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ABSTRACT

Alzheimer’s disease is one of the most common causes of dementia nowadays, and its
prevalence increases over time. Because of this, accurate methods for the analysis of
specific biomarkers for an early diagnosis of this disease are much needed. Recently,
the levels of unfolded isoform of the multifunctional protein p53 in plasma have been
proved to increase selectively in Alzheimer’s Disease patients in comparison with
healthy subjects, thus entering the list of biomarkers that can be used for the diagnosis

of this illness.

We present here the development of an electrochemical immunosensor based on
nanostructured screen-printed carbon electrodes for the quantification of unfolded
p53 in plasma samples. The sensor shows a suitable linear range (from 2 to 50 nM) for
its application in real blood samples and a very low limit of detection (0.05 nM). The
concentration of unfolded p53 has been accurately detected in plasma of elderly
people in healthy conditions, subjects with mild cognitive impairment (MCI) and
Alzheimer’s Disease (AD) subjects, obtaining results with no significant differences to
those provided by an ELISA assay. This result supports the possibility of measuring
unfolded p53 levels with a cheap, simple and miniaturized device with a promising

future for point-of-care applications in the early diagnosis of Alzheimer’s dementia.
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1. INTRODUCTION

Nowadays, Alzheimer’s disease (AD) is a major global public health challenges facing
our society. It is the most common type of dementia (represents 50-75% of all
dementias). Its prevalence is increasing worldwide: approximately 47 million people
live with this type of dementia around the world, and this number is projected to
increase to more than 131 million by 2050 [1-3]. AD is a progressive
neurodegenerative disorder related to aging: approximately, it is suffered by 1% of
people between 65 and 69 years old and it is higher than 50% in individuals above 95
years old [4]. The most characteristic symptoms of AD are difficulties with memory,
language, problem-solving and other kind of cognitive skills which affect the person’s
ability to perform daily activities [5]. These symptoms increase with time, and they can
reflect the degree of damage in human brain. The AD degenerative process may start
approximately 20 or 30 years before the clinical diagnosis of the disease. Early
cognitive alterations defining a mild cognitive impairment (MCI) that is not altering
daily life, may often precede AD dementia, but does not allow the identification of a

specific type of neurodegenerative disorder [6,7].

An accurate and early diagnosis for the AD process would be very important in the
treatment of the dementia, both in terms of slowing the progress of the disease and
helping to prepare the patients and their family for the future. There is not a single test
for the diagnosis of dementia: specialists use different approaches by obtaining
medical family history, conducting cognitive tests, using brain imaging or blood tests,
to discard other causes of the symptoms such as tumours or different vitamin

deficiencies [5]. Therefore, the recommended medical approach to diagnose dementia
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remains a battery of tests for cognitive and behavioural evaluation. Consequently, AD
cannot be clinically diagnosed until dementia is well established and a definitive
diagnosis of AD must wait post mortem autoptic brain analysis and the identification of
the histological changes originally described by Alois Alzheimer [8,9]. Because of this, it
is increasingly important the identification of different proteins responsible for
neurodegeneration that could help in the diagnosis and management of AD. This kind
of proteins, named biological markers or biomarkers, are detectable or measurable
indicators of different biological processes, pathogenic processes or pharmacological
responses to therapeutic interventions. They can be found in biological tissues or
fluids, as blood or cerebrospinal fluid, and their clinical utility is defined by the
sensitivity, specificity and ease of use [10,11]. In order to be useful for diagnosis, a
biomarker should be able to differentiate those mild cognitive impairment (MCI)
patients, still autonomous, who will eventually progress into AD or into a moderate

dementia due to other factors [12].

