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Bifunctional Au@Pt/Au core@shell nanoparticles as novel electro-
catalytic tags in immunosensing: application for Alzheimer’s disease
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ABSTRACT: In this work, bifunctional core@shell Au@Pt/Au NPs are presented as novel tags for electrochemical immunosensing.
Au@Pt/Au NPs were synthesized following a chemical route based on successive metal depositions and galvanic replacement reac-
tions from the starting AuNPs. Au protuberances growth on the surface of Au@Pt NPs allowed their easy bioconjugation with anti-
bodies, while the high catalytic Pt surface area was approached for their sensitive detection through the electrocatalysed water oxi-
dation reaction (WOR) at neutral pH. Moreover, the synergy between Au and Pt metals on the NP surface also lead to an increased
catalytic activity, improving the sensitivity of the NP detection. Cyclic voltammetry and chronoamperometry were used for the eval-
uation of the Au@Pt/Au NPs electrocatalytic activity towards WOR. The chronoamperometric current recorded at a fixed potential
of +1.35 V was selected as the analytical signal, allowing the quantification of Au@Pt/Au NPs at 10'> NPs/mL levels. The optimized
electrocatalytic method was applied to the quantification of conformationally altered p53 peptide Alzheimer’s disease (AD) biomarker
in a competitive immunoassay using magnetic bead (MB) platforms at levels as low as 66 nM. The performance of the system in a
real scenario was demonstrated analysing plasma samples from a cognitively healthy subject. This novel Au@Pt/Au NPs-based
electrocatalytic immunoassay has the advantage, over common methods for NP tags electrochemical detection, of the signal genera-
tion in the same neutral medium where the immunoassay takes place (0.1 M PBS pH 7.2), avoiding the use of additional and more
hazardous reagents and paving the way to future integrated biosensing systems.

INTRODUCTION 47 benefiting of the inherent advantages of the electrochemical de-
tection in terms of sensitivity, selectivity, simplicity and low
cost 15, In most cases highly acidic media are needed for such
materials, which compared to homogenous materials provide 50 NPs detection, either to facilitate dissolution 16 or as source of
more selectivity and a better yield !. At nanoscale, nanoparticle 1 hydrogen ions for further detection based on hydrogen evolu-
(NP) catalysts lead to higher catalytic activity than bulk materi- 2 tion reaction (HER) '"2. However, the use (?f acid solutions is
als due to their higher specific surface area 2. 53 not desirable for both safety reasons and the time needed for the

analysis, also involving additional steps after the immunoassay.

The use of catalytic materials has attracted increasing atten- 48
tion in the last years. Of especial relevance are heterogeneous

NPs are promising candidates to be used as tags in biosensing >
assays. Compared to natural enzymes they show a more con- 55 ~ Consequently, there is a need of NP tags that may be detected
trolled synthesis, higher stability against harsh conditions, 6 in the same medium where immunoreactions take place. In this
higher resistance to high concentrations of substrate and a lower 7 context, the water oxidation reaction (WOR) occurring at neu-
cost . The use of electrocatalytic NPs as labels has been ex- tral pH and easily catalysed by some metals emerges as an ideal

tensively studied and applied in immunosensing "2, offering tool for NPs detection **. WOR, also known as oxygen evolu-
outstanding alternatives to traditional assays. 60 tion reaction (OER), is a four-electron transfer reaction

+ e .
Among the wide variety of NPs, metallic NP labels have at- 61 (2H,0 > 0, + 4H" + 4e") that takes places in the anode
tracted considerable interest due to their unique red-ox and op- of an electrolytic cell. This reaction, together with HER, a two-
tical properties '>!* as well as their electrocatalytic activity, also electron cathodic process, (2H™ + 2e™ - H,) is involved in
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electrochemical water splitting 2°. It has been shown that an ef- 62
ficient water splitting can be achieved by Platinum (Pt), Ruthe- 63
nium (Ru) and Iridium (Ir) based materials. It’s also well known g4
that Pt catalyses HER process in a high extent, whereas IrO; and 5
RuO; show a remarkable activity towards WOR **'. Pt has ¢
been extensively studied, mainly because of its electrocatalytic g7
activity towards a wide variety of reactions, such as hydrogen 8
evolution, oxygen reduction, hydrogen peroxide reduction, hy- g9
drogen oxidation, methanol oxidation, ethanol oxidation and 7()
formic acid oxidation *>**. Pt scarcity and high cost makes de- 7]
sirable its combination with other metals to reduce costs and to 72
enhance its catalytic performance due to the synergistic effects 73
between metals 34738, 74

