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ARTICLE INFO ABSTRACT

Protein-inorganic nanoflowers have been extensively used for sensing and biosensing applications by virtue of
the signal enhancement of protein component—enzyme. Can the inorganic component of protein-inorganic
nanoflowers be employed to amplify signal transducing for enzyme-free detection? In this work, a new kind of
BSA-antibodies-copper phosphate hybrid nanoflowers (BSA-Ab,-Cu3(PO4)) has been prepared by one-pot bio-
mimetic mineralization process as signal enhancer for enzyme-free electrochemical immunoassay. C-reactive
protein (CRP) has been chosen as a model biomarker. To the best of our knowledge, it is the first trial using the
inorganic component—phosphate ions of BSA-Ab,-Cuz(PO,4), for transducing electrochemical readout, which
features the following advantages: (1) the three-dimensional hierarchical porous nanoflower morphology with a
high specific surface area could load more antibodies, and BSA for blocking non-specific sites, greatly increasing
the sensitivity of the fabricated immunosensors, (2) the Cuz(PO4), hybrid nanoflowers can supply a huge amount
of phosphate anions to react with molybdate yielding molybdophosphate precipitates and generating redox
currents for more robust enzyme-free electrochemical signal readout. The fabricated immunosensor has ex-
hibited good detection performance with a linear range of 5 pg/mL-1 ng/mL and a limit of detection of 1.26 pg/
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mL. Moreover, our method has presented good feasibility for clinical sample analysis.

1. Introduction

It is always gained extensive research interest to develop efficient
methods for sensitive and reliable detection of protein biomarkers.
Many immunoassay approaches have been explored, such as colori-
metric (Shao et al., 2018), fluorescent (Chen et al., 2018), chemilumi-
nescent (Im et al., 2017) and electrochemical methods (Akanda and Ju,
2018). It is well worth to mention that electrochemical immunoassay
has become a popular methodology by the inherited advantages of cost
efficiency, easy operation, fast response and high sensitivity
(Chikkaveeraiah et al., 2012; Felix and Angnes, 2018). Among them,
enzyme induced signal amplification strategy has been well adopted
(Hou et al., 2018; Mani et al., 2009; Li et al., 2017). Especially, enzyme-
linked immunosorbent assay (ELISA) has been taken as the most pop-
ular method for sensitive detection of protein biomarkers in clinical lab
(Wu and Qu, 2015). The key issue is to develop efficient way to im-
mobilize as many more enzymes as possible and simultaneously keep or

even enhance the activity and stability.

Learning from nature always gives great opportunity to pave the
way for the advancement of science and technology in many fields
(Munch et al., 2008; Lee et al., 2007; Huh et al., 2007). The new de-
veloped biomimetic mineralization methodology to prepare protein-
inorganic hybrid nanoflowers has become an elegant way for protein
immobilization by the facile, mild and green preparation procedure.
(Ge et al., 2012). According to this strategy, various enzymes such as
laccase (Batule et al., 2015; Cao et al., 2015), horseradish peroxidase
(Lin et al., 2014b; Li et al., 2016a), glucose oxidase (Sun et al., 2014;
Ariza-Avidad et al., 2016; Li et al., 2016b), protease (Zhang et al., 2015)
and papain were immobilized with metal phosphates to produce a di-
versity of hybrid nanoflowers often achieving improved activity, sta-
bility (Zhang et al., 2016a) or durability. And then some trials have
been made for immunoassay improved by protein-inorganic hybrid
nanoflowers. We prepared a new kind of “all-in-one” concanavalin A-
glucose oxidase-CaHPO, hybrid nanoflowers (Con A-GOx-CaHPO,)
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containing the recognition unit of Con A for recognizing Escherichia coli
0157:H7 and the signal amplification unit of GOx, which has been
utilized to detect of food pathogen through relevant change in pH (Ye
et al., 2016). A dual-function hybrid nanoflower of streptavidin-HRP-
Cu3(P0O4), was also reported by introduced streptavidin for capturing
the biotinylated antibody, and HRP for signal enhancement which was
employed for colorimetric immunoassay of alpha-fetoprotein (Liu et al.,
2017). It should be mentioned that the shortcomings are still not neg-
ligible. Enzyme which serves as necessary for the catalytic amplification
process means that signal probe is susceptible to specific harsh detec-
tion conditions, which will sacrifice the catalytic activity by enzyme
denaturation. Consequently, can we make fully use of the advantages of
biomimetic mineralization methodology into the fabrication of elec-
trochemical immunosensors?