Nowadays, among all the biomarkers considered useful in routine diagnosis of AD in
human cerebrospinal fluid (CSF), the most common are tau protein (total tau and
phosphorylated tau at threonine 181) and amyloid beta 1-42 (AB42). Both can reflect
the neuropathology development and progression in AD and MCI [13-16]. Tau protein
is a microtubular-associated protein, located in the neuronal axons, that facilitates the
regulation of the transport of organelles to and from synapses, especially
mitochondria; its transport is essential for having a correct synaptic function [8,17,18].
On the other hand, accumulation of amyloid beta 1-42 into plaques is demonstrated to
be related with AD [19,20]. AB42 is secreted as a result of the proteolytic cleavage by

different secretases of the amyloid precursor protein (APP). In this way, this protein
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produces toxic oligomeric species and aggregate forming plaques, affecting the
neurotrophic and neuroprotective properties of the brain [8,21-23]. The
determination of the presence in the CSF of both total and phosphorylated tau and
AB42 is currently performed in order to provide further evidence to support the
diagnosis of AD and the progression from MCI to AD, although the results are often
inconsistent. With respect to these two biomarkers, recent work has demonstrated
the superiority of using neuroimaging by fluorodeoxyglucose (FDG)-positron emission
tomography (PET) in association with statistical parametrical mapping (SPM) in
predicting the progression to AD and non-AD dementias [24]; while a 90% accuracy
prediction of conversion of cognitively normal older subjects to either MCl or AD
within 2-3 years, has recently been obtained by measuring the plasma concentration
of 10 lipids [25]. Also, in a very recent study, Preische et al. [26] have reported that
levels of the protein neurofilament light chain were decreased in both CSF and blood
serum of presymptomatic familial Alzheimer’s patients and these changes were
detectable over 16 years before the onset of disease symptoms, confirming the

potential usefulness of biomarkers for dementia diagnosis.

A particularly interesting blood biomarker for AD has been described by Uberti et al.
[27]. These authors observed that compared to fibroblasts from healthy patients,
fibroblasts from patients with AD expressed much higher levels of a conformationally
altered (unfolded) p53 protein (called mutant-like p53) [28]. While p53 is a
multifunctional protein involved in a large number of biological processes for
maintaining genomic integrity, and preventing tumoral growth following potentially
genotoxic stimuli by exhibiting antioxidant activities in order to eliminate oxidative

stress and ensure cell survival [29-31], several studies support the role of its unfolded
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conformation in the pathogenesis of AD [23,27,32-34] and its potential as useful

biomarker of the disease.

Immunofluorescence studies in peripheral blood cells have also helped to differentiate
one antibody, PAb240, which binds to the primary epitope only accessible in the
unfolded isoform of the protein [30,35,36] (see Figure S1 in Supporting Information).
Thus, the use of this PAb240 antibody can allow the detection of conformationally

altered p53 in patients and correlated to different stages of the disease [37].

In this work, it is developed an electrochemical immunosensor based on a gold
nanostructured screen-printed carbon electrode (SPCE) as transducer and PAb240 as
selective recognition element for the easy quantification of unfolded p53. The
biosensor consists in a competitive immunoassay carried out on the SPCEs using the
enzyme alkaline phosphatase as label and a mixture of 3-indoxyl phosphate with silver
ions as substrate. Analytical signal is based on the anodic stripping of the enzymatically
reduced silver (Ago). The biosensor is successfully applied, for the first time and
without the need of any dilution, in plasma samples from aging people in cognitive

healthy conditions or suffering either MCl or AD.
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2. EXPERIMENTAL

2.1. Apparatus and electrodes

Disposable screen-printed carbon electrodes (SPCEs) are provided from Metrohm
Dropsens. These electrodes are composed by a conventional three-electrode
configuration, printed on a ceramic substrate: working and auxiliary electrodes are
made of carbon ink, while the pseudoreference electrode is made of silver. The SPCEs
are connected to the potentiostat through suitable connectors also purchased from

Metrohm Dropsens.

Gold nanostructuration on SPCEs is done with a uStat 8000 potentiostat (Metrohm
Dropsens), interfaced to a computer system and controlled by DropView 8400

software.

Voltammetric measurements are carried out using an ECO Chemie pAutolab type Il
potentiostat/galvanostat (Metrohm Autolab) interfaced to a computer system and

controlled by the NOVA version 2.1 software.

All the measurements performed in this paper were carried out at room temperature.

2.2. Reagents and solutions

Tris(hydroxymethyl)aminomethane (Trizma® base), magnesium nitrate hexa-hydrate,
albumin from bovine serum (BSA), silver nitrate (AgNOs) and streptavidin from
Streptomyces avidinii labelled with alkaline phosphatase (S-AP) were purchased from

Sigma-Aldrich. Gold standard (HAuCl, - 3H,0 in 12.7% HCI), fuming hydrochloric acid
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(HCI) and nitric acid (HNOs) were obtained from Merck. 3-indoxyl phosphate disodium

salt was delivered by Biosynth.

p53 monoclonal antibody (PAb240) was purchased from Thermo Fisher Scientific.
Unfolded p53 peptide and biotin-conjugated unfolded p53 peptide was synthetized

and furtherly conjugated with biotin by Abyntek Biopharma.