The loading of Pt on the surface of Au, as in core@shell 75
Au@Pt NPs, has been extensively studied and excellent cata- 76
lytic properties have been reported due to the aforementioned 77
synergistic effect ***. Based on their electrocatalytic activity 78
towards reactions such as the hydrogen peroxide reduction and 79
the oxygen reduction, Au@Pt NPs have been used as electrode
modifiers in label-free immunosensors “'** and also as tags in
aptasensors ** and immmunosensors *. However, few infor-
mation has been found regarding the synthesis of multi-layered
bimetallic core@shell NPs, with two or more components ex-
posed to the environment. Xie et al. “*described for the first time
the synthesis of raspberry-like bimetallic Au@Pt/Au triple-lay- 85
ered core@shell NPs consisting of an Au core, a Pt inner shell,
and an outer shell composed of Au protuberances. Such
Au@Pt/Au NPs showed peroxidase-like activity 6 but, to the 38
best of our knowledge, no other catalytic properties have been
evaluated yet.

In this context, here we explore for the first time the electro- g%
catalytic properties of Au@Pt/Au NPs towards the WOR in
neutral media and their use as tags in biosensing, taking ad-
vantage of the Au protuberances for antibody immobilization.
The methodology was employed in a competitive magnetoim- 6
munoassay for the detection of an altered conformation of the 97
p53 peptide, a novel Alzheimer's disease (AD) biomarker. AD 8
is one of the most common causes of dementia worldwide, af-
fecting more than 47 million people *’. The use of conforma 0
tionally altered p53 as a biomarker for AD was proposed b 01
Lanni et al. in 2007, who observed that fibroblasts from patients1 02
with AD expressed high levels of a conformationally altered (o
unfolded) p53 peptide “**°. The new methodology we Proposg o
here, using Au@Pt/Au NPs as novel labels alternative to ey 5
zymes and with the advantage of easy detection in the same me-
dium where the immunoreaction takes place, opens the way t 6
further biomedical applications and integrated biosensing sys{ ()7

tems. 108
109

EXPERIMENTAL SECTION 110
Reagents and materials % % ;
The precursors used for the synthesis of the Au@Pt/Au NPs] | 3
gold (III) chloride trihydrate (HAuCly-3 HyO), silver nitratq 4

(AgNO:s) and chloroplatinic acid solution (H>PtCls), were obq{ 15
tained from Sigma-Aldrich (Spain). The reducing agent, triso{ 1§
dium citrate (Na;C¢HsO5-2 H0), used during the synthetic and |7
conjugation procedure was purchased from Merck (Germany).] | 8

Streptavidin-modified magnetic beads 2.8 um-sized (M-280] 19
and anti-p53 monoclonal antibody (PAb240) recognizing spel 20
cifically conformationally altered p53 were purchased fromd 21
Thermo Fisher Scientific (Spain). Conformationally altered p5322

and biotin-conjugated conformationally altered p53 peptide
were synthesized by Abyntek Biopharma (Spain).

All chemicals were of analytical grade and used as received
without further purification. All the solutions were prepared in
ultrapure water (18.2 MQ-cm @ 25 °C) directly taken from a
Millipore Direct-Q® 3 UV purification system from Millipore
Ibérica S.A (Spain). Unless otherwise stated, all buffer reagents
and other inorganic chemicals were supplied by Sigma-Aldrich
(Spain) or Merck (Germany). Phosphate buffer electrolyte so-
lution was prepared using sodium chloride, potassium chloride,
disodium hydrogen phosphate and potassium dihydrogen phos-
phate from Merck (Germany). Blocking buffer (BB) solution
consisted in 0.1 M PBS pH 7.2 solution with added 5% (w/v)
bovine serum albumin. The binding and washing (B&W) buffer
consisted in 0.1 M PBS pH 7.2 solution with 0.05% (v/v)
Tween®-20.

