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A B S T R A C T

In this work, a novel, facile, clean synthesis of monodisperse Au nanoparticles (AuNPs) with an average diameter
of 5 nm was achieved by reducing HAuCl4 with dihydroxylatopillar[5]arene (2HP5) in basic solution without the
use of harsh reagents and/or external energy. Accordingly, toluidine blue (TB), one electrochemcial indicator,
could enter into the cavity of 2HP5 to fabricate host-guest complex through strong electrostatic interaction and
charge-transfer interaction, which significantly enhanced the loading quantity of TB and effectively suppressed
the leaking of TB resulting in an ultrasensitive and robust electrochemical response. More importantly, the
integration of 2HP5-stabilized AuNPs and Pd-decorated MnO2 nanocomposites (2HP5@Au-Pd/MnO2) might
usually obtain a novel functional-enhanced materials and lead to new properties and improving the analytical
performance and robustness of electrochemical devices. Therefore, we construct a sandwich-type electro-
chemical immunosensor using TB-2HP5@Au-Pd/MnO2 nanocomposites as the transducing materials for robust
and ultrasensitive detection of cardiac troponin I (cTnI), a significant biomarker of acute myocardial infarction.
As anticipated, this immunosensor had remarkable robustness, sensitivity, stability, specificity, and corre-
sponded linearly to the concentration of cTnI over a wide range from 0.005 to 20 ngmL−1 with a low detection
limit of 2 pgmL−1 (S/N=3). The proposed electrochemical immunosensor showed acceptable recoveries in
human serum, indicating that macrocycle-stabilized metal nanoparticle might be a promising emerging trans-
ducer material for the detection of biological markers.

1. Introduction

Gold nanoparticles (AuNPs) have received particular attention due
to their unique optical/electrical properties and promising applications
in catalysis (Chen and Goodman, 2008), sensing (Siwy et al., 2005),
biomedicine (Dreaden et al., 2012), and nanoelectronic devices (Zheng
et al., 2009). Numerous developed methods for the preparation of
AuNPs, containing chemical reduction (Novo et al., 2008), external
energy assisted synthesis (Teranishi et al., 2001; Shen et al., 2006), and
seed-mediated growth (Murphy et al., 2005), are concentrated on reg-
ulating the nanoparticles’ size, morphology, and surface functionality
meeting the demands of different applications. However, in the process
of preparation of AuNPs, the utilization of conventional harsh/ex-
plosive reducing agents such as NaBH4, N2H4, and hydroxylamine

might produce a potential biological and environmental hazard (Yang
and Pan, 2012). What's more, to balance the van der Waals forces ac-
countable for nanoparticle aggregation, various protecting agents, for
example, surfactants (Murphy et al., 2005), organic molecules (Sun
et al., 2013), polymers (Shan and Tenhu, 2007), protein (Cui et al.,
2013), and dendrimers (Hu et al., 2014) have been usually employed.
Unfortunately, the interaction between stabilizers and nanoparticles
poses difficult problems in the following separation steps and thus ap-
parently influences the material performances, as well as restricting
their potential use. Based on the above considerations, developing a
clean, simple, low-cost, and rapid preparation method for AuNPs with
controlled particle size and morphology without the aid of reducing
agents and/or external energy resources has stimulated significant in-
terest.
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Pillar[n]arenes, considered as the fifth-generation of macrocyclic
hosts after crown ethers, cyclodextrins, calixarenes, and cucurbiturils,
have repeating hydroquinone units linked by methylene bridges at their
para-positions (Ogoshi et al., 2008). Owing to their intrinsic electron-
rich cavity, symmetrical rigid pillar architecture, unique host-guest
properties, and easy functionalization, pillar[n]arenes have been widely
employed for the construction of various fascinating supramolecular
strategies, including chem/bio sensors (Zhou et al., 2018), self-as-
sembly (Yao et al., 2012), molecular recognition (Ogoshi et al., 2010),
and separation (Fang et al., 2015). The introduction of specific func-
tional groups into upper and/or lower rims of pillar[n]arenes, e.g.,
amine (Yao et al., 2013), sulfhydryl (Zhou et al., 2015), carboxyl (Li
et al., 2013), have recently been proposed and developed as stabilizing
ligands to synthesize AuNPs. But the reducing ability of pillar[n]arenes
with reactive hydroxyl groups and their application in the synthesis of
AuNPs have been relatively unexplored. Consequently, the preparation
of AuNPs by the redox reaction between chloroauric acid and hydro-
xylatopillar[5]arene without any reducing reagents would be more
environmentally friendly. Besides, the combination of metal nano-
particles and macrocyclic supramolecules simultaneously possess the

host-guest recognition ability of pillar[n]arenes and the exclusive op-
tical/electrical properties of AuNPs, and might result in significant sy-
nergistic effects and extending their applications.