All chemical reagents used in experiments were of analytical grade and used without
further purification. Ultrapure water (18.2 MQ), obtained from a Millipore Direct-Q® 3
UV purification system from Millipore Ibérica S.A, was used throughout all the work.
Working solutions of PAb240 monoclonal antibody, BSA, unfolded p53 peptide,
unfolded-p53 peptide labelled with biotin (p53-bio) and S-AP were prepared in 0.1 M
Tris-HNOs buffer, pH 7.2 (buffer 1). Working solutions of 3-IP and AgNOs; were
prepared in 0.1 M Tris-HNOs pH 9.8 buffer containing 2 mM Mg(NOs), (buffer 2) and
stored protected from light. Buffer solutions are prepared every week and stored and

4 °C, whereas working solutions needed for the immunoassay were prepared daily.

2.3. Procedures

2.3.1. SPCEs nanostructuration

Gold nanostructures are in situ generated onto the working electrode by
electrochemical reduction of AuCl, following a method previously optimized by our
research group [38]. The procedure consists in depositing an aliquot (40 uL) of 1 mM
HAuCl, solution (in 0.1 M HCI) on the electrode surface (covering the three electrodes)
and applying a constant current intensity of -100 pA during 180 s. This leads to the
formation of nanostructures on the working electrode covering it with monodisperse

AuNPs with a mean diameter of 75 nm. Then, the nanostructured electrodes are
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washed with ultrapure water and they are ready for use. This procedure for gold
nanostructuration is performed at room temperature and, using the uStat 8000

potentiostat, it can be performed in eight different SPCEs at the same time.

2.3.2. Calibration of the immunosensor for the detection of the unfolded p53

peptide

A scheme of the different steps of the biosensor can be seen in Figure 1. With this
design, different optimizations (concentration of antibody, labelled peptide or bovine
serum albumin for the blocking step) have been done. The following procedure (Figure

1) describes an optimized assay.

The working area of the nanostructured SPCE (AuNP-SPCE) is functionalised by physical
adsorption coating it with 10 pL of 4 pg mL™ PAb240 antibody solution and incubating
overnight, protected from light, at 4 °C. The non-adsorbed antibodies are removed
rinsing the electrode with buffer 1 and then, the antibody—free surface sites are
blocked with 40 uL BSA solution (2%) for 30 min. The electrode is washed again using
buffer 1 and a 40-uL drop of unfolded p53 peptide of varying concentrations is added
and left to react with the antibody for 1 hour. After a washing step with buffer 1 an
aliqguot of 40 uL of the biotinylated p53 peptide in a fixed concentration (10 nM) is
deposited and let it react for 1 hour. In this step, all the antibodies that did not react
with free p53 peptide before, reacted with the biotinylated p53 peptide. Then, the
electrode is rinsed with buffer 1 and 40 pL of S-AP of a fixed concentration (0.5 nM) is

added.

After a washing step with buffer 2, the enzymatic reaction is carried out depositing on

the AuNP-SPCE 40 pL of a mixture of 0.5 mM 3-IP and 0.2 mM silver nitrate solution.
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The enzymatic reaction takes place during 20 min, and, after that, a linear sweep

voltammetry is recorded, from -0.1 V to + 0.4 V at a scan rate of 50 mV s
2.3.3. Real sample analysis

