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An ultrasensitive sandwich-type electrochemical immunosensor based on AuBP@Pt nanostructures and
AuPd-PDA nanozyme was developed for the detection of apolipoprotein E4 (APOE4) which was an
important risk factor for Alzheimer's disease (AD). In this work, gold nanobipyramid coated Pt (AuBP@Pt)
nanostructures were prepared and applied to electrochemical immunosensors as a substrate material.
AuBP@Pt nanostructures have advantages of electrical conductivity and large electroactive area, which
could greatly increase electron transfer rate. In previous work, we designed AuPd alloy modified
polydopamine (AuPd-PDA) nanozyme which catalyzed the decomposition of hydrogen peroxide (H,O5).
AuPd-PDA nanozyme was used to label detection antibody due to excellent catalytic capability and
stability in this new paper. And the concentration of APOE4 could be detected quantitatively by variation
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exhibited a wide linear range from 0.05 to 2000 ng mL™* and low detection limit of 15.4 pg mL™ (S/N =
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Introduction

Human apolipoprotein E4 (APOE4), a 34-kDa protein contain-
ing 299 amino acids, exacerbates Alzheimer's disease (AD)
through promoting the formation of cerebral extracellular
amyloid plaques and inhibiting the clearance of Ap aggregates.
Furthermore, APOE4 increased permeability of blood-brain
barrier (BBB) and finally led to BBB breakdown.'” Lots of
evidence including biochemical, cellular and clinical studies
have demonstrated that APOE4 is closely related to AD patho-
genesis.*” Based on the key role in AD pathogenesis, APOE4 has
been widely recognized as a potential biomarker for AD diag-
nosis. Therefore, timely and accurate detection of APOE4 is
significant for prevention and early diagnosis of AD and it is
very necessary to develop ultrasensitive, high selectivity and
easy detection methods.

In the past few years, some traditional techniques such as
mass spectrometry (MS),%” enzyme-linked immunosorbent
assays (ELISA) and western-blot analysis®® were used to detect
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solution or commercial goat serum, which provided a promising tool for early diagnosis of AD.

APOE. However, these methods are flawed due to being low
sensitivity, time-consuming, with high cost and requirement of
specific equipment. In recent years, some new technologies
including microarray technology,' surface plasmon resonance
(SPR),"* and electrochemistry immunosensors'> were applied to
detect human APOE. Among these methods, electrochemical
immunosensors have caused widespread attention due to many
superiorities including rapid detection, high sensitivity and low
cost.’* With the rapid development of nanotechnology,
nanomaterials have been widely applied to electrochemical
biosensing by reason of their large electroactive area, excellent
biocompatibility and unique physical/chemical properties,
which makes ultrasensitive detection possible. So far, a lot of
studies proved that many nanomaterials with interesting
morphologies, such as 3D metal-organic frameworks,' nano-
particles,'® nanowires,'” quantum dots,"® fractal structures** and
large amounts of nanocomposites,'*" significantly enhanced
the sensitivity of the electrochemical biosensor and decreased
the detection limit.

Recently, bimetallic nanostructures have caught more
attention due to their integration of physicochemical properties
including plasmonic functionality, optical property, magne-
tism, catalytic performance and electrical conductivity.**** For
instance, Au-Pd alloy could catalyze organic reactions.** Yan Liu
et al. designed a sandwich-like electrochemical immunosensor
for the detection of carbohydrate antigen based on hierarchical
AuPd nanochain networks.” Recently, our group reported

This journal is © The Royal Society of Chemistry 2020
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a H,0, electrochemical sensor based on AuPd alloy-modified
polydopamine nanotubes (AuPd-PDA).>** AuPd-PDA nano-
enzyme showed excellent catalytic activities and good stability,
which could be applied to biosensor in replace of HRP in some
ways. Not only that, PDA nanotubes also had many advantages
including good biocompatibility, large specific surface area and
unique optoelectronic properties,**®* which could be applied for
signal acquisition and signal amplification as a carrier and thus
improved the sensitivity of electrochemical immunosensors.