Toluidine blue (TB), an accepted electrochemical redox probe, is
extensively applied to immunosensor because of its notable electro-
conductivity, reversible electron-transfer ability, and high chemical
stability (Xie et al., 2012; Peng et al., 2015). The leakage of electro-
active mediator from electrode surface into solution remains a currently
challenging problem, which can be effectively resolved through specific
guest recognition of TB with pillar[n]arenes. The multiple interactions
between macrocyclic supramolecules and dye molecules, for example,
electrostatic interaction, π-π stacking, hydrogen bonding, and hydro-
phobic interaction (Dsouza et al., 2011), can motivate the guests enter
into the cavity of hosts and therefore apparently promoted the loading
amount of TB and effectively inhibited the leaking of TB resulting in an
ultrasensitive and robust electrochemical response (Lin et al., 2013;
Shen et al., 2015).

Acute myocardial infarction (AMI), medically called heart attack,
has caused a severe global public health problem because the highest
rates of morbidity and mortality (Kazemi et al., 2016). It occurs when

Scheme 1. The preparation process of 2HP5@Au (A), 2HP5@Au-Pd/MnO2-Ab2 bioconjugates (B) and sandwich-type immunosensor (C).
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the blood circulation or flow suddenly stops to the coronary artery,
resulting in ischemia, tissue damage, and even death (Chen et al.,
2016). Real-time quantification of AMI biomarkers is significant for
early diagnosis of disease, managing the treatment process, and as-
sessment of therapeutic efficacy. Cardiac troponin I (cTnI), an essential
myocardial regulatory protein in the cardiac muscle tissues, has been
recognized as the sensitive and specific biomarkers in the diagnosis of
AMI (Liu et al., 2016). Generally, the concentration of cTnI in healthy
humans is below 0.4 ngmL−1 (Yan et al., 2018), while a rise in serum
cTnI level is usually considered an increased risk of getting AMI. Var-
ious approaches have been explored for the measurement of cTnI, in-
cluding enzyme-linked immunosorbent assay (Cho et al., 2009), elec-
trochemiluminescence (Tang et al., 2018), electrochemical
immunosensor (Yan et al., 2018) and fluorescence analysis (Seo et al.,
2016). Among them, electrochemical immunosensor has stimulated a
massive interest due to its rapid response, high sensitivity, and low cost.
Despite numerous efforts have been made, improving the stability of
sensing system to satisfy the needs of practical application is still being
a considerable issue to explore and solve. Consequently, developing
novel strategies and materials to construct an electrochemical im-
munosensor for cTnI detection have important value and significance.

In this work, we have synthesized a new water-soluble pillararenes
(dihydroxylatopillar[5]arene, 2HP5) with abundant hydroxyl groups.
Based on the strong reducing ability of -OH, a novel, facile, and clean
method was established to prepare AuNPs without the use of harsh
reagents and/or external energy. The formation mechanism of AuNPs
was investigated using FTIR, XPS, and 13C NMR techniques. Due to
their excellent electrochemical properties, high specific surface area,
and large number of active sites, MnO2 nanosheets were introduced as a
favorable supporting material for improving the loading amount of Pd
(Z.M. Hu et al., 2015; Wei et al., 2014; Yang et al., 2018), which could
immobilize detection antibody (Ab2) through Pd-N bond. Therefore, a
sandwich-type electrochemical immunosensor was constructed by in-
tegrating 2HP5-stablized AuNPs and Pd-decorated MnO2 nanocompo-
sites (2HP5@Au-Pd/MnO2), and the electrochemical response was
produced through TB oxidation (Scheme 1). Because the strong elec-
trostatic attraction and cooperative charge-transfer interaction between
2HP5 and TB, this immunosensor presented remarkable robustness,
ultra-high sensitivity, notable stability and specificity, indicating the
macrocycle-stabilized metal nanoparticle might be an emerging pro-
mising biomaterial for biomarkers detection.

2. Experimental

2.1. Materials

cTnI, primary antibodies (Ab1), and detection antibodies (Ab2),
were purchased from Zhengzhou Biocell Biotechnology Co., Ltd.
(China). Bovine serum albumin (BSA), potassium hexacyanoferrate (III)
(K3Fe(CN)6), potassium hexacyanoferrate (II) (K4Fe(CN)6·3H2O), poly
(ethylene glycol) (PEG 400), toluidine blue (TB), sodium citrate dihy-
drate (Na3C6H5O7·2H2O), sodium tetrahydroborate (NaBH4), phosphate
dodecahydrate (NaH2PO4), and sodium phosphate dibasic dodecahy-
drate (Na2HPO4·12H2O) were provided by Adamas-Beta Reagent
(Shanghai, China). Hexadecyltrimethylammonium bromide (CTAB),
gold chloride (HAuCl4·4H2O), and palladium chloride (PdCl2) were
obtained from Sigma-Aldrich Chemical (America). 2HP5 was synthe-
sized by introducing hydroxyl groups on the upper and lower rims, as
demonstrated in Figs. S1–3. Ultrapure water with 18.25MΩ cm was
purified using a Millipore Milli-Q system.