Instrumentation

A thermostatic centrifuge (Rotanta 460 R) from Hettich (Ger-
many) was used to purify the Au@Pt/Au NPs and their antibody
conjugates. An MSC-100 cooling thermo shaker incubator pur-
chased from Labolan (Spain) was used for the incubations. A
MagRack™ 6 purchased from Sigma-Aldrich (Spain) was used
for the magnetic separations. UV-visible (UV-Vis) spectra were
recorded with Genesys 10S UV-Vis Spectrophotometer from
Thermo Scientific (United States of America). Nanoparticles
Zeta potential was determined by Dynamic light scattering
(DLS) using a Zetasizer Nano ZS system from Malvern Instru-
ments (United Kingdom). High resolution-transmission elec-
tron microscopy (HR-TEM) images were obtained using a FEI
Tecnai G? F20 S-TWIN field-emission gun high resolution mi-
croscope from FEI (United States of America) on a copper grid,
using an accelerating voltage of 200 kV. Electrochemical meas-
urements were performed with an Autolab PGSTAT-10 from
Eco Chemie (Netherlands), controlled by Autolab GPES soft-
ware from Metrohm (Switzerland). Both screen-printed carbon
electrodes (SPCEs, ref. DRP-110) and their connector to the po-
tentiostat (ref. DRP-DSC) were purchased from Metrohm
DropSens S.L (Spain). The conventional three-electrode con-
figuration of SPCEs includes both carbon working and counter
electrodes and a silver pseudoreference electrode. A magnetic
support for SPEs (DRP-MAGNET-700) also from Metrohm
DropSens S.L (Spain) was used to perform the measurements
with the magnetic beads.

Synthesis, bioconjugation and characterization of

Au@Pt/Au NPs

Synthesis of bifunctional Au@Pt/Au NPs was performed as
previously described ** with some modifications. Briefly, 80
mL of an aqueous 2.94x10* M gold (III) chloride trihydrate so-
lution were reduced by 2 mL of an aqueous 3.88x10 M triso-
dium citrate solution at boiling point (the reaction temperature
for all the following NP synthetic steps) under vigorous mag-
netic stirring for 30 min, obtaining AuNPs suspensions of
9.00x10'* NPs/mL, according with the method pioneered by
Turkevich et al.*°. Then, 3 mL of an aqueous 5.88x10™ M silver
nitrate solution were added dropwise to 51.25 mL of stirred
AuNPs solution, and, subsequently 750 pL of the aqueous
3.88x102 M ftrisodium citrate solution were added. After 1 h
under vigorous magnetic stirring at boiling point, 80 pL of an
aqueous 1.95x10"!' M chloroplatinic acid solution were added
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and immediately a dark mauve colloid was obtained. The prod- 41
uct was centrifuged, and the pellet was resuspended in ultrapure 42
water. Then, 1.2 mL of the aqueous 5.88x10” M silver nitrate 43
solution were added to 45 mL of Au@Pt NPs solution at the 44
same heating and stirring conditions as before, and, subse- 45
quently, 300 pL of the aqueous 3.88x10 M trisodium citrate 46
solution were added. Again, the reaction mixture was left boil- 47
ing for 1 h. For the final gold growing step, 150 uL of the aque- 48
ous 2.94x10* M gold (III) chloride trihydrate and 150 uL of the 49
aqueous 3.88x10? M trisodium citrate solutions were added 5()
simultaneously to the Au@Pt@Ag NPs suspension and the re- 51
action was stopped after 20 min, leading to the formation of the
Au@Pt/Au NPs. All the NPs solutions were stored at 4 °C.