In this work, another bimetallic nanostructure, gold nano-
bipyramid coated Pt (AuBP@Pt) was prepared. AuBP@Pt
nanostructures have good conductivity and could increase the
electroactive area due to porous surface though its catalytic
activity was bad (Fig. 3a and S17). Therefore, AuBP@Pt was used
to modify the electrode as a substrate material, which could
greatly increase the sensitivity of sensor. Furthermore, detec-
tion antibody labelled AuPd-PDA (Ab, label) was used to amplify
signal again as a whole because of the excellent catalytic capa-
bilities for H,0, (ref. 26) and large surface areas. The fabrication
procedure for Ab, label was shown in Fig. 1a. In the sensing
system, AuPd-PDA replaced the traditional bio-enzyme which
had drawback of easier deactivation. According to previous
report,* the combination of AuPd-PDA and Ab, was character-
ized by FTIR as seen in Fig. S2.1 The detailed description was
shown in ESL ¥

Based on AuBP@Pt nanomaterials and AuPd-PDA nano-
zyme, we constructed an APOE4 electrochemical immuno-
sensor, which exhibited high sensitivity and low detection limit
in phosphate buffered saline (PBS) or commercial goat serum.
The schematic illustration of the fabricated APOE4 electro-
chemical immunosensor was shown in Fig. 1b. The electro-
chemical immunosensor included working electrode and
electrochemical detection system. Firstly, Au nanoparticles that
had advantages of good biocompatible and excellent
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Fig. 1 The constructed process of Ab, label (a) and the schematic
illustration of the APOE4 electrochemical immunosensor (b).
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conductivity were electrodeposited on the surface of GCE, which
increased the binding site of primary antibody (Ab,) and
accelerated the electron transfer.**** Secondly, AuBP@Pt
nanoparticles were dropped on the surface of electrode, and
then the working electrode was obtained. In the electrochemical
detection system, AuPd-PDA, as a nanozyme, could catalyze
hydrogen peroxide (H,O,) decomposition, during which the
change of current was monitored.”® The detection limit of our
designed electrochemical immunosensor is 15.4 pg mL~' and
the available linear range is from 0.05 ng mL ™" to 2000 ng mL ™.
This result made a tremendous progress compared to our
previous work, which provided potential detection method for
early diagnosis of AD.

Experimental section
Apparatus and reagents

The morphology of Au BPs and AuBP@Pt nanostructures was
characterized by scanning electron microscopic (SEM, Quanta 250,
FEI, USA), transmission electron microscopic (JEOL 200CX TEM,
JEOL Ltd., Tokyo, Japan), energy dispersive X-ray (EDX) elemental
mapping analysis (Quanta 250, FEI, USA) and UV-is spectrum
(HITACHI, U-4100). Electrochemical measurements were all per-
formed using a CHI760e electrochemical analyzer (ChenHua
Instruments, Shanghai, China). The FTIR spectrum was performed
by a Nicolet 6700 spectrophotometer (Thermo, USA).

Monoclonal human APOE4 antibody (Ab,), polyclonal
human apolipoprotein E4 antibody (Ab,), human APOE4
protein and bovine serum albumin (BSA) were purchased from
Novus Biologicals Ltd. Hydrogen tetrachloroaurate(m) trihy-
drate (HAuCl,-3H,0), palladium chloride (PdCl,), chlor-
oplatinic acid (H,PtCls-6H,0) and dopamine were obtained
from Sigma-Aldrich. The phosphate-buffered saline (PBS,
0.01 M, pH = 7.4) was used as incubating and washing buffer
solution. All chemicals were of analytical grade and used
without further purification. All solvents were ultrapure water
(Milli-Q, 18.2 MQ cm).

