even more 
importantly, this approach opens new noninvasive capabilities for AD 
diagnosis through the possibility of reaching a multiplex detection in 
plasma samples of several biomarkers to improve the blood-based 
diagnosis of Alzheimer’s disease. 

However, the transfer of this technology to the clinic and its accep
tance and incorporation into clinical practice will be difficult and time- 
consuming tasks. Overcoming the complex challenges involved requires 
close collaborations with hospitals and commercial/public entities 
interested in transferring the technology. The adoption of these new 
devices in a clinical environment requires not only that laboratory 
personnel become familiar with the new methodologies, but also that 
the medical personnel expand their knowledge about this technology 
and how to implement it in their clinical routine. Widespread use of new 
AD biomarker tools in the clinic also requires comprehensive stan
dardization and validation approaches, which must be addressed with 
sufficient consistency to withstand the onslaught that the clinical di
agnostics industry will launch. 
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Litvan, I., Fang, R.H., Zhang, L., Wang, J., 2021. A Microstirring Pill Enhances 
Bioavailability of Orally Administered Drugs. Adv. Sci. 8, 2100389 https://doi.org/ 
10.1002/advs.202100389. 

Murphy, M.P., Levine, H., 2010. Alzheimer’s disease and the amyloid-β peptide. 
J. Alzheimers. Dis. 19, 311–323. https://doi.org/10.3233/JAD-2010-1221. 

Nguyen, T.T., Nguyen, T.D., Nguyen, T.K.O., Vo, T.K., Vo, V.G., 2021. Advances in 
developing therapeutic strategies for Alzheimer’s disease. Biomed. Pharmacother. 
139, 111623 https://doi.org/10.1016/j.biopha.2021.111623. 

Niccoli, T., Partridge, L., 2012. Ageing as a risk factor for disease. Curr. Biol. 22, 
R741–R752. https://doi.org/10.1016/j.cub.2012.07.024. 

Novotný, F., Plutnar, J., Pumera, M., 2019. Plasmonic self-propelled nanomotors for 
Explosives detection via solution-based surface enhanced Raman Scattering. Adv. 
Funct. Mater. 29, 1903041 https://doi.org/10.1002/adfm.201903041. 

Ono, M., Watanabe, H., Kitada, A., Matsumura, K., Ihara, M., Saji, H., 2016. Highly 
selective tau-SPECT imaging probes for detection of neurofibrillary tangles in 
Alzheimer’s disease. Sci. Rep. 6, 34197 https://doi.org/10.1038/srep34197. 
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