2.2. Apparatus

The crystal structure of the synthesized materials were examined by
X-ray diffractometry (XRD) collected on Rigaku TTR-III using Cu Kα
radiation (Japan). Transmission electron microscope (TEM) was used to

analyze the morphology, which was studied by a JEM-2100F micro-
scope (Japan), as well as high-resolution TEM (HRTEM) and elemental
mapping. The fluorescence and UV–vis absorption spectra were mea-
sured by F-4600 spectrometer (Japan) and Hitachi U-2900 spectro-
photometer (Japan), respectively. Fourier transform infrared (FTIR)
spectrum was recorded on a Thermo Nicolet iS10 spectrometer
(America). X-ray photoelectron spectroscopy (XPS) of the samples were
performed with a Thermo K-Alpha+ spectrometer (America). 1H NMR
and 13C NMR spectra were investigated with a Bruker AV. DRX5 in-
strument operated at 500MHz. Electrochemical measurements were
obtained from a CHI660E electrochemical workstation (Shanghai
Chenhua Instrument Co. Ltd., China) with conventional three-electrode
system, including a modified glassy carbon working electrode (GCE), a
saturated calomel reference electrode (SCE) and a Pt wire auxiliary
electrode.

2.3. Preparation of 2HP5@Au

In a typical synthesis, HAuCl4 aqueous solution (255 µL, 10mM)
was mixed with an equimolar amount of 2HP5 aqueous solution in
2.0 mL of deionized water under continuously stirring at the ambient
temperature. After NaOH aqueous solution (100 µL, 0.5M) was added
into the above mixture, the brownish-red solution immediately and
completely turned colorless, and ultimately obtained a wine-red co-
lored solution in a few minutes, illustrating the successful preparation
of AuNPs. No lighting or heating required during the synthesis process.
The solid powder was obtained by centrifuging, washing three times
with water, and freeze-drying.

2.4. Preparation of Pd/MnO2

MnO2 nanosheets were prepared based on a typical hot-injection
method (Wei et al., 2014). Generally, 0.9 g of CTAB was dissolved into
25mL deionized water, followed by heating to 140 °C under the stirring
condition. Then, KMnO4 aqueous solution (25mL, 20mM) was rapidly
added into the above solution maintaining the temperature constant
until its color changed from purple to brown. MnO2 nanosheets were
separated with the addition of acetone, and purified by centrifugation,
washing and freeze-drying.

The synthesis of the Pd/MnO2 was as follows. Briefly, 20mg of
MnO2 was dispersed into 10mL deionized water, and subsequent ad-
dition of PEG 400 (100 µL), sodium citrate (1.0 mL, 10mM), PdCl2
aqueous solution (250 µL, 20mM). After keeping constantly stirring for
2 h, NaBH4 solution (3mL, 15mM) was added dropwise to the above
mixture, continue stirring for 1 h. The obtained precipitate was cen-
trifuged and washed with water three times, and then freeze-dried.

2.5. Preparation of TB-2HP5@Au-Pd/MnO2

2HP5@Au-Pd/MnO2 was synthesized by mixing 2HP5@Au solution
with Pd/MnO2 under continuous stirring overnight. The prepared na-
nocomposites were obtained by centrifuging, washing several times in
water and drying.

The synthetic process of TB-2HP5@Au-Pd/MnO2 was according to
the following steps. The mixture of TB aqueous solution (2.0 mL,
2.5 mgmL−1) and 2HP5@Au-Pd/MnO2 solution (5.0 mL, 1.0 mgmL−1)
was vigorously stirred at room temperature for 12 h. The resultant
products were collected from the suspension by repeatedly centrifuged
and washed, and finally dispersed into pH 7.0 PBS (2.0 mL, 0.1 M). The
actual samples of the synthesized nanomaterials were illustrated in Fig.
S4.

2.6. Preparation of Ab2 bioconjugates

The cTnI detection antibodies (Ab2) conjugated TB-2HP5@Au-Pd/
MnO2 nanocomposites (Ab2 bioconjugates) were synthesized by adding
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100 µL of 1.0 mgmL−1 Ab2 to the TB-2HP5@Au-Pd/MnO2 solution and
incubated at 4 °C overnight.

The above mixture was centrifuged and washed with PBS for 3
times, and lastly dispersed into PBS under refrigerated condition (4 °C).