Preparation of AuBP@Pt

Firstly, the Au BPs were prepared by seed-mediated growth
according to the ref. 32. In this work, the longitudinal plas-
mon wavelength of our used Au BPs was about 808 nm
(Fig. S31). Secondly, the AuBP@Pt nanostructure was
prepared by adding Au BPs (OD = 2, 2 mL) with a longitudinal
plasmon wavelength of 808 nm into a growth solution
including CTAB (6 mL, 0.03 M), ascorbic acid (0.24 mL,
0.1 M), and H,PtCl, (0.12 mL, 0.01 M). The obtained solution
was mixed and then placed in the oven at 65 °C for 6 h.
Finally, AuBP@Pt nanostructures could be obtained. In this
experiment, the preparation method referred to the previous
research about the preparation of Au nanorod core-Pd shell
nanostructures.*

Fabrication of GCE/Au/AuBP@Pt electrode

Firstly, glassy carbon electrode (GCE, 3 mm) was polished and
sonicated in ethanol and ultrapure water successively for
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10 min. And then the GCE electrode was dried by N,. Secondly,
the GCE electrode was electrodeposited with Au nanoparticles.
The electrodeposition was proceeded by 20 s in H,SO, (0.5 M)
containing 10 mg mL~" HAuCl, at —0.2 V. Finally, 10 pL
AuBP@Pt solution (1 mg mL~") was dropped on the surface of
electrode surface.

Fabrication of the electrochemical immunosensor

The GCE/Au/AuBP@Pt electrode was rinsed with ultrapure
water for one minute and then was dried by N, flow. The
construction of sensing interface was carried out on the GCE/
Au/AuBP@Pt surface by successive self-assembling proce-
dures. First of all, 10 pL Ab; (100 pg mL™~") was dropped onto
the surface of GCE/Au/AuBP@Pt electrode and incubated 1.0 h
at 37 °C. Secondly, bovine serum albumin (BSA, 1.0 mg mL )
was applied to block non-specific binding sites of electrode
surface. Thirdly, APOE4 of certain concentration (6 pL) drip-
ped on the surface of electrode and incubated for 1.0 h at
37 °C. Finally, 50 pg mL ™" Ab, label were added and incubated
1.0 h at 37 °C. After each step, the surface was washed three
times by PBS (0.01 M).

The measurements of analytical performance

All electrochemical analysis was carried out through three-
electrode system. The GCE/Au/AuBP@Pt electrode modified by
Ab, served as working electrode and Ag/AgCl electrode was used
for reference electrode. The counter electrode used platinum
electrode. The electrochemical assay was performed by amper-
ometric measurements in 15 mL PBS buffer at —0.25 V under
constant stirring. When transient currents tended to a steady-
state value, 150 uL of H,0, (400 mM) was rapidly added to the
PBS buffer solution. The change of momentary current was
monitored.

The selectivity of fabricated electrochemical biosensor was
investigated by the same procedure in PBS buffer containing
other proteins, such as BSA, APOE2 and APOE3. Moreover,
commercial goat serum containing various proteins was used to
prove the specificity and potential application value. The
detailed procedures were as follows. 10 pL Ab; (100 pg mL™?)
was dropped onto the surface of GCE/Au/AuBP@Pt electrode
and incubated at 37 °C for 1.0 h. Then, 6 uL BSA (1 mg mL ™)
was applied to block the non-specific adsorption sites. Thirdly,
a 6 pL diluted goat serum containing different concentration of
APOE4 (1 ngmL ™%, 10 ng mL ™", 100 ng mL~ ') was dropped onto
the surface of electrode at 37 °C for 1 h. Finally, 10 pL Ab, label
(50 pg mL™") were added and incubated at 37 °C for 1 h. Beyond
the incubation, other experiments were all performed at room
temperature.

