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[10_TD$DIFF]A B S T R A C T

Gold nanoparticles functionalized hollowmesoporous Prussian blue nanoparticles (Au@HMPBNPs)were
synthesized and its peroxidase-like activity was explored for electrochemical probe. The Au@HMPB NPs
can reduce H2O2 at low detection potential of �0.1 V with high sensitivity. After physically adsorption of
antibodies onto the gold nanoparticle surface, the functionalized nanoparticles were turned into
immuno-probe. The soluble α-chain of interleukin-2 (IL-2) receptor (sCD25) was chosen as a model
protein biomarker to test the performance of the probe. sCD25 in the samples were captured and
enriched by capture anti-CD25 antibody functionalized magnetic nanospheres. Detection antibody
functionalized Au@HMPB can then [11_TD$DIFF]be linked onto the nanospheres and generate electrochemical current
towards H2O2 reduction. The electrochemical responses to 1mmol/L H2O2 was increased with the
increasing concentration of CD25.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Interleukin 2 (IL-2) and IL-2 receptor (IL-2R) play important
roles in regulating the magnitude as well as duration of the
T-cell immune responses activated by antigens [1]. CD25 is the
α-chain of IL-2R that mainly induced and expressed on activated
T-cell surface after lymphocyte activation [2]. CD25 can be
released from the membrane of activated cells as a smaller
soluble form (sCD25) [3]. sCD25 is commonly regarded as one of
the most important laboratory parameters that allow monitoring
of the immune activation process in vivo. Serum levels of sCD25
are linked with many diseases, such as malignancies, autoimmune
diseases and infections [4,5]. Additionally, sCD25, CD28 and CD38
expression in peripheral blood lymphocytes are used to predict
acute rejection after liver transplantation [6]. So, the precise and
sensitive detection of sCD25 in serum is of great clinical
importance.

Signal amplification is the key for the sensitive detection of
trace levels of target analytes in complex samples [7–14]. For
electrochemical sensors and biosensors, different redox
materials have been studied for signal amplification [15–17].
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Among these materials, Prussian blue (PB) is one of the early
studied peroxidase-like materials that have high catalytic
activity towards H2O2 with low cost. As a result, PB has been
widely studied for the preparation of electrochemical
biosensors [18–22].

Utilizing the peroxidase-like properties of PB, we synthesized
hollow mesoporous Prussian blue nanoparticles (HMPB) and
applied the nanoparticles as signal tag for electrochemical
detection of sCD25. HMPB was synthesized by acid etching solid
PB nanoparticles, which has larger surface area and higher catalytic
activity towards H2O2 than solid PB nanoparticles. To facilitate
modification of antibodies onto HMPB, gold nanoparticles were
deposited onto the HMPB nanoparticle surface (Au@HMPB NPs).
The immunosensor was carried out based on traditional sandwich
structure, with sCD25 in the sample captured and enriched by
antibodymodifiedmagnetic Fe3O4 nanospheres. The electrochem-
ical responses of the immunosensors to H2O2 are proportional to
the concentration of sCD25 detected.

Scheme 1 shows the schematic representation for the synthesis
of [12_TD$DIFF]functionalized HMPB and for the enrichment of sCD25 from
sample. The detailed experimental procedures are shown in
Supporting information. HMPB was synthesized by etching solid
PB nanoparticles with HCl. Initially, PB nanoparticles were
synthesized from K3[Fe(CN)6] using polyvinyl pyrrolidone (PVP)
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic representation for the preparation of antibody functionalized
magnetic nanospheres, for the preparation of the immuno-probe based on
Au@HMPB NPs and for the [7_TD$DIFF]enrichment of sCD25 from sample.
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as protective agents. To facilitate the surface functionalization of
HMPB, gold nanoparticles were deposited onto the HMPB surface
for the following adsorption of antibodies. Fig. 1 shows the TEM
images of Au@HMPB NPs, which indicates the nanoparticles have
cubic shape and large volume hollow cavity with size around
100 nm. In addition, the small dot observed at the HMPB surface
can be ascribed to gold nanoparticles.