2.7. Preparation of electrochemical immunosensor

The GCE was firstly polished by alumina powder and thoroughly
washed with water. The AuNPs modified GCE (Au/GCE) was prepared
by electrodepositing HAuCl4 aqueous solution onto the surface of glassy
carbon electrode (−0.2 V, 200 s). The Au/GCE was immersed into a
primary antibodies (Ab1) solution (200 µL, 10 µgmL−1) for 12 h at 4 °C
to immobilize Ab1, the fabricated Ab1/Au/GCE was rinsed with PBS to
remove the non-specific adsorption of Ab1. To close the remaining
active sites, 10 µL of 2% BSA was dropped onto the previously modified
electrode and rinsed. Then the BSA/Ab1/Au/GCE was incubated in
different concentration of cTnI solution (0.005–20 ngmL−1) at room
temperature for 1 h to capture antigen. After washing, the sandwich
immunosensor was completely constructed by adding 10 µL of Ab2
bioconjugates onto the cTnI/BSA/Ab1/Au/GCE, the obtained electrode
(Ab2 bioconjugates/cTnI/BSA/Ab1/Au/GCE) was rinsed with PBS and
stored at 4 °C. The preparation process of this sandwich-type electro-
chemical immunosensor was illustrated in Scheme 1.

2.8. Electrochemical measurements

The values of cyclic voltammetry (CV) and electrochemical im-
pedance spectroscopy (EIS) were investigated in pH 7.0 PBS solution
including 0.1 M KCl and 2mM [Fe(CN)6]3-/4-. The CV responses were
identified with a wide potential range from − 0.3–0.6 V and a scan rate
of 50mV s−1. The EIS data was studied within the range of 0.1–105 HZ
and the initial voltage was acquired by examining open circuit poten-
tial. Differential pulse voltammetry (DPV) was employed for cTnI de-
tection by scanning the potential from− 0.6–0.1 V. Increment potential
= 0.004 V, amplitude = 0.05 V, pulse width = 0.06 s, sample period
= 0.02 s and pulse period =0.5 s. These electrochemical experiments
were performed at ambient temperature.

3. Results and discussion

3.1. Characterization of 2HP5@Au

AuNPs were facilely synthesized using 2HP5 molecules as reducing
agents in alkaline condition without any external energy. The TEM and
HRTEM images of 2HP5-stabilized AuNPs were shown in Fig. S5, as
illustrated, these nanoparticles were principally spherical in shape and
well-dispersed with distinct lattice fringes. Various characterization
techniques have been applied to investigate the formation mechanism
of AuNPs. The FTIR measurements of 2HP5 and 2HP5@AuNPs were
firstly examined. As shown in Fig. 1A, the analogous portraits of two
curves basically identified that the predominant feature groups of 2HP5
were maintained in the resultant products. What's more, a newly ap-
peared absorption peak at 1729 cm−1 was attributed to C˭O stretching
vibration (J.Y. Hu et al., 2015), indicating the formation of carboxylate
groups during the reaction process. The conclusion was further verified
by comparing XPS data. From Fig. 1B, compared to that of pure 2HP5,
the survey spectra of 2HP5@AuNPs confirmed the presence of Au ele-
ments, exhibiting that AuNPs were successfully prepared using 2HP5 as
reducing agents. The comparison of C 1 s and O 1 s spectrum between
pure 2HP5 (Fig. 1C and D) and 2HP5@AuNPs (Fig. 1E and F) similarly
suggested the existence of C˭O groups in products. Significantly, the
hydroxyl groups in 2HP5@AuNPs were apparently lower than that of
pure 2HP5, along with the appearance of carboxyl groups, demon-
strating that hydroxyl groups in 2HP5 could reduce the Au precursor to
Au, and their own were oxidized to carboxylic acid. Moreover, the re-
sults of 13C NMR (125MHz, D2O) in Fig. 1G were consistent with FTIR

and XPS. As described, a new carboxyl group presented at 168.26 ppm
in 13C NMR spectra of 2HP5@AuNPs were corresponded to C˭O bonds.

Based on these findings, we speculated a possible reduction me-
chanism of AuNPs using 2HP5 as reducing agents in alkaline condition.
[AuBr4]- was firstly produced when 2HP5 solution was added into
HAuCl4 aqueous solution, because the dissociation constants of
[AuBr4]- was far less than that of [AuCl4]- (Usher et al., 2009). How-
ever, the addition of NaOH caused the mixture solution moderately
basic, the [AuBr4]- complex immediately disassembled and resulted in
the formation of [Au(OH)4]- (Oyaizu et al., 2005). Another important
role of NaOH was connected with the movement of the reaction equi-
librium. As previously mentioned, when Au precursor was reduced and
formed Au by the hydroxyl groups of 2HP5, the protons were also
produced and quickly neutralized and vanished by hydroxyl ions from
NaOH, resulting in the reduction rate to be facilitated based on Le
Chatelier's principle (Tang et al., 2013). Moreover, the oxidation pro-
ducts of 2HP5 containing many carboxyl groups with negative charge
would cover the AuNPs surface by Au-COO- interaction, and inhibit
unrestricted growth and/or agglomeration of nanoparticles.