Results and discussion
Characterization of the AuBP@Pt nanostructures

Before the preparation of AuBP@Pt nanostructures, the Au BPs
were prepared by seed-mediated growth according to the ref. 32.
The morphology and extinction spectrum were shown in Fig. 2e
and S3.1 The result demonstrated that the size of Au BPs was
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Fig.2 The EDX mapping analysis (a—d) and TEM image (f) of AuBP@Pt
nanostructures. (e) The SEM image of AuBP. (g) The schematic illus-
trating the variation from AuBP to AuBP@Pt.

about 80 nm length and 30 nm width (Fig. 2e) and the Au BPs
had a longitudinal plasmon wavelength of ~808 nm (Fig. S37).

And then, the AuBP@Pt nanostructures were prepared by
adding Au BPs into a mixed solution including CTAB, ascorbic
acid, and H,PtCl, at 65 °C for 6 h. The detailed concentration of
each component was seen in the Experimental section. The
characterization of the AuBP@Pt nanostructures was shown in
Fig. 2. Overall, the AuBP@Pt exhibited a nano bipyramid
morphology with about 100 nm length and 50 nm width
(Fig. 2f). The surface of AuBP@Pt nanostructures was composed
of many Pt nanoparticles with a diameter of 2 nm according to
the typical TEM images Fig. 2f, which was porous. The porous
nanostructures further increased the binding sites of primary
antibody. Not only that, the porous nanostructures also
enhanced the electron transfer rate, which contributed to
enhance the sensitivity of sensor. Moreover, the EDX mapping
analysis was carried out and the distribution of Au and Pt
elements on the surface was shown in Fig. 2a-d. The result of
EDX spectrum showed that the atomic ratio of Au/Pt on the
surface of AuBP@Pt was about 48:52 (Fig. 2d). No other
metallic element was observed, which proved the purity of the
AuBP@Pt nanostructures.

Fabrication of GCE/Au/AuBP@Pt electrode and sensing
interface

After the preparation of AuBP@Pt nanostructure, the GCE/Au/
AuBP@Pt electrode was constructed by following procedures.
Firstly, the GCE electrode was polished and then was electro-
deposited with Au nanoparticles according to the ref. 31. And
the detailed process was seen in Experimental section. Finally, 5
UL AuBP@Pt solution was dropped onto the electrode surface.
Now a good electrode based on GCE/Au/AuBP@Pt was obtained
by a series of procedures above.

As Fig. 3a showed, when Au nanoparticles were electro-
deposited on the surface of GCE, the electroactive area signifi-
cantly increased. After the AuBP@Pt was dropped onto the Au
nanoparticles surface, the electroactive area further got larger.
Therefore, the introduction of Au/AuBP@Pt nanostructures
enhanced the sensitivity of the sensor to some extent. After the
construction of the GCE/Au/AuBP@Pt electrode, the electro-
chemical immunosensor was constructed through successively

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Cyclic voltammograms of GCE, GCE/Au and GCE/Au/

AuBP@Pt electrode in agueous 0.5 M H,SO,4 solution. (b) The char-
acterization of surface-modification on GCE/Au/AuBP@Pt electrode:
cyclic voltammograms of the GCE/Au/AuBP@Pt electrode (curve a)
modified with Ab; (curve b), Ab; + BSA (curve c), Ab; + BSA + APOE4
(curve d) Ab; + BSA + APOE4 + Ab, label (curve e). The cyclic vol-
tammograms are carried out in 5 mM [Fe(CN)gl>~/[Fe(CN)el*~ at scan
rates of 50 mV-s~1.

self-assembly procedures and the process was studied by CV
measurements and electrochemical impedance spectroscopy
(EIS). As shown in Fig. 3b, the peak current gradually reduced
from curve a to curve f. The GCE/Au electrode showed a peak
current of 75 pA (Fig. 3b, curve a). After the GCE/Au/AuBP@Pt
electrode was modified with Ab;, the peak current decreased
significantly (Fig. 3b, curve b), which demonstrated that Ab,
hindered the electron transfer of electrode surface in some way.
And then BSA was used to block the non-specific adsorption
sites on the surface. At the moment, the peak current was down
to 50% of initial value (Fig. 3b, curve c), which indicated that
non-specific binding sites on the surface had been blocked. As
shown blue and cyan curve (curve d and e) in Fig. 3b, the peak
current decreased again with the modification of APOE4 protein
and Ab, to the GCE/Au/AuBP@Pt surface.