The synthesized Au@Pt/Au NPs were then conjugated with 33
anti-p53 monoclonal antibody following a well-known method-
ology for AuNPs conjugation'®. Briefly, 1.5 mL of the NPs sus- 55
pension (9.00x10'* NPs/mL) was centrifuged at 7500 g at 20 °C 56
for 30 min in presence of 0.025% (v/v) Tween®-20. The super- 57
natant was removed, and the pellet was resuspended in 2 mM
trisodium citrate pH 7.5 to the original volume. After that, 1.4 59
mL of the resuspended solution was mixed with 115 pL of 100
pug/mL anti-p53 and incubated at 25 °C for 60 min with stirring
(700 rpm). Finally, the solution was centrifuged at 7500 g at 4 62
°C for 30 min, the supernatant was removed and the purified
Au@Pt/Au NPs/anti-p53 pellet was re-dispersed in 1.4 mL of 64
aqueous 1% (w/v) bovine serum albumin (BSA) solution, ob-
taining 1.4 mL of Au@Pt/Au NPs/anti-p53 conjugate contain- 66
ing approximately 9.00x10'* NPs/mL. 2%

High resolution-transmission electron microscopy, UV-Vis
absorbance spectroscopy and dynamic light scattering were
used for characterizing the NPs obtained in each step of the syn- 70
thesis route. 71

72

73
74
Each electrochemical measurement was performed after 75
dropping 40 pL of NPs suspension in 0.1 M PBS pH 7.2 onto 76
the SPCE surface and keeping there for 30 seconds. Back- 77
ground signals were recorded following the same electrochem- 78
ical procedure but using an aliquot of 0.1 M PBS pH 7.2. Cyclic 79
voltammetry scans were recorded in the range from +0.10 V to

A)‘ 6

AuNPs Au@Pt NPs

Electrochemical measurements

1) AgNO,
2) H,PtCl,

B)

+1.35 V at a scan rate of 50 mV/s. Chronoamperometric scans
were performed holding the working electrode at a fixed poten-
tial of +1.35 V for 300 s. The electrocatalysed oxidation reac-
tion was chronoamperometrically followed measuring the cur-
rent generated during the time. The absolute value of the current
at 300 s was chosen as the analytical signal.

For all the experiments, the measurements were made by trip-
licate at room temperature. Removing oxygen from the solution
was not necessary. A new SPCE was used for each measure-
ment.

Competitive immunoassay for conformationally altered p53
Alzheimer’s disease biomarker detection

A magnetic bead (MB)-based competitive immunoassay was
performed for conformationally altered p53 peptide quantifica-
tion. Briefly, 150 pg (15 pL from the stock solution) of strep-
tavidin-modified MBs was transferred into 0.5mL Eppendorf
tube. The MBs were washed twice with 150 pL of B&W buffer.
The MBs were then resuspended in 108 pL of B&W buffer, and
42 pL of 1.0 mg/mL solution of biotinylated p53 (p53-Biotin)
were added. The resulting MB and p53-Biotin solution was in-
cubated for 30 min at 25 °C with gentle mixing (700 rpm) in the
thermo shaker incubator. The formed MB/p53 complex was
then separated from the incubation solution, using a Ma-
gRack™, washed 3 times with 150 pL of B&W buffer, and re-
suspended in 150 pL of blocking buffer (PBS-BSA 5%) fol-
lowed for a 1h incubation at 25 °C under gentle stirring (700
rpm) so as to block any remaining active surface of MBs and to
avoid unspecific absorptions.

In parallel, 144 pL of the Au@Pt/Au NPs/anti-p53 conjugate
(approx. 9.00x10'* NPs/mL) was incubated for 1 h at 25 °C un-
der gentle stirring (700 rpm) with 16 pL of solutions with dif-
ferent concentrations of conformationally altered p53 protein in
the range 50-1000 nM (PBS or human IgG, for the blank and
negative control assays respectively). After that, 150 uL of the
resulting Au@Pt/Au NPs/anti-p53/p53 complex was incubated
for 60 min with the blocked MB/p53 (after triple washing with
B&W buffer) in the same conditions of temperature and stirring

as before.

