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Abstract

An ultrasensitive and nonenzymatic electrochemical sandwich-type immunoassay using covalent organic framework (COF-
LZU1) material applied as a fixed matrix was developed for the determination of C-reactive protein (CRP). COFs with large
specific surface area, good conductivity and stability were employed for functionalisation of the surface. Au nanoparticles were
loaded on COF-LZUI to immobilise the CRP antibody (anti-CRP) on the surface of a glassy carbon electrode. Microwave
method was employed for the synthesis of the Pt/Ru/C nanoparticles to imitate the protein enzyme with high catalytic activity.
The as-synthesised activated carbon—supported bimetallic Pt/Ru/C nanoparticle composite was used to label secondary CRP
antibody because it exhibited excellent catalytic behaviour toward hydrogen peroxide. After incubation of CRP, Pt/Ru/C-labelled
anti-CRP was combined with CRP through specific antibody-antigen recognition process. The reduction current of H,0, at —
0.2 V catalysing by tag Pt/Ru/C as measured by a chronoamperometric method is proportional to the concentration of CRP.
Under optimal experimental conditions, employing chronoamperometry to investigate the CRP, the obtained linear range was 0.2
to 20 ng/mL with a detection limit of 0.1 ng/mL. This immunosensor provides an attractive platform for the applicability of COF-
LZU1 materials and Pt/Ru/C nanoparticles in electrochemical assays.

Keywords Covalent organic frameworks (COF-LZU1) - Pt/Ru/C nanoparticles - C-reactive protein (CRP) - Nonenzymatic

immunosensor

Introduction

C-reactive protein (CRP) is a biomarker of clinically acute and
chronic inflammation, which is one of the acute phase proteins
in healthy blood, while the amount of CRP can sharply in-
crease when the bodies got injured and burned or other vari-
eties of health issues are appearing, including liver disease,
infection, chronic inflammation and cancer [1-3]. In the clin-
ical investigations, CRP is useful and could provide informa-
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tion for the calculation of the risk of Framingham at all levels
and the prognostic information of the metabolic syndrome.
Moreover, the high concentrations of CRP can have a close
relationship with cardiovascular disease [4, 5], being one of
the most potent predictive factors for this group of diseases [6,
7]. The utilization of the electrochemical method is one of the
most attractive techniques for target determination due to its
intrinsic sensitivity and low cost, at the same time simple and
portable [8—11]. To increase the sensitivity, native enzymes,
e.g. horseradish peroxidase (HRP), were usually employed.
However, the limited stability of the immobilised enzymes
and their native conformations will be easily disrupted, losing
their catalytic activity.

Recently, a large number of nanomaterials, such as carbon
nanomaterials have been synthesised to resolve these issues,
increasing the ability of electron transfer and their excellent
catalytic behaviours toward small molecules, such as hydro-
gen peroxide (H,0O,), dopamine and ascorbic acid [12—14].
Those nanomaterials can owe an intrinsic enzyme-
mimicking activity similar to that of natural HRP, while,
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compared with the enzyme, they are more stable. Therefore, it
is a critical demand for simple, rapid, sensitive, stable and
low-cost detection technologies for fast and sensitive profiling
of CRP based on nanomaterials, especially in the point-of-care
applications.