3.2. Characterization of 2HP5@Au-Pd/MnO2

Fig. 2A and B respectively showed the typical TEM and HRTEM
images of the prepared MnO2 nanosheets, which suggested that na-
nosheets were uniform lamellar structure with apparent lattice fringes.
The Pd/MnO2 nanocomposites were synthesized by reducing PdNPs on
MnO2 nanosheets, and their morphology was illustrated in Fig. 2C and
D. As presented, the abundant spherical Pd nanoparticles were uni-
formly monodispersed on the surface of MnO2. The TEM images of
prepared 2HP5@Au-Pd/MnO2 nanocomposites described 2HP5-stabi-
lized AuNPs were successfully anchored onto the Pd/MnO2 surface
(Fig. 2E and F). From the inset HRTEM image in Fig. 2G, the interplanar
spacing of 0.230 nm belonging to Pd{111} faces (Fu et al., 2013), and
0.235 nm attributing to Au{111} faces (Li et al., 2013).

2HP5@Au-Pd/MnO2 was further identified by elemental mapping
experiments to determine the combination of 2HP5@Au and Pd/MnO2.
As described in Fig. S6, the results confirmed the distribution of Mn, Au,
Pd, O, and N elements on the composites, where N was come from
2HP5. The crystalline structure of 2HP5@Au-Pd/MnO2 was also in-
vestigated and shown in Fig. S7, for comparison, the XRD pattern of
MnO2 and Pd/MnO2 were also studied. For MnO2 nanosheets, the
characteristic diffraction peaks of {110}, {200}, {211}, and {002}
crystal facets were emerged clearly, which were belonged to tetragonal
crystalline phase (JCPDS 44–0141). Compared to pure MnO2 na-
nosheets, the diffraction intensity of Pd in Pd/MnO2 was much weaker,
owing to the relatively small amount and size of PdNPs (Wilson et al.,
2002). With the introduction of 2HP5@Au, two distinct diffraction
peak at 38.3° and 65.3° were emerged corresponding to Au{111} and
Au{220} faces (Imura et al., 2011), demonstrating that 2HP5@Au was
successfully attached onto Pd/MnO2 nanosheets.

Because the elements of Au and Pd in 2HP5@Au-Pd/MnO2 com-
posites could not be obviously observed by elemental mapping and XRD
results, thus, XPS measurement was employed to characterize the sur-
face chemical composition of the composites. As shown in Fig. 3A, the
XPS survey spectrum suggested the existence of Mn, O, N, Pd, C, and Au
elements in 2HP5@Au-Pd/MnO2. The C 1s XPS spectrum (Fig. 3B)
exhibited five kinds of carbon atoms, C-C (284.7 eV), C-N (285.1 eV), C-
O (286.1 eV), C˭O (287.4 eV), and O-C˭O (288.4 eV), while the O 1 s
spectrum (Fig. 3C) displayed four types, O-Mn (530.2 eV), *O˭C-O
(531.4 eV), O-C (532.4 eV), and *O-C˭O (533.5 eV), respectively (Chen
et al., 2014; de Godoi et al., 2013; Yan et al., 2016; Zhao et al., 2018).
Fig. 3D demonstrated that the intensive peaks for Au 4f were centered
at 87.4 eV (4f5/2) and 83.7 eV (4 f7/2), and the binding energies of Pd
3d3/2 and Pd 3d5/2 in Fig. 3E were located at 340.5 eV and 335.3 eV
(Yang et al., 2013). As displayed in Fig. 3F, the Mn 2p1/2 peak at
654.0 eV and Mn 2p3/2 peak at 642.3 eV with the spin-energy
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separation of 11.7 eV were confirmed the 4+oxidation state of Mn
(Sun et al., 2017).

3.3. Host-guest recognition studies

The complexation between 2HP5@Au and TB was firstly in-
vestigated by UV–vis experiments. As illustrated in Fig. 4A, TB pro-
duced a significant absorption peak at 632 nm (Saito et al., 2011). Upon
the addition of 2HP5@Au, the UV–vis adsorption intensities of TB were
gradually decreased and an apparent red shift could be observed, de-
monstrating the formation of host-guest complex 2HP5@Au⊃TB,
which were primarily driven by electrostatic attraction and cooperative
charge-transfer interaction between host and guest (Hua et al., 2018).
What's more, a control experiment was conducted to demonstrate that
the decrease of TB's adsorption peak was caused by the host-guest re-
cognition between TB and the oxidation products of 2HP5, rather than

the interaction of Au with TB. For comparison, Au nanoparticles were
synthesized through citrate-stabilized methods (Bastús et al., 2011).
From Fig. S8, there was no obvious change of the adsorption peak in-
tensity upon the continuous addition of citrate-stabilized AuNPs in TB
solution. Based on the above experimental results, we confirmed the
inclusion of TB into the cavity of 2HP5@Au.