It will be an advisable choice to develop enzyme-free immunoassay
methodology. Some excited achievements have been made for enzyme-
free immunoassay of protein biomarkers by pressure, thermal, colori-
metric, fluorescent and electrochemical readout (Li et al., 2018a,
2018b, 2018¢; Zhang et al., 2018a, 2018b, 2018c; Xia et al., 2015; Miao
et al., 2018). Among them, electrochemical methods have gained sig-
nificant research interest for the inherited merits of fast response, cost
effective and high sensitivity (Zhang et al., 2018a, 2018b; Deng et al.,
2018). Recently, some detection methods based on tracing phosphate
ions (Pi) as signal probes have been proposed. Pi originating from the
DNA (or other nucleic acids) phosphate backbone which serve as redox
mediators could react with molybdates to induce redox electric current
(Xie et al., 2015; Hu et al., 2017; Jiang et al., 2017). Inspired by those
fascinated work, we proposed a new kind of BSA-antibodies-copper
phosphate hybrid nanoflowers (BSA-Ab,-Cuz(PO4),) by one-pot bio-
mimetic mineralization methodology for electrochemical immunoassay
of C-reactive protein (CRP) based on the following considerations: 1)
the mild bioinspired procedure will do great beneficial for maintaining
the biocognition activity of antibodies; 2) the inorganic component of
Cus3(POy4), can supply a huge amount of phosphate anions to react with
molybdate yielding molybdophosphate precipitates and generating
redox currents for more reliable enzyme-free electrochemical signal
readout; 3) Due to large specific surface area of nanoflowers, they can
load many antibodies, and BSA for blocking non-specific sites, greatly
increasing the sensitivity of the fabricated immunosensors.

2. Experimental section
2.1. Reagents and apparatus

Reagents and apparatus used are presented in Supplementary
Materials.

2.2. Preparation of polydopamine nanospheres (PDANS)

The preparation of PDANS can be seen in Supplementary Materials.

2.3. One-pot synthesis of BSA-Ab,-Cuz(PO,), nanoflowers as signal labels

As shown in Scheme 1A, the BSA-Ab,-Cuz(PO,4), hybrid nano-
flowers were prepared by one-pot bio-mineralization process with some
modifications. (Ge et al., 2012; Wei et al., 2016). Typically, 100 pL of
BSA (1 mgmL™ ") and 150 pL of CRP-Ab, (100 pg mL~ ') were put into
10 mL of PBS (0.01 M, pH 7.4) for incubation of 0.5h. Thereafter,
360 pL of CuSO4 solution (100 mM) and 50 pL of 10% KCl solution were
added to the above proteins mixed solution, and following incubation at
25°C for 18 h. Subsequently, the solution was centrifuged (9500 rpm,
15min) at 4°C, washed three times with deionized water. Following
freeze-dried, the all-in-one nanoflowers were obtained and stored at
—20 °C. Eventually, the resulting nanoflowers were freshly redispersed
in 4 mL of ultrapure water before use.
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2.4. Procedure of electrochemical immunoassay

The fabrication procedure of immunosensor is illustrated in Scheme
1B. Briefly, the GCE was polished sequentially with 0.3 and 0.05 mm
alumina slurry and washed ultrasonically in ethanol for 5 min to obtain
a smooth surface. Subsequently, 6 uL of PDANS (1.0 mg mL™!) were
dropped on the surface of the GCE. After drying at room temperature,
6 UL of Ab, (100 ugmL~!) was added into PDANS modified electrode
for 1 h immobilization at 37 °C. Then 3 pL 1% BSA was added onto the
electrode for blocking nonspecific adsorption sites. Afterwards, 6 pL of
various concentrations of CRP antigens were pipetted into the electrode
surface incubating at 37 °C for 1h. Successively, 6 uL of BSA-Ab,-
Cu3(POy4), hybrid nanoflowers (100 pg mL~1) were incubated on elec-
trode for 1h to finish immune reaction at 37 °C. Subsequently, the
unbound signal labels were removed by deionized water washing Fi-
nally, an exogenous Na,MoO, solution (6 pL, 6 mM) was dropped on
the electrode surface for 30 min for electrochemical measurement in
0.5M H,SO,.