Activated carbon is a porous and low-cost carbonaceous
material [15—-17], which became one of the most popular ma-
terials in many research areas, due to their large specific sur-
face area, high chemical stability and catalytic properties, es-
pecially in single-atom catalysts [18, 19]. It is already reported
that a metal core coated with a carbon shell can simultaneous-
ly promote the catalytic activity through the synergism and
enhance the stability due to the protection from carbon cage
(C) [20, 21]. In particular, in the case of carbon nanomaterials
with bimetallic nanocomposites, the synergy effect of the two
metals makes its own better electrical, catalytic and magnetic
properties than in the case of single-metal-based nanostruc-
tures [22, 23]. For example, Nanda et al. reported Pd-coated
Ru nanocrystals supported on N-doped graphene for hydro-
gen evolution reaction, showing that the catalytic ability of
bimetallic alloy is much better than those values obtained for
Pd/C or Ru/C [24]. Li et al. synthesised AuPd nanocluster as a
peroxidase mimic and prepared an assay for the detection of
acid phosphatase [12]. In the biosensor field, these metal-
supported carbon nanoparticles with high catalytic activity
not only could work as a promoter to increase the surface area
and to improve the electron transfer at the surface of the elec-
trode, but also could be employed as carriers to load more
amount of labels and biomolecules. Therefore, it can be inter-
esting to investigate activated carbon—supported bimetallic
nanoparticle composites which can owe better catalytic effi-
ciency toward CRP determination, especially in the point-of-
care applications.

Covalent organic frameworks (COFs) are a unique class of
crystalline porous architectures with high surface area and a
relatively stable structure because of their layered-sheet ar-
rangement with an open channel and high charge carrier mo-
bility [25, 26]. As a relatively new type of material, COFs can
have two- or three-dimensional crystalline structures with
high structural regularity, large specific surface areas and ex-
cellent conductivity, which are advantageous toward an in-
creased efficiency of electron transfer in the materials [25,
26]. Since the first discovery of COF materials in 2005 by
Yaghi et al. [27], this topic has attracted broad interest from
researchers in materials science, due to their applicability in
gas storage [28], semiconductors [26], optoelectronic devices
[29] and catalysis [30]. For example, Wang et al. reported the
application of COFs materials, a Pd (II)-containing COF (Pd/
COF-LZU1), for highly efficient catalysis [30]. On the other
hand, Banerjee et al. reported “turn-on” detection capability
for 2,4,6-trinitrophenol (TNP) of the COFs in the solid state
[31]. In the framework of these investigations, our group re-
ported a novel and simple electrochemical immunoassay
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based on Pt-COFs [32]. Because COFs have a large specific
surface area, good conductivity, excellent stability and the
advantages of a more accessible surface for functionalisation,
it is highly beneficial to construct novel electrochemical sys-
tems based on COFs for determination of CRP, allowing high
electronic conductivity and low detection limits.

Taking into account the aspects mentioned above, the pres-
ent work aimed to develop C-reactive protein immunosensor
based on the covalent organic frameworks (COF-LZU1) ma-
terial (Scheme 1). Because Au nanoparticles are easy to com-
bine with the antigen-antibody, in the present article, Au nano-
particles were loaded on the surface of COF-LZUI in order to
synthesise functional COFs material (Au/COF-LZU]I) for the
preparation of electrochemical assay. CRP antibodies were
immobilised onto the surface of a glassy carbon electrode
through the porous structure of covalent organic framework
materials between Au nanoparticles and -SH of antibody. In
this work, for the first time, microwave heating method was
used to in situ synthesise Pt/Ru/C nanocomposites, which can
have an increased catalytic effect on the reduction of H,O,
compared with the monometallic Pt/C or Ru/C nanocompos-
ites. Furthermore, Pt/Ru/C nanocomposites were used to label
anti-CRP instead of using enzymes for preparing sandwich-
type electrochemical immunosensors for the determination of
CRP. In comparison with natural enzymes, Pt/Ru/C NPs show
superior thermal stability along with higher pH tolerance. The
proposed immunosensor has low detection limits due to the
high electronic conductivity of Au/COF-LZUI and the excel-
lent catalytic effect of Pt/Ru/C nanocomposites.