The association constant (Ka) of 2HP5@Au⊃TB complex was ob-
tained from fluorescence spectroscopy data. Fig. 4B showed the fluor-
escence intensities of TB in the absence and presence of 2HP5@Au,
which was consistent with the UV–vis spectra. A mole ratio plot based
on fluorescence titration measurements investigated the complex be-
tween 2HP5@Au and TB had 1:1 stoichiometry (Fig. 4C), and Ka was
determined to be (6.95 ± 0.24) × 104 M−1 using Stern-Volmer for-
mulation (Fig. 4D).

Fig. 1. FTIR (A) and XPS (B) spectra of 2HP5 and 2HP5@Au; high-resolution XPS of C 1s (C) and O (D) 1s in 2HP5; high-resolution XPS of C 1s (E) and O (F) 1s in
2HP5@Au; 13C NMR spectra (125MHz, D2O) of 2HP5 and 2HP5@Au (G).
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3.4. Characterization of immunosensor

The stepwise fabrication process of immunosensor was character-
ized by CV measurements and the results were illustrated in Fig. 5A.
The CV curve of bare GCE displayed a couple of well-defined redox
peaks belonging to [Fe(CN)6]3-/4-. Compared with GCE, the electro-
chemical response significantly increased when gold nanoparticles were
electrodeposited on the electrode because the AuNPs could accelerate
the electron transfer. The Au/GCE was applied to immobilize Ab1
through the interaction of Au-NH2 (Zhao et al., 2016), and the peak
current of Ab1/Au/GCE was greatly decreased due to the non-

conductive properties of proteins, which inhibited the electron transfer.
Equally, the current response was further decreased when the Ab1/Au/
GCE was sequentially combined with BSA and cTnI. Finally, when TB-
2HP5@Au-Pd/MnO2 labeled Ab2 was modified on the prepared elec-
trode (cTnI/BSA/Ab1/Au/GCE), a notably enhanced current was
achieved, indicating that cooperative effects between large specific
surface area of MnO2 nanosheets, and excellent electrical conductivity
of AuNPs and PdNPs. The corresponding current changes in the vol-
tammogram determined the successful preparation of the sandwich-
type immunosensor.

EIS measurements were further employed to confirm the interface

Fig. 2. TEM (A) and HRTEM (B) images of MnO2; TEM (C) and HRTEM (D) images of Pd/MnO2; TEM (E) and HRTEM (F) images of 2HP5@Au-Pd/MnO2; the inset of
part F displayed the lattice spacing of the AuNPs and PdNPs were 0.235 nm and 0.230 nm, respectively (G).
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properties of the fabricated electrodes at each modification steps. The
impedance spectra contained a semicircle part at higher frequencies
corresponding to the electron-transfer resistance (Ret) and a linear part
at lower frequencies belonging to diffusion-limited process (Zhang
et al., 2014). From Fig. 5B, after modified with Au nanoparticles, the
semicircle diameter on impedance spectra could hardly be observed,
suggesting an ignorable impedance because AuNPs with outstanding
electroconductivity could enhance the electron transfer and thus hold
smaller resistance. But the resistance values were gradually increased
when the Au/GCE was coated with Ab1 (Ab1/Au/GCE), BSA (BSA/
Ab1/Au/GCE), and cTnI (cTnI/BSA/Ab1/Au/GCE), which could be
attributed to the biological substances significantly inhibited the elec-
tron transfer rate. As expected, with the Ab2 bioconjugates coated on

the further resultant electrode, the Ret value apparently decreased be-
cause of strong adsorption ability of MnO2 nanosheets towards [Fe
(CN)6]3-/4- and favorable conductivity of noble metal nanoparticles in
the TB-2HP5@Au-Pd/MnO2. Therefore, both CV and EIS results dis-
played the successful assembly of this immunosensor.

3.5. Optimization of experimental conditions

The external experimental conditions, which might influence the
sensitivity and sensing performance of electrochemical immunosensor,
are necessary to be optimized. On the basis of the above-mentioned
consideration, these optimization measurements were carried out using
DPV technique, and the concentration of cTnI was 1.0 ngmL−1. The pH

Fig. 3. XPS spectra of 2HP5@Au-Pd/MnO2; high-resolution XPS of C 1s (B), O 1s (C), Au 4f (D), Pd 3d (E), and Mn 2p (F).
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value of detection solution was firstly examined because alkaline or
acid solutions might dissociate the antigen-antibody complex, as well as
influence the biological activity of proteins (Shen et al., 2015). Fig. 5C
showed the DPV responses of TB-2HP5@Au-Pd/MnO2 in PBS at dif-
ferent pH solution. The peak current persistently increased with chan-
ging pH from 5.5 to 7.0, and decreased when pH was higher than 7.0.
Therefore, detection solution of pH 7.0 was chosen for the following
experiments.