1) AgNO,

o/ anti-p53
————————— ‘ ;.
2) HAuCI, .

@ ¢
Au@Pt/Au NPs

4, .
o
n fham o

Au@Pt/Au NPs/anti-p53
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The resulting magnetoimmunocomplex was magnetically 43
separated from solution, two times washed in B&W buffer, two 44
times in PBS solution and then reconstituted in 150 pL of 0.1 45
M PBS pH 7.2. Finally, the p53 linked to the MBs, and captured 46
through the immunoassay was electrochemically evaluated 47
through the water oxidation reaction catalysed by the 48
Au@Pt/Au NPs. Electrochemical measurements were per-49
formed following the experimental procedure described previ- 5()
ously, using 40 pL of the immunocomplex suspension instead § |
of the NPs solution, and using a magnetic support for SPCEs. 52

53
54

Spike and recovery protocol

Spike and recovery experiment is an important method for
validating and assessing the accuracy of an analytical technique
in complex matrixes. It was performed to determine whether 57
conformationally altered p53 quantification is affected by a real 58
sample matrix (plasma) when compared with the diluent (PBS) 59
used to prepare the standard curve. A plasma sample from a 60
cognitively healthy subject, kindly provided by the Neurology 61
Unit of Cabuefies Hospital (Gijon, Asturias, Spain), was used 62
for such purpose. 63

This experiment was performed by spiking the plasma sam- 64
ple with different concentrations (100, 500 y 1000 nM) of con- 65
formationally altered p53 protein (n=3 for each sample). Then, 66
the spiked sample was electrochemically evaluated in the im- 67
munoassay. After that, the % recovery of the analytical signal

in the real matrix sample was calculated. gg

71
RESULTS AND DISCUSSION 72
Synthesis and characterization of Au@Pt/Au NPs 73

Bifunctional core@shell Au@Pt/Au NPs were prepared fol- 74
lowing a previously optimized procedure based on successive
metal depositions and galvanic replacement reactions from an 76
AuNP starting core %, as illustrated in Figure 1A. The first step /7
consisted in the formation of an Ag shell around the AuNP core 78
by chemical reduction of silver nitrate by sodium citrate, fol- 79
lowed by the substitution of Ag by Pt via galvanic replacement 80
using chloroplatinic acid. Then silver was deposited on the Pt 81
surface using the same reagents than in the first coating. Finally, 82
Au@Pt/Au NPs were obtained through the concerted action of 83
both reagent reduction and galvanic replacement, leading to the 84
formation of Au protuberances rather than a complete and 85

smooth Au shell. The total replacement of Ag in the NPs was
previously demonstrated by energy-dispersive X-ray (EDX)
spectroscopy analysis **. The conjugation of anti-p53 monoclo-
nal antibody onto the Au@Pt/Au NPs was then performed, tak-
ing advantage of the Au protuberances on the surface of the NPs
through the well-known affinity of antibody cysteine groups to
gold substrates .

The high resolution-transmission electron microscopy (HR-
TEM) images obtained after each step of the synthetic route
(Figure 1B) demonstrated the successful synthesis of first 17-
nm sized spherical AuNPs, the subsequent formation of 19-nm
sized spherical core@shell Au@Pt NPs, and the final genera-
tion of Au protuberances on their surface, leading to the
Au@Pt/Au NPs obtaining.

The monodispersity of the Au@Pt/Au NPs is well observed
in the HR-TEM image shown in Figure 2A. The corresponding
size distribution histogram (n=150) depicted in the same figure
gave a nanoparticle average diameter of 23 + 2 nm.

NPs were also characterized by UV-Vis absorbance spectros-
copy and dynamic light scattering (DLS) analysis. UV-Vis
spectra were recorded between 400 and 650 nm (Figure 2B,
left), finding that the starting AuNPs maximum absorbance
wavelength (519 nm) shifted to higher values when advancing
in the synthesis process. This behaviour is in agreement with
previous studies demonstrating a gradual change in the covering
of the starting NPs *. A further red-shift was observed when the
final Au@Pt/Au NPs were modified with antibodies. Such shift
is attributed to changes in the NPs surface plasmon resonance,
and suggests the formation of the NP/antibody conjugates, also
in agreement with previous reports 3.