Experimental
Reagents and chemicals

Chloroauric acid (HAuCly. 4H,0) and chloroplatinic acid
(H,PtClg) were purchased from Kunming Boren Precious
Metals Co. Ltd. (Kunming, China); XC-72R activated carbon
was obtained from Shanghai Cabot Corp. (Shanghai, China);
potassium hydroxide was acquired from Beijing Chemworks
(Beijing, China); trisodium citrate dihydrate (Na;CgHsO
2H,0), ethylene glycol and ethyl alcohol absolute were pur-
chased from Tianjin Fengchuan Chemical Reagent
Technologies Co., Ltd. (Tianjin, China); C-reactive protein
monoclonal (CRP) antibodies (anti-CRP, the antibody titer
1.6 x107'” moL) and CRP were bought from Shanghai
Linc-Bio Science Co. Ltd. (Shanghai, China); ruthenium
(IT) chloride hydrate (RuCl; xH,O) was purchased from
Shanghai SiYu Co. Ltd. (Shanghai, China); 30% H,O,, tetra-
hydrofuran (THF) and DMF were purchased from Xilong
Chemical Co. Ltd. (Beijing, China); chitosan (CHIT), glutar-
aldehyde (GA), bovine serum albumin (BSA), 1,4-
diaminobenzene and 1,4-dioxane and phosphate buffer saline
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Scheme 1 Stepwise procedure of
the immunosensor
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(PBS, 0.01 mol/L phosphate, 0.138 mol/L NaCl, pH 7.4) were
acquired from Sigma-Aldrich Co. Ltd. (American); acetic acid
was purchased from Chengdu Chemical Reagent (Chengdu,
China); and 1,3,5-triformylbenzene was obtained from J & K
Technology Co. Ltd. All reagents used in the experiment were
analytical reagents, and the water used in experiments was
redistilled.

Apparatus

Cyclic voltammetry, electrochemical impedance and ampero-
metric measurements were carried out using a CHI 660D
electrochemical workstation (Shanghai CH Instruments Co.,
China). A three-electrode cell was used with a modified glassy
carbon electrode (GCE) as the working electrode, a saturated
calomel electrode (SCE) as a reference electrode and a plati-
num foil electrode as an auxiliary electrode. All potentials
were measured and reported vs the used SCE. Transmission
electron microscopy (TEM) analysis was performed using a
JEM-2100 microscope (Japan) at 200K V.

Synthesis of materials
Pretreatment of the carbon carrier

100 mg XC-72R activated carbon was dispersed in concen-
trated HNO3 (15 mL) and heated at reflux for 4 h. After
cooling down to the room temperature, the above suspension
was filtered, washed with redistilled water for three times,
placed in a vacuum oven to dry for use finally.

Preparation of the Au/COFs materials

Covalent organic framework materials (COF-LZUI) were pre-
pared according to the literature [30]. Briefly, 0.16 g
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(15 mmol) of 1,4-diaminobenzene and 0.16 g (10 mmol) of
1,3,5-triformylbenzene were placed on the reaction tube.
Then, 10.0 mL of 1,4-dioxane was added in order to dissolve
the solid mixture. Afterwards, 2.0 mL of 3 mol L ™! acetic acid
was dropped to the tube slowly. With the dropping of the
acetic acid, a yellow solid phase was obtained, and the tube
was placed in the vacuum. Next, the tube was transferred to
the drying oven for 3 days at 120 °C. After cooling down to
the room temperature, THF was placed in the tube and follow-
ed with centrifuging and washing with DMF and THF, respec-
tively. Then, the resulting solid was washed with THF using
Soxhlet extraction for 24 h and then dried at 80 °C under
vacuum for 12 h. In the last step, a yellow powder was ob-
tained, which was the COFs.

In order to obtain the Au NP-based composite, 50 mg of
COFs was ultrasonically dispersed in 50.0 mL of H,O for
30 min. Then, 1.0 mL 1% HAuCl, was added to the ultrasonic
dispersion. After 1 h, the mixture was heated at reflux to
90 °C, and 3.5 mL of 1% sodium citrate solution was added
quickly, and the reaction mixture was refluxed continuously
for 12 h. The as-obtained solution was centrifuged (relative
centrifugal force, RCF =8000), washed with the deionised
water and finally resuspended in deionised water to preserve
for use.