The concentration of TB-2HP5@Au-Pd/MnO2 was another influen-
tial factor that affect the electrochemical response. As described in
Fig. 5D, the peak currents were recorded at different concentration of
Ab2 bioconjugates in 7.0 PBS. The DPV currents correspondingly im-
proved with the variation of concentration from 0.6 to 1.6mgmL−1,
and then remained stable when we continued to increase concentra-
tions. The response variations suggested that the optimized con-
centration of TB-2HP5@Au-Pd/MnO2 was 1.6mgmL−1.

The effect of recovery time on the analyte-electrode should also be
considered. According to the literature, the recovery time is calculated
by the following equation: recovery time = pulse period - pulse width
(Tachikawa et al., 1986). The variation of the electrochemical response
with recovery time is presented in Fig. S9. As illustrated, the optimized
recovery time of immunosensor is 0.44 s. Thus, the recovery time of
0.44 s was applied in the following experiments.

3.6. Performance of immunosensor

Under optimized experiment conditions, the sandwich-type elec-
trochemical immunosensor using TB-2HP5@Au-Pd/MnO2 as labels was
applied to quantitatively determine cTnI by DPV investigation. Fig. 5E
presented the DPV current responses of the fabricated immunosensor
for detection of antigen covering the concentration range from 0.005 to

20 ngmL−1. With the increase of the cTnI concentration, more antigens
were specifically recognized by antibodies, and result in the sequen-
tially increasing of electrochemical current. The blank sample was ob-
tained by incubating with 0 ngmL−1 of cTnI, which had a neglectable
current signal, indicating that the influence of non-specific adsorption
on this immunosensor could be ignored. As Fig. 5F illustrated, a linear
relationship between response variations and the logarithm of cTnI
concentration was acquired in the range of 0.005–20 ngmL−1, with
lower detection limit of 0.002 ngmL−1 (signal/noise = 3). The linear
regression equation was I = 5.989 logC +18.08 with correlation
coefficient of 0.9951, where I was current response and C was cTnI
concentration.

Compared with previous methods (summarized in Table S1), this
immunosensor presented a wider linear range and lower detection
limit. The outstanding sensing performance of the as-proposed method
was attributed to the signal amplification of TB-2HP5@Au-Pd/MnO2.
As mentioned above, the peak current was predominantly produced by
the oxidation reaction of TB. The host-guest recognition interaction
between 2HP5@Au and TB not only enhanced the loading amount of
electroactive molecules but also improved the stability of immobilized
TB through electrostatic attraction and cooperative charge-transfer in-
teraction, which could stable and increase the electrochemical signal.
What's more, the introduction of noble metal nanoparticles with re-
markable electroconductivity and favorable biocompatibility such as
Au and Pd could accelerate electron transfer and broaden the detection
range (Li et al., 2017). Besides, MnO2 nanosheets as supporting material
provided larger specific surface areas and more active sites for nano-
particles, which further increased the electrochemical response.

Fig. 4. UV–vis (A) and fluorescence (B) spectra of 10 µM TB in the presence of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 equivalent of 2HP5@Au in aqueous
solution; mole ratio plot demonstrating 1:1 stoichiometry of 2HP5@Au⊃TB complex (C); the Stern-Volmer plots of ln(F0/F − 1) versus In [2HP5@Au], where F0 is
the initial fluorescent intensity of TB and F is the fluorescent intensity of TB under the existence of different concentrations of 2HP5@Au.
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Fig. 5. CV (A) and EIS (B) of stepwise fabricated electrodes in 7.0 PBS including 0.1M KCl and 2mM K3/K4 Fe(CN)6; the optimized experimental conditions of pH (C)
and Ab2 conjugates concentration (D); DPV current (E) of this immunosensor towards different cTnI concentrations (0.005 ngmL−1 to 20 ngmL−1); linear re-
lationship between DPV response variation and the logarithm of cTnI concentration (F); reproducibility (G) and specificity (H) of the proposed immunosensor.
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3.7. Reproducibility, specificity, and stability of immunosensor

The reproducibility of electrochemical immunosensor has great
significance for practical applications. To investigate the reproduci-
bility of this immunosensor, five different working electrodes were
applied for analyzing the same concentration of cTnI (1.0 ngmL−1)
under optimal conditions. These five electrodes displayed approxi-
mately similar peak currents (Fig. 5G), and the relative standard de-
viation (RSD) of five experiments was 3.17%, which suggested that this
immunosensor had an acceptable reproducibility for cTnI detection.