Zeta potential measurements were conducted to determine
the stability of the NP suspensions and to corroborate the bio-
conjugation of the Au@Pt/Au NPs with the anti-p53 antibody
(Figure 2B, right).The Zeta potential values between -37 and -
27 mV obtained for the different NPs (Au, Au@Pt and
Au@Pt/Au NPs), corroborated the stability of the synthesized
NP suspensions, as it is known that NP aggregation is avoided
at absolute zeta potential values higher than 10 mV °'. The Zeta
potential shifted to a less negative value (-20 mV) after the bi-
oconjugation of the Au@Pt/Au NPs, evidencing the substitu-
tion of the citrate ions on the external Au surface by the anti-
bodies, and the formation of negatively charged stable conju-
gates.
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(©).

The electrocatalytic activity of the different NPs towards the
water oxidation reaction (WOR) was first evaluated by cyclic
voltammetry (CV) on SPCEs. Cyclic voltammograms (CVs)
were recorded from +0.10 V to +1.35 Vin 0.1 M PBS pH 7.2.
CV scans for the Au@Pt/Au NPs, both bare and bioconjugated,
as well as those for their synthetic precursors (Au and Au@Pt
NPs) are shown in Figure 3.

The background (curve a) shows that the oxidation of the me-
dium’s oxygen started at around +1.15 V. The water oxidation
profile remained almost constant in presence of AuNPs (curve

b), evidencing that these NPs don’t exert any effect towards this
reaction, as expected. Interestingly, the presence of the plati-
num layer in the Au@Pt NPs shifted the half-wave potential of
the WOR to less positive values (40 mV), from +1.305 V to
+1.265 V, also noticing a high increase in the current (35 pA)
recorded at +1.35 V (curve c). This behaviour suggests a high
catalytic effect of the Pt towards the WOR. The origin of such
effect may be related to the stabilization of the 4H"/4¢™ interme-
diates involved in the WOR, previously observed for different
metals. This stabilization results in a lower kinetic barrier and,
consequently, faster rates of oxygen production .
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This effect was notably more relevant for the Au@Pt/Au NPs
for which a potential shift of 55 mV and a current increase of
65 pA (curve d) was observed. These results suggest a syner-
gistic effect between Au and Pt, leading to an increased catalytic
activity. This behaviour was also expected, such the synergy in
the catalytic activity of bimetallic NPs is a well-known feature,
extensively studied in chemical synthesis procedures among
other reactions **%8, and being also found for Au@Pt NPs 4,

The evaluation of the Au@Pt/Au NPs activity after conjuga-
tion with antibodies is of key relevance for the further biosens-
ing application. As observed in curve e, such conjugate retained
most of the catalytic activity, allowing for its use as an electro-
chemical tag. The little decrease in activity compared with bare
Au@Pt/Au NPs could be attributed to a partial blocking of the
Au surface by the antibodies, which might somehow affect the
synergy between both metals.



Chronoamperometric mode was chosen for the quantification
of Au@Pt/Au NPs due to its high sensitivity, simplicity and
speed. A fixed potential of +1.35 V was used in these experi-
ments, at which a steady-state current was reached. As observed
in Figure 4A, increasing NP concentrations in the range from
9.00x10" to 9.00x10" NPs/mL led to an increase in the cata-
lytic current.

The analytical signal was extracted from the chronoam-
perograms as the current recorded at 300 seconds (current pro-
files were not stable for shorter times). As shown in Figure 4B,
a linear relationship between the analytical signal and the
Au@Pt/Au NPs concentration was found in the range between
9.00x10" and 9.00x10™ NPs/mL adjusted to the following
equation:

Currentzgos (LA) = 1.57x10* [Au@Pt/Au NPs] (NPs/mL) + 0.5

The calibration curve showed a good correlation coefficient
(r=0.9987) and reproducibility, with relative standard devia-
tions (RSD) comprised between 2.4 and 5.2% (n=3). The limit
of detection (LOD, calculated as three times the standard devi-
ation of the intercept divided by the slope) was found to be
5.00x10"* NPs/mL.