The determination of unfolded p53 in blood samples was performed substituting, in
the immunoassay protocol, the addition of the unfolded p53 peptide standard solution
by the addition of the sample, in this case, blood plasma. Samples were kindly
provided by the Unit of Neurology of the Alvarez-Buylla Hospital (Mieres, Asturias,
Spain) and the Unit of Neurology of Cabuefies Hospital (Gijén, Asturias, Spain). A total
of 12 plasma samples were tested: 4 cognitively healthy subjects (CHS), 4 patients with
MCI and 4 patients with AD. Subjects received a diagnosis of AD according to
NINCDS/ADRDA criteria [39], while MCI diagnosis followed the criteria of Petersen:
there has to be evidence of memory impairment, preservation of general cognitive and
functional abilities and absence of any diagnosed dementia [40]. Healthy subjects were
recruited from routine controls and had to meet the following criteria: i) no history of
past or current psychiatric or neurologic disorders and ii) a score higher than 26 in the
Mini-Mental State Examination (MMSE). All patients had undergone neuroimaging and
neuropsychological assessment, and, depending on their specific clinical profile, other
personalized tests were also performed. All of them (or their relatives) provided
written consent for the participation in all the studies and were included in a previous
study [41]. Blood samples have been processed as indicated by Arce-Varas et al. [41]:.
plasma is obtained by Ficoll-Hypaque density gradient centrifugation and then

aliguoted and stored at -80 °c.
3. RESULTS AND DISCUSSION
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3.1. Optimization of experimental conditions

A heterogeneous competitive immunoassay is adopted to construct the specific
biosensor for the detection of unfolded p53. As transducer, SPCEs modified with
electrogenerated gold nanoparticles are used since they have previously demonstrated
better sensitivity than non-nanostructured SPCEs when bioassays using AP as label and
mixture of 3-IP/Ag" as substrate [42]. Moreover, these AuUNP-SPCEs allow to develop
single-use sensors (as the one here developed) due to their low-cost, portability and

small size, being excellent for the development of point-of-care (POC) devices.

In order to achieve a selective immunosensor, the PAb240 antibody (capture antibody)
is immobilized onto the AUNP-SPCE. The competitive immunoreaction is performed in
two steps in order to increase the sensitivity: first, the sample is added on the AuNP-
SPCE functionalised with the capture antibody in a way the antigen (unfolded p53)
present in the sample reacts with the antibody; then, the p53-bio (p53 peptide labelled
with biotin) is added to react with all the free antibodies (i.e. all the antibodies that
were not occupied with unfolded p53 present in the sample). Thus, the higher the
amount of unfolded p53 present in the sample, the lower the amount of p53-bio

reacts with capture antibody and therefore, the lower the analytical signal.

To trace the immunoassay, the p53-bio is made to react with S-AP because of the
strong non-covalent interaction that the system streptavidin-biotin provides. In this
way, the enzyme AP is used as label and the mixture 3-IP/silver nitrate as enzymatic
substrate. The silver enzymatic deposition catalysed by AP has been previously
reported by our research group [43]. In the enzymatic reaction, AP hydrolyses 3-IP,

producing and indoxyl intermediate. This intermediate reduces the silver ions present

11
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in the solution to metallic silver (Ago) and indigo blue. By this way, the enzymatically
generated metallic silver is deposited on the surface of the electrode, and it can be
detected by performing an anodic stripping scan and measuring the redissolution
peak. The intensity current of this anodic peak is directly proportional to the
concentration of p53-bio and therefore, inversely proportional to the concentration of

unfolded p53 in the sample.

In order to achieve the best analytical features for the biosensor, experimental
variables that affect its performance are optimized: i) the concentration of the blocking
agent, ii) the concentration of the antibody PAb240 and iii) the concentration of p53-

bio.

Blocking agent. Bovine serum albumin (BSA) is used as a blocking agent to avoid non-
specific binding of proteins onto the surface of the electrode. Concentrations of BSA
ranging from 1% to 3% are tested in experiments using fixed concentrations of PAb240
antibody (4 pg mL?) and of p53-bio (10 nM). As shown in Figure 2, the use of BSA
increases the signal-to-background ratio significantly, obtaining a maximum when 2%
BSA is used. Based on these results, this concentration of BSA is used as blocking agent

in the following steps of the biosensor construction.

Polyclonal antibody PAb240. Optimization of the concentration of the antibody
PAb240 remains a key parameter, as too high amounts of the antibody reacting with a
low concentrations of the unfolded p53 results in non-detectable analytical signals
since there is enough antibody to react with the unfolded p53 present in the sample
and with the bio-p53 added to obtain the signal. Therefore, it is important to make

sure that a suitable limited concentration of capture antibody must be immobilized on

12
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the AuNP-SPCE in order to cause significant changes in the analytical signal in the case
of different concentrations of unfolded p53 and therefore, low concentrations could
be detected. Accordingly, different concentrations of PAb240 antibody are tested, and

the results obtained are shown in Figure 3.