3. Results and discussion

3.1. Characterizations of BSA-Ab,-Cu3(PO,) . hybrid nanoflowers and
PDANS

BSA-Ab,-Cu3(POy4), hybrid nanoflowers were synthesized by a mild
biomineralization process based on protein inducing copper phosphate
crystal nucleation (Ge et al., 2012; Wei et al., 2016). As revealed by
SEM image (Fig. 1b), BSA-Ab,-Cu3(PO,4), hybrids nanoflowers present
flower-like structure, delivering three-dimensional hierarchical struc-
tures with average size of 5 + 0.5 um, which are very similar to a kind
of daisy pompon (Fig. 1A). The large specific surface area of our syn-
thetic porous nanoflowers could link more antibodies and contain a
large amount of phosphate to enhance the sensitivity of the im-
munosensor (Zeng and Xia, 2012). The XRD analysis was performed to
further characterize the inorganic components of BSA-Ab,-Cu3(POy4),
nanoflowers (Fig. 1D). All diffraction peaks are consistent with the
feature peaks of Cuz(PO4)>3H,0 (JCPDS Card No.22-0548) (Ye et al.,
2016). As observed from the TEM image in Fig. 1E, PDANS have uni-
form sphere-like structure. Further characterization of PDANS was
carried out by FTIR (Fig. 1F). PDANS have good biocompatibility and
provide an ideal interface for immobilized recognition molecules, such
as antibodies and aptamers through Michael addition reactions (Zheng
et al., 2015; Lin et al., 2014a; Zhang et al., 2016b; Liu et al., 2016).
After polymerization, the feature peaks of dopamine from 1800 cm ™! to
500 cm ™! have disappeared, which is consistent with previous reports
(Jiao et al., 2017).

3.2. Electrochemical characterization of molybdophosphate precipitate

In this work, massive phosphate anions in biomineralized BSA-Ab,-
Cu3(P0Oy4), organic-inorganic hybrids nanoflowers can react efficiently
with molybdates to generate redox-active molybdophosphate pre-
cipitate under acid conditions (Hu et al., 2017; Jiang et al., 2017). The
reaction on the formation of molybdophosphate has been described in
Eq. 1. As presented in Fig. 2A, when BSA-Ab,-Cu3(PO,), nanoflowers
and sodium molybdate (6 mM) were simultaneously deposited on
PDANS modified electrode surface, the cyclic voltammograms (CV)
exhibited two distinct redox peaks at about 0.34V and 0.14 V, respec-
tively (green line). The two pairs of redox peaks of molybdophosphate
appearing at 0.34V and 0.14 V were attributed to the electron transfer
of Mo in molybdophosphate. The involved redox reactions have been
presented in Egs. 2 and 3, respectively. In comparison, when control
experiments were carried on only BSA-Ab,-Cu3(PO4), nanoflowers or
molybdate modified electrode, no obvious redox current signals were
appeared (red curve and blue curve). These observations confirmed that
only molybdophosphate (PMo;5,040) precipitates could produce redox
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Scheme 1. Illustration the synthesis procedure of BSA-Ab,-Cus(PO,), hybrid nanoflowers as signal labels (A) and the fabrication process of the electrochemical

immunosensor (B).

currents due to the different valence states of Mo electron transfer,
which fitting well with the previous reports, (Shen et al., 2016; Xie
et al., 2015; Li et al., 2018a, 2018b, 2018c).

12Mo00,% + 24H" + PO4> — PM01,040°> + 12H,0 (¢
PM0120403- + 28- + 2H+ g H2PMOZVM010VIO403- (2)
HoPMo0,"Mo15"'040> + 2" + 2H' — H4PMo,"Mog 040 3)

As shown in Fig. 2B, square wave voltammetry (SWV) measure-
ments also confirmed the generating redox active molybdophosphate

JCPDS Card NO.22-0548
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precipitates. The electrochemical immunosensors were prepared fabri-
cated to detect blank control sample without CRP (curve a) and CRP
(curve b). When the system was added to molybdate, the peak current
of the curve b was significantly higher than that of curve a. The re-
sulting peak current was ascribed to the reaction with molybdate by
BSA-Ab,-Cuz(PO,), hybrid nanoflowers, which were captured by the
specific binding between the antibody of BSA-Ab,-Cus3(PO,), hybrid
nanoflowers and CRP immobilized on the electrode.

Transmittance/%

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers/cm-1

Fig. 1. The photo of pompon flowers (A); the SEM image of BSA-Ab,-Cu3(PO,), nanoflowers (B), (C); the XRD pattern of BSA-Ab,-Cu3(PO,4), nanoflowers (D); the
TEM image of PDANS (E); FT-IR spectra of dopamine hydrochloride (a) and PDANS (b) (F).