Electrocatalytic detection of conformationally altered p53
Alzheimer’s disease biomarker using Au@Pt/Au NP tags

Conformationally altered p53 peptide Alzheimer’s disease
biomarker was selected as the analyte to be used in the proof-
of-concept. The competitive immunoassay for the determina-
tion of this peptide developed using Au@Pt/Au NP tags and
magnetic bead (MB) platforms is schematized in Figure 5A.
The use of MBs has well-known advantages related to the pre-
concentration of the samples and minimization of matrix ef-
fects, as well as to the reduction of the time of analysis. Briefly,
biotinylated p53 was immobilized on the streptavidin-modified
MBs, forming the MB/p53 conjugate. In parallel, the sample
containing the analyte was incubated with the Au@Pt/Au
NPs/anti-p53 conjugate, and the resulting complex was added
to the MB/p53 conjugate. In absence of p53 (a) the Au@Pt/Au
NPs/anti-p53 conjugate is captured by the MBs/p53 one, pro-
ducing a high catalytic current coming from the WOR electro-
catalysed by the Au@Pt/Au NPs. In contrast, in the presence of
p53 (b) the amount of conjugate captured by MBs-p53 de-
creases, leading to a decrease in the catalytic current.

The Au@Pt/Au NPs/anti-p53 conjugate containing approxi-
mately 9.00x10'* NPs/mL, prepared as detailed in the experi-
mental section, was directly used in the competitive immunoas-
say for p53 detection. As in any competitive assay, we first eval-
uated the maximum signal given by the conjugate after reaction
with the p53 immobilized on the magnetic beads (absence of
analyte). The obtained current of approximately 4 pA (“blank”
assay in Figure 5B) suggests that not signal saturation condi-
tions are reached (currents up to 15 pA were obtained when an-
alysing the NP suspensions, as seen in Figure 4), so further
evaluation of lower amounts of the conjugate was not consid-
ered necessary.

The noticed difference between the current recorded in the
Au@Pt/Au NPs quantification assay for a 9.00x10'* NPs/mL
suspension (approximately 15 pA, Figure 4) and the one given
by the Au@Pt/Au NPs/anti-p53 conjugate after reaction with
the p53 immobilized on the magnetic beads (approximately
4 pA, “blank” assay in Figure 5B) is probably due to two dif-
ferent factors. First, as stated in the discussion of Figure 3, a

decrease in the electrocatalytic activity of the NPs is observed
after bioconjugation. This decrease could be attributed to a par-
tial blocking of the Au surface by the antibodies, which might
somehow affect the synergy between both metals. So, the cur-
rent recorded for an Au@Pt/Au NPs/anti-p53 suspension is ex-
pected to be lower than that of the same amount of unmodified
Au@Pt/Au NPs. Furthermore, the conditions of the assay are
totally different in both cases. In the NPs quantification study,
the 9.00x10' NPs/mL suspension is directly deposited on the
electrode surface. However, after the immunoassay is expected
that not all the NPs are linked to the magnetic beads, something
common in this kind of assays. Moreover, probably the pres-
ence of the magnetic beads on the electrode surface is also
somehow hindering the WOR, contributing to a decrease in the
current.

The specificity of the electrochemical immunoassay against
other proteins present in human plasma, such as human IgG,
was demonstrated. As shown in Figure 5B, the “blank” signal
was not altered in presence of concentrations of human IgG as
high as 500 nM (“negative control”). The same concentration
of conformationally altered p53 (“positive”) gave a high de-
crease in the analytical signal, demonstrating the selectivity of
the method for the target protein.