As can be seen, the highest analytical signal is obtained at a PAb240 antibody
concentration of 4 ug mL™, while the background signal remained at low levels at all

PAb240 concentrations (0-5 ug mL™) tested.

Biotin-conjugate p53 peptide. Different amounts of the biotin-conjugate p53 peptide
are tested in order to establish the experimental conditions providing the highest
efficiency of this electrochemical immunosensor. As seen in Figure 4, the highest peak
current intensity signal values correspond to bio-p53 concentrations of 50 nM and 100
nM. However, 10 nM is finally chosen as the optimum concentration of the bio-p53
because it consistently provides the signal with the best reproducibility, as error bars
show. In addition, this is the highest concentration of the bio-p53 tested without

saturating the electrode surface (Figure 4).
3.2.  Analytical characteristics of the immunosensor

After the optimization of the main parameters involved in the design of the
immunosensor, a calibration plot has to be carried out in order to know whether the
immunosensor responds to increasing concentrations of the p53 peptide. The
biosensor response against unfolded p53 concentrations between 2 and 50 nM can be

seen in Figure S2 (in Supporting Information), obtaining very well-defined

13



©CO~NOOOTA~AWNPE

voltammetric peaks (Figure 5A), and it is adjusted into a linear relationship (Figure 5B)

within that range according to the following equation:

io_i

(%) = 37.7log [p53] (nM) — 1.6

lo

The correlation coefficient obtained is 0.997 when measuring unfolded p53
concentrations in the range between 2 and 50 nM. The limit of detection (LOD) and
the limit of quantification (LOQ), calculated as 3 or 10 times the standard deviation of
the intercept divided by the slope are found to be 0.05 and 0.2 nM, respectively. These

and other figures of merit are summarized in Table S1 (in Supporting Information).

In order to evaluate the reproducibility of this immunosensor, several biosensors are
prepared in three different days and with different solutions of all the reagents,
including the buffer solutions. As illustrated in Table S$2 (in Supporting Information),
the biosensor shows a very good reproducibility, with relative standard deviations
(RSD) for three different concentrations of unfolded p53 (2, 10 and 50 nM) between

6.2% and 8.7%.

3.3. Real samples measurement

The developed immunosensor is applied to determine the concentration of unfolded
p53 in real plasma samples from patients who had been diagnosed with MCl or AD as
well as from control subjects. There is no need for plasma dilution because p53
concentration in blood samples is within the calibration range of this biosensor, and
blood plasma does not affect the sensitivity of the sensor. Samples have been

processed as previously indicated (in Section 2.3.3).
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Values of unfolded p53 peptide levels obtained with the immunosensor are
summarized in Table 1. For comparison, values for unfolded p53 determined in the
same samples using direct Enzyme-Linked Immunosorbent Assay (ELISA) [41] are also
reported. The values of unfolded p53 obtained with the immunosensor and the ELISA
assay are very similar for all the samples tested with relative errors of below 8% in all

the cases.

This confirms the usefulness of the developed immunosensor for the accurate
detection of unfolded p53 in real samples. Therefore, this sensor offers a simple,
miniaturized and cost-effective system for selective unfolded p53 quantification with

the required sensitivity for its use in clinical samples.

As unfolded p53 is still an emerging biomarker for AD recently suggested, at present,
there are not established cut-off values to discriminate between healthy, MCl and AD
subjects. However, the results provided by the sensor, in agreement with previous
clinical studies [6,27,28,33,37,41], show a clear tendency towards high amounts of
unfolded p53 in plasma of MCl and AD patients when compared with plasma from
control subjects. This increasing amount of unfolded p53 protein in AD subjects can be
explained considering a higher pro-oxidant intracellular environment, which favours
the formation of unfolded p53 [29,31].