To further proved the process of assembly, electrochemical
impedance spectroscopy (EIS) was carried out as shown in
Fig. S7.f The bare GCE/Au/AuBP@Pt exhibits a small resistance
(Fig. S7,T curve a). When Ab, (Fig. S7,T curve b), BSA (Fig. S7,}
curve c), APOE4 (Fig. S7,t curve d) and Ab, label (Fig. S7,T curve
e) were immobilized layer by layer on the surface of electrode,
the resistance increased gradually due to the modified protein.
This result was consistent with the conclusion of the CVs.
According to above analysis, it was inferred that the sensing
interface was constructed successfully. At last, the quantifica-
tion of APOE4 was monitored by chronoamperometry in the
presence of H,O,.

The study of sensing performance

To obtain better sensing performance for detection of APOE4,
the experimental conditions including the volume of AuBP@Pt
solution and the concentration of H,O, were optimized. As
shown in Fig. S4,1 the electrochemical current response for the
reduction of H,O, in PBS was largest when the volume of
AuBP@Pt was 10 pL. It is inferred that appropriate volume of
AuBP@Pt could efficiently improve the analytical performance
when the concentration of AuBP@Pt was constant. We inferred
that excessive AuBP@Pt could block the electron transfer.
Therefore, an optimal volume was 10 pL. Moreover, the
concentration of H,O, was optimized and the result was shown
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in Fig. S5.f The optimal concentration of H,O, was 2 mM.
Because higher H,0, concentration had strong oxidability,
which could destroy the interaction of antigen and antibody. In
addition, the results about stability was shown in Fig. S6.1 The
initial response decreased only 5.1% after a storage of 7 days in
refrigerator at 4 °C, which indicated the sensor had good
stability.

Under the optimal conditions, the developed electro-
chemical immunosensor based on AuBP@Pt and AuPd-PDA
was applied to detect quantitatively APOE4. According to our
previous report,”® the AuPd-PDA nanotubes could catalyze
hydrogen peroxide (H,O,) decomposition and the optimal
potential was —0.25 V, during which the changes of electro-
chemical signal (reductive current) could be monitored. Based
on this principle, the APOE4 could be detected quantitatively by
the change value of current.

The change value of current response (AI) were monitored by
chronoamperometry when different concentration of human
APOE4 were added. According to our previous study, the opti-
mized concentrations of Ab; were 100 pug mL~' and the
concentration of Ab, was about 50 pg mL ™. As shown in Fig. 4a,
the transient current reached a steady state rapidly with add of
H,0, and the change value enhanced with the increase of
APOEA4 concentration. Fig. 4b showed the relationship between
change value of current and logarithm of human APOE4
concentration. The Al and logarithm of APOE4 concentration
from 0.05 ng mL ™" to 2000 ng mL ™" existed linear relationship.
And the detection limit of our developed electrochemical
immunosensor was about 15.4 pg mL ™" (S/N = 3). According to
previous report, the concentration of human APOE4 in serum
was about ug mL ™" level for the individuals who had APOE4
allele.** And thus, the detection limit of our designed electro-
chemical immunosensor based on AuBP@Pt and AuPd-PDA
could satisfy the requirements of clinical application in this
respect.