Finally, dose-response experiments were performed using
concentrations of conformationally altered p53 in the range be-
tween 50 - 1000 nM. The results obtained are depicted in Figure
5C and show that that the catalytic current decreases as the con-
centration of the analyte increases, as expected from the com-
petitive immunoassay. This is adjusted to a linear relationship
(r=0.9955) according to the following equation:

Currentsgos (nA) =-1.50 [p53] (nM) + 3542

The LOD for conformationally altered p53, calculated as
three times the standard deviation of the intercept divided by
the slope, was 66 nM. The method showed an excellent repro-
ducibility, with a RSD below the 5% (obtained for 3 repetitive
assays for all the concentrations tested). These levels are close
to the required for diagnostics applications *2 and also to those
achieved using alternative approaches based on enzyme-linked
immunosorbent assays (ELISA) *3, surface plasmon resonance
(SPR) ** and electrochemical impedance spectroscopic experi-
ments (EIS) *. Moreover, our method presents clear advantages
in terms of simplicity and analysis time, without the need of
additional reagents after the immunoreaction. Work in progress
in our lab is focused on the evaluation of different bifunctional
NP structure/morphology so as to improve the sensitivity of the
assay.

Conformationally altered p53 analysis in human plasma
samples: spike and recovery

Analysis in real samples with minimal sample preparation is
the main goal for demonstrating the good performance of the
proposed analysis method in a real scenario. Spike and recovery
experiment in human plasma samples from a cognitively
healthy subject was performed as detailed at the experimental
section, and the results are summarized in Table 1. The high
recovery rate of the analytical signal, at levels around 90%,
demonstrated that our methodology was not significantly af-
fected by the real matrix, opening the way to an accurate deter-
mination of conformationally altered p53 in samples from Alz-
heimer’s disease patients.



Table 1. Spike and recovery assay data. The study was done by
spiking 100, 500 and 1000 nM of conformationally altered p53
in a plasma sample from a cognitively healthy subject (n=3 for
each sample) and calculating the % recovery of the analytical
signal when compared with the results in 0.1 M PBS pH 7.2.

Spiked Current | Current in Recover
Sample | conformationally | in PBS | real sample (%) Y
altered p53 (nM) | (nA) (nA) o
Plasma from 100 3356.80 2993.33 89.17
cognitively 500 2776.67| 2533.82 91.25

healthy

subject 1000 2136.55| 1970.00 92.20
CONCLUSIONS

In this work, we report for the first time the study and evalu-
ation of the electrocatalytic activity of bifunctional core@shell
Au@Pt/Au NPs towards the water oxidation reaction (WOR),
together with their application as novel tags for the determina-
tion of an Alzheimer’s disease biomarker in human plasma sam-
ples. Studies carried out with the different metallic NPs ob-
tained during the successive steps of the synthetic procedure ev-
idence the high catalytic activity of Pt compared with Au. Inter-
estingly, a synergistic effect between both metals is observed
when they are combined in the surface of the final Au@Pt/Au
NPs. The presence of Au protuberances on the Pt shell also al-
lows the easy immobilization of antibodies for the later appli-
cation as tags in immunosensing.

Both the Au@Pt/Au NP tags and the electrocatalytic detec-
tion method based on the chronoamperometric monitoring of
the WOR process present remarkable advantages compared to
previously reported strategies based on other electroactive/elec-
trocatalytic tags. On the one hand, the NP structure with a big
Pt area and the small Au protuberances combines the excellent
catalytic activity of Pt with the outstanding bioconjugation abil-
ities of Au. Moreover, the detection method is performed in the
same medium of the immunoreaction, avoiding additional ex-
perimental steps and the use of acidic and hazardous reagents
usually required for electrochemical detection of other NP tags.

These advantages pave the way to future applications in fully
integrated sensing platforms, such as lab-on-a-chip or lateral
flow ones. In this line, the strong violet colour of Au@Pt/Au
NP suspensions (maximum of absorbance at approx. 550 nm)
allows to postulate these NPs as tags for dual electrochemi-
cal/optical detection in i.e. lateral flow assays. It’s also worthy
to mention the surface-enhanced Raman scattering (SERS)
properties previously observed for such Au@Pt/Au NPs *
which together with our findings make these NPs powerful tags
with multidetection abilities.
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