96



Biosensors and Bioelectronics 133 (2019) 94-99

Fig. 2. CV of PDANS modified electrode (black
line), BSA-Ab,-Cuz(PO,4), nanoflowers on the
modified electrode (red line), and sodium
molybdate reaction with (green line), without
BSA-Ab,-Cus(P0O,4), nanoflowers on the mod-
ified electrode (blue line) (A); SWV curves of
the detection in absence of CRP (a) and for
containing CRP (b) (B); in 0.5M H,SO,. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article)
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Fig. 3. EIS responses recorded at different modified electrodes in 5.0 mM [Fe
(CN)61*”* and 0.1 M KCL. From curve a to curve f: bare GCE; PDANS/GCE; Ab,/
PDA NS/GCE; BSA/Ab;/PDANS/GCE; CRP/BSA/Ab;/PDANS/GCE; BSA-Ab,-
Cu3(PO4)>/CRP/BSA/Ab;/PDANS/GCE, respectively.

3.3. Characterization of the electrochemical immunosensor

Electrochemical impendence spectrum (EIS) as an effective tool was
performed to characterize the assembled process of the electrochemical
immunosensor (Ma et al., 2016; Dai et al., 2015), which consists of the
linear portion low frequencies and the semicircular portion at high
frequencies. The diameter of the semicircle is approximately to the
impedance of the electrode (Li et al., 2018a, 2018b, 2018c). It can be
seen from Fig. 3 that the impedance changes clearly following the
modification process of the electrode surface layers. Compared with
bare GCE (curve a), electron transfer resistance all increased con-
tinuously after the immobilization of Ab,, BSA, CRP and BSA-Ab,-
Cu3(P0O4), nanoflowers successively (curve c-f). The increase in the
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impedance indicates that the added proteins as biomacromolecules
hinder the transfer of electrons. Therefore, the immunosensor assembly
process is successful.

3.4. Analytical performance of the imnmunosensor

Under the optimal conditions (Fig. S1), different concentrations of
CRP range from 5pgmL~' to 1 ngmL~! were measured by the elec-
trochemical immunosensors. As illustrated in the Fig. 4A, the SWV peak
currents of the immunosensors increased following the concentration of
CRP increased at + 0.14 V and + 0.34 V, respectively. The main reason
was that more BSA-Ab,-Cu3(PO4), nanoflowers would be captured on
the electrode with the increase of CRP. Due to the specific binding
between CRP and the antibody of the nanoflowers label, the nano-
flowers could react with molybdate yielding molybdophosphate pre-
cipitates for generating higher redox currents. As presented in Fig. 4B,
the peak current signals at +0.14V were adopted for immunoassay
because of the better linear coffiecient, when compared with the peak
current signals at +0.34V (insert). Accordingly, the calibration curve of
CRP was determined as Y = — 4.709-3.902 * X (R? = 0.987) with the
limit of detection (LOD) of 1.26 pgmL ™",

As compared with some reported results for detecting CRP, the
presented enzyme-free electrochemical immunoassay exhibited more
sensitive detection performance (Table S1). The outstanding detection
performance of our work can be attributed to the following features: (1)
the three-dimensional hierarchical porous nanoflower morphology with
a high specific surface area could load more antibodies, and BSA for
blocking non-specific sites, greatly increasing the sensitivity of the
fabricated immunosensors, (2) the Cu3(PO4), hybrid nanoflowers can
supply a huge amount of phosphate anions to react with molybdate
yielding molybdophosphate precipitates and generating redox currents
for more robust enzyme-free electrochemical signal readout.
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Fig. 4. SWV response (A); calibration curve at 0.14 V (B) and at 0.34 V (insert) of the developed electrochemical immunosensor towards different concentrations of

CRP (5, 10, 50, 100, 200, 500, 1000 pgmL ™) in 0.5 M H,SO..
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Table 1

Assay results of serum samples based on immunoturbidimetric assay in hospital and the developed electrochemical method.
Method Detection (ug/mL) d (pg/mL) Sa tealculated
Immunoturbidimetric assay 0.81, 0.63, 0.21, 1.34, 3.63, 6.00, 18.20, 11.60 - 0.278 0.549 1.432
This developed method 0.83, 0.60, 0.28, 1.44, 3.56, 6.12, 17.13, 10.24

d: the mean value of the differences.
Sq4: standard deviation of the differences.
The tabulated student’s t value at 95% confidence is 2.365.

3.5. Application in the analysis of serum samples submitted.
The developed electrochemical immunosensors exhibited good en- Appendix A. Supporting information
ough specificity and reproducibility (Fig. S2). Naturally, we would like
to evaluate the feasibility of our method for real sample analysis. We Supplementary data associated with this article can be found in the

detected the CRP levels in serum samples of eight donors (four healthy online version at doi:10.1016/j.bios.2019.03.032.
people and four patients). CRP levels in serum of healthy individuals
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