Furthermore, compared to the previous methods for the
detection of APOE or APOE4, the designed electrochemical
immunosensor had a wider linear range from 0.05 ng mL ™" to
2000 ng mL~" and lower detection limit of 15.4 pg mL™". And
the detailed comparison was shown in Table S1.1 In this work,
porous Au/AuBP@Pt substrate materials could increase the
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Fig. 4 (a) Amperometric i—t results of the APOE4 immunosensor for

reduction of H,O, (2 mM) under constant stirring when detecting
different concentrations of human APOE4 protein range from 0.05 ng
mL~! to 2000 ng mL™%. (b) Calibration curve of the designed immu-
nosensor for the detection of APOE4. The equation: A/ =18.1911g C +
200.78, R? = 0.9841. Error bar = relative standard deviation (n = 3).
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Fig. 5 (a) Current change value of the APOE4 electrochemical

immunosensor for different protein including BSA, APOE2, APOES3,
APOEA4. (b) The current response of APOE4 electrochemical immu-
nosensor for goat serum containing different concentration human
APOEA4. (c) The histogram of current change value of (b). The error bars
represent relative standard deviation (n = 5).

binding sites of antibody and electron transfer rate, which
enhanced the sensitivity of sensor. What's more, AuPd-PDA, as
a nanoenzyme, could catalyze hydrogen peroxide (H,O,)
decomposition replacing the traditional bio-enzyme, which was
more stable than traditional bio-enzyme. Therefore, our
designed APOE4 electrochemical immunosensor based on
AuBP@Pt nanomaterials and AuPd-PDA nanoenzyme exhibited
excellent sensing performance.

The selectivity, reproducibility of constructed electrochemical
immunosensor

The selectivity of developed APOE4 electrochemical immu-
nosensor based on AuBP@Pt and AuPd-PDA was tested.
Fig. 5a presented the histogram of the change value of
instantaneous current in the presence of 1 ng mL ™' APOE4,
1 pg mL~ ' BSA, 1 ug mL ™' APOE2 or 1 ug mL~* APOE3 and the
PBS buffer as a control. There was an obvious signal response
only if human APOE4 existed, which was an average of 32.33
pA. But the AI for BSA, APOE2 and APOE3 were 0.68, 1.80, 2.03
pA, which accounted for 2.1%, 5.6%, and 6.2% of the AI for
APOE4, respectively. This result indicated that the selectivity
of as-fabricated electrochemical immunosensor
acceptable.

To evaluate reproducibility and clinical potential of the elec-
trochemical immunosensor, the commercial goat serum diluted
with PBS buffer was used as electrolyte to detect the APOE4.
Three groups of GCE/Au/AuBP@Pt electrodes (each group
include 5 electrodes) were used to detect different concentration
of human APOE4 protein (1.0, 10 and 100 ng mL™") in goat
serum. As shown in Fig. 5b and c, a good response for human
APOEA4 protein in goat serum was observed, which further proved
that the APOE4 electrochemical immunosensor had a good
selectivity. Moreover, the recovery and RSD for five electrodes
were calculated and the result was shown in Table S2.1 The RSD
of the three groups was all less than 6%, which manifested that
the sensor had a good reproducibility and potential application
value in the real biological sample.

was

Conclusions

In conclusion, an ultrasensitive electrochemical immunosensor
based on AuBP@Pt nanostructures and AuPd-PDA nanozyme
was developed for the detection of APOE4. Porous AuBP@Pt
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nanomaterials could enhance the binding sites of antibody and
electron transfer rate due to large electroactive area and good
conductivity. More importantly, AuPd-PDA nanozyme was used
to label detection antibody due to excellent catalytic capability
and stability, which further amplified the detected signals and
increased the sensitivity. Based on these advantages of
AuBP@Pt and AuPd-PDA, the constructed electrochemical
biosensor exhibited a low detection limit of 15.4 pg mL ™" (S/N =
3) and a wide linear range from 0.05 ng mL ™" to 2000 ng mL ™"
Besides, the biosensor displayed good specificity and repro-
ducibility in PBS buffer or commercial goat serum. This work
not only provides a strong support for the prevention and early
diagnosis of AD susceptible populations but also offers
a promising tool for bioanalysis.
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