To the best of our knowledge, this is the first biosensor for the quantification of
unfolded p53 protein, which is a promising biomarker for the diagnosis of AD.
Moreover, this sensor allows the quantification of unfolded p53 directly in human
plasma without sample dilution. Other types of p53 protein biosensors can be found in

the literature, but they are mainly focused on cancer detection [44-46] and don’t
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distinguish between unfolded p53 from the “total”. The biosensor here developed
offers excellent figures of merit (as can be seen in Table S2 in Supporting Information)
and has demonstrated great features for the quantification of unfolded p53 in plasma,
which is a sample far less invasive than others used in AD diagnosis such as

cerebrospinal fluid.

4. CONCLUSIONS

In this work, we have developed a competitive immunosensor based on gold
nanostructured screen-printed carbon electrodes for the quantification of unfolded
p53 protein. In order to construct a selective sensor, a monoclonal antibody that only
reacts with the unfolded isoform of the protein (whose concentration is higher in
Alzheimer’s Disease patients) has been employed as capture antibody. After the
optimization of different parameters, a calibration curve has been obtained with
excellent analytical characteristics (sensitivity, limit of detection and reproducibility).
The developed sensor allowed measuring the unfolded p53 concentration in plasma
samples from either patients with different neurodegenerative disorders (mild
cognitive impairment or Alzheimer’s Disease) or healthy patients with great accuracy.
It is worthy to highlight that the sensor is able to directly quantify the unfolded p53 in
plasma without dilution. Hence, the developed biosensor is a low-cost, simple,
miniaturized and portable device that requires small amounts of sample; thus, it is a
useful tool for decentralized unfolded p53 analysis contributing to future point-of-care
applications that could help to the non-invasive diagnosis and monitoring of the

progression of dementia and Alzheimer’s disease.
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CAPTION OF FIGURES

Figure 1. Scheme of the immunosensing strategy for the detection of unfolded p53.

Figure 2. Effect of the BSA concentration in the peak current intensities obtained with

the immunosensor in the absence and presence of p53 peptide (10 nM). Experimental
conditions: PAb240 antibody 4 pg mL™, p53-biotin-conjugated peptide 10 nM, S-AP 0.5
nM, 3-IP 0.5 mM, Ag" 0.2 mM. Data are given as average + SD (n = 3).

Figure 3. Effect of the PAb240 antibody (capture antibody) concentration in the peak
current intensities obtained with the immunosensor in the absence and presence of
p53 peptide (10 nM). Experimental conditions: BSA 2%, PAb240 antibody 4 pg mL™, S-
AP 0.5 nM, 3-IP 0.5 mM, Ag" 0.2 mM. Data are given as average + SD (n = 3).

Figure 4. Effect of the biotin-conjugate p53 peptide concentration in the peak current
intensities. Experimental conditions: BSA 2%, PAb240 antibody 4 pg mL™, S-AP 0.5 nM,
3-IP 0.5 mM, Ag* 0.2 mM. Data are given as average + SD (n = 3).

Figure 5. A) Linear sweep voltammograms recorded for different p53 peptide
concentrations (up to down: 0, 2, 3, 4, 5, 6, 8, 10, 15, 20, 30, 40 and 50 nM) obtained
with the immunosensor. B) Calibration plot of the immunosensor. Experimental
conditions: BSA 2%, PAb240 antibody 4 pg mL™, p53-biotin-conjugated peptide 10 nM,
S-AP 0.5 nM, 3-IP 0.5 mM, Ag" 0.2 mM. Data are given as average + SD (n = 3).
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TABLES

Table 1. Comparison of the unfolded p53 concentration values obtained using the

biosensor here described and the ELISA, for real plasma samples from CHS (Control

Healthy Subjects), MCI (Mild Cognitive Impairment) and AD (Alzheimer’s Disease)

patients. Data are given as average + SD (n=3).

Sample

CHS1
CHS2
CHS3
CHS4
MCI1
MCI2
MCI3
MCl4
AD1
AD2
AD3
AD4

Unfolded p53 (ng mL?)

Immunosensor
(this work)
5.0+0.8
5.6 +0.3
49+0.5
55+1.0
7.6+04
3.7+0.5
48+0.4
52+2.1
6.0+0.7
8.5+0.8
9.3+0.8
8.5+0.5

ELISA [41]

4.98
5.75
5.01
5.93
7.96
3.86
5.02
5.07
6.34
9.05
9.76
8.86

Relative
error (%)
-0.1
19
1.2
7.9
4.8
4.1
3.4
-2.1
5.6
5.9
4.8
4.1
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