The peroxidase activity of HMPB was then studied. Our
previous study has indicated HMPB has higher catalytic activity
towards H2O2 than solid PB due to larger surface area of HMPB
resulted in [13_TD$DIFF]increased amount of catalytic sites [23]. For the
amperometric measurement, from Fig. 2A, it can be seen at
potential of �0.1 V, the HMPB modified electrode has higher
response current than solid PB modified electrode towards
successive addition of H2O2. This result further proved the high
peroxidase activity of HMPB.
[(Fig._1)TD$FIG]

Fig. 1. TEM images of the synthesized Au@HMPB NPs.
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Fig. 2. (A) Amperometric responses of the solid PB (curve a) and HMPB (curve b)
modified electrode towards successive addition of 1mmol/L H2O2. Detection
potential: �0.1 V. (B) Calibration plot of the immunosensor to different concentra-
tions of sCD25. The response current of the electrodes at �0.1 V to 1mmol/L H2O2

was collected to draw the calibration plot. The error bars are the standard deviation
of measurement results.
Detectionanti-sCD25 antibodiesweredirectly adsorbed onto the
Au@HMPB to transform the nanoparticles into immuno-probe. For
the detection of sCD25, capture antibody functionalized magnetic
nanospheres were utilized to bind, enrich and isolate sCD25 from
samples. After the immobilization of sCD25 linked magnetic
nanospheres onto electrode, Au@HMPB can be captured onto
electrode through antigen-antibody reaction. The responses of the
electrodes to 1mmol/L of H2O2 are increased with the increasing of
the concentration of sCD25 detected (Fig. 2B). A linear relationship
between thecurrent responseand logarithmofsCD25concentration
in the range from 10 pg/mL to 10 ng/mL is obtained with limit of
detection calculated to be 3 pg/mL. The limit of detection is much
lower compared to ELISA method (2.15 ng/mL) [2].

Other analytical performances of the immunosensor, such as
selectivity and reproducibility were also studied. To test the
selectivity of the immunosensor, the responses of the sensor to
several cancer biomarkers including alpha-fetoprotein (AFP), cancer
antigen (CA125), cancer antigen 15-3 (CA15-3), carcinoembryonic
antigen (CEA) and prostate-specific antigen (PSA) were studied.
From Fig. 3, it can be seen that compared to 1 ng/mL of sCD25, the
responses of the assay to 10 ng/mL of the above protein biomarkers
are negligible, indicating good selectivity of the assay. For
reproducibility study, a batch of five parallel immunosensors was
prepared under the same experimental conditions to test 0.1 ng/mL
and 1 ng/mL of sCD25, respectively. The relative standard deviation
of the assay results was 4.1% and 5.2%, respectively, indicating good
reproducibility of the immunosensor results.

Based on the above good performance of the assay, a spiked
serum sample was performed for detection of sCD25 in human
serum samples. A series of concentrations of sCD25 were added
into the serum samples and then the samples were analyzed by the
assay. Compare the concentrations of sCD25 detected with the
amount of sCD25 added, recoveries in the range from [14_TD$DIFF][6_TD$DIFF]96.2% to
98.3% are obtained (Table 1), proving potential of the assay for
clinical applications. The recoveries are all below 100% is probably
due to the serum sample matrix effect.

In summary, we studied the performance of Au@HMPB as
electrochemical probe for immunosensor utilizing the peroxidase
like activity of HMPB. The larger specific surface area of HMPB
compared to solid PB resulted in increased catalytic sites, and then
enhanced catalytic current towards H2O2 reduction. The surface
modification of HMPB with gold nanoparticles facilitated the
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Fig. 3. Responses of the immunosensor to 1 ng/mL of sCD25 and 10 ng/mL of other
protein biomarkers.

Table 1
Recovery test of sCD25 in human serum samples (n = 3).

Added (pg/mL) Found (pg/mL) Recovery (%)

50 48.6� 0.7 97.2
100 96.2� 1.4 96.2
250 241.5� 4.4 96.6
500 491.4� 7.2 98.3



204 J. Luo et al. / Chinese Chemical Letters 31 (2020) 202–204
modification of HMPB with biomolecules. The application of the
probe for sCD25 detection resulted in wide linear range and low
detection limit. This probe may find wide application for different
bioassays.
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