In order to determine the specificity of immunosensor, some pos-
sible interfering substances in human serum such as cardiac troponin T
(cTnT), bovine serum albumin (BSA), prostate specific antigen (PSA),
carcinoembryonic antigen (CEA), α− 1-fetoprotein (AFP), and squa-
mous cell carcinoma antigen (SCCA) were employed. The concentration
of cTnI was 1.0 ngmL−1, while the interferences concentration was
10 ngmL−1. As shown in Fig. 5H, the current response of cTnI im-
munosensor is much better than that of other proteins. This is mainly
because other proteins cannot bind to cTnI antibodies (Ab1 or Ab2),
and these unbound Ab2 conjugates were washed out. What's more, the
response current of the co-existence of cTnI with these interferents has
no obvious signal variation, indicating other proteins have little effect
to the selectivity of cTnI immunosensor. To further verify the accuracy
of the results, a complex system of serum was applied for the selective
experiment of the immunosensor. The results have been presented in
Fig S10. As shown, the other proteins based immunosensor did not
cause an obvious electrochemical current compared with that of cTnI.
The results further illustrates that the proposed immunosensor has a
favorable selectivity and specificity. Compared with label-free im-
munosensor, the sandwich-type immunosensor has better selectivity
and anti-interference ability due to the excellent specific recognition
ability between Ab1-cTnI-Ab2. In order to demonstrate anti-inter-
ference ability of the immunosensor to interferents in serum, the ad-
ditional experiments have been carried out. The serum sample was
diluted with PBS buffer in different proportions (1:1, 1:2, 1:5, 1:10).
The concentration of cTnI is 1.0 ngmL−1, and the current response was
measured by DPV method. The results are illustrated in Fig S11. As
shown, there is no significant difference in the current values of serum
solutions with different dilution rates, indicating that the amount of
non-specific proteins adsorbed on the electrode interface is very small
and the effect of non-specific adsorption of complex components in
serum on the performance of the immunosensor is little. It was further
found that when the concentration of cTnI was as low as 0.05 ngmL−1,
the electrochemical signal of the immunosensor in PBS is similar to that
in serum (Fig S12). The above results show that the immunosensor have
good selectivity and anti-interference ability.

The as-prepared immunosensor was further examined for its stabi-
lity by measuring DPV current every five days. The modified working
electrodes were stored at 4 °C before use and the results were obtained
in Fig. S13. There was no distinct peak current variation of im-
munosensor after the first five days. Then the DPV signal declined se-
quentially and remained 88.1% of its initial value after a month, which
suggested that the stability of this immunosensor was desirable. Com-
pared to some reported immunosensor, the proposed method illustrated
satisfying stability, which were attributed to the unique biocompat-
ibility, remarkable host-guest recognition ability, and splendid che-
mical stability of TB-2HP5@Au-Pd/MnO2 nanocomposites, resulting in
sensitive and robust current response and further improving the sensing
performance of immunosensor.

3.8. Analysis of cTnI in human serum

To examine the precision and reliability of the proposed sandwich-
type immunoassay, the recoveries of different concentrations of cTnI
(0.1, 0.5, 1.0, 2.0, and 5.0 ngmL−1) in the serum samples were de-
termined using standard addition method. As presented in Table S2, the

recoveries of the two concentrations range from 95.8% to 103.0%, and
the RSD was lower than 5.1% (n=5). The measurement results de-
monstrated the fabricated immunosensor could accurately and effi-
ciently analyze the cTnI concentration in real sample, which might have
an appreciable application potential for clinical practice.

To further investigate the applicability of the fabricated sandwich-
type electrochemical immunosensor, a comparison with enzyme-linked
immunosorbent assay (ELISA) method was presented in Table S3. The
results summarized a good correlation between the two analytical
methods, and the relative errors for cTnI detection was below 3.5%,
suggesting that the proposed method was reliable and efficient enough
for clinical analysis.

4. Conclusions

In conclusion, a facile, green and clean preparation method of
monodisperse AuNPs with the average size of 5 nm was developed by
the redox reaction between HAuCl4 and 2HP5 aqueous solution in al-
kaline conditions without the use of harsh reagents and/or external
energy. The FTIR, XPS, and 13C NMR experiments suggested the for-
mation mechanism of AuNPs, and the formed carboxyl groups in 2HP5
oxidation products would cover the AuNPs surface by Au-COO- inter-
action, which inhibit the unlimited growth and/or agglomeration of
nanoparticles. Based on the electroconductivity properties and ex-
cellent host-guest recognition abilities of 2HP5@Au towards TB, a
sandwich-type electrochemical immunosensor was constructed using
Pd/MnO2 nanosheets integrated 2HP5@Au (2HP5@Au- Pd/MnO2) as
signal amplification labels. Due to the strong electrostatic attraction
and cooperative charge-transfer interaction between macrocyclic hosts
and toluidine blue molecules, the fabricated immunosensor produced
sensitive and robust TB oxidation response, and thus presented re-
markable sensing performance for detection of cTnI, as well as out-
standing reproducibility, selectivity, stability, and potential feasibility.
In the future work, we will focus on the integration of low-fouling
nanomaterials and molecular recognition in electrochemical platforms
for further improving their antifouling effects, robustness, and sensing
performance.
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