Microwave synthesis of Pt/Ru/C catalyst nanomaterials

H,PtClg 6H,0 and RuCls” xH,O were used to synthesise the
Pt/Ru/C catalyst. Briefly, 25.0 mL of ethylene glycol, 1.0 mL
of 0.05 mol L™" H,PtCls 6H,0, 1.0 mL of 0.05 mol L™
RuCl;' xH,O solution, 0.5 mL of 0.40 mol L' KOH solution
and 0.040 g XC-72R activated carbon were added to a
100-mL beaker in turn and ultrasonically dispersed for 2 h.
After the successful dispersion, the beaker was placed in the
microwave oven to heat for 90 s. Then, the as-obtained
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solution was centrifuged (RCF =10,000) and washed with
acetone and deionised water. In the last step, the precipitate
was resuspended in 4 mL of deionised water.

Labelling Pt/Ru/C nanomaterials on anti-CRP

The amount of the 200 mmol L' Na,COs was added to the
1 mL of concentrated Pt/Ru/C nanomaterial to adjust pH to 9.
Then, 10 uL of 1 mg/mL CRP antibody was pipetted to the
mixed solution by five times, and each interval was 3 min.
After the solution was left to stand overnight at 4 °C, 25 pL of
BSA (1%) was added to the solution to block nonspecific
binding sites for half of an hour. In the last step, the as-
obtained solution was centrifuged (RCF = 6000) at a low tem-
perature (12.0 °C) for 15 min. The precipitate was washed
with PBS for two times and resuspended in 4 mL eluent buffer
and kept at 4 °C until utilisation.

Fabrication of the anti-CRP immunosensor

A GC electrode (¢ =3 mm) was firstly polished with metal-
lographic sandpaper, followed by three particle sizes (1.0, 0.3
and 0.05 pm) of alumina to obtain a mirror-like surface, being
ultrasonically cleaned afterwards with a mixture of nitric acid
(1:1) and absolute ethanol and redistilled water for 10 min, in
turn, to remove the physically adsorbed substances and the as-
cleaned electrode was allowed to dry at room temperature. A
solution was obtained by ultrasonic mixing of 10 pL of 0.5%
CHIT and 10 pL of Au/COFs and a drop of 10 pL of the
mixed solution was pipetted on a cleaned electrode surface.
After drying, the electrode was washed with PBS buffer for
three times. Following this, 10 pL of 10 pg/mL of CRP anti-
body was dropped and dried overnight at 4 °C. Then, the
modified electrode was washed with sterile PBS and was in-
cubated in 10.0 uL 1% BSA for 1 h at 37 °C to block the
remaining active groups and eliminate the nonspecific binding
effect. After blocking the active groups on the surface, the
electrode was washed with PBS for three times and dried
naturally. The modified electrode was used finally for the de-
termination of CRP.

Electrochemical determination of CRP

Before determination, the immunosensor was incubated with
different concentrations of CRP solutions for 50 min at 37 °C,
followed by rinsing thoroughly with PBS and dried. Then, the
immunosensor was incubated with 10 uL of Pt/Ru/C-labelled
anti-CRP for 45 min at 37 °C. Afterwards, it was rewashed
with PBS. Regarding the immunosensor as the working elec-
trode, 10 mL of 0.01 mol/L PBS was added to 100 uL of
1 mol/L H,0O, for chronoamperometry determination at —

0.2 V to realise the quantitative detection of CRP. The
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stepwise procedure of the construction of immunosensor
was shown in Scheme 1.

Results and discussion
Choice of label materials

Carbon nanomaterials are low-cost and high electron-
transfer material, such as carbon nanotube and graphene,
which became one of the most popular materials in many
research areas. These carbon nanomaterials have high cat-
alytic behaviours toward H,0,. However, carbon nano-
tubes are unsoluble. Graphene with its insulating property
is not easy to label on the antibody [32]. According to the
literature, in the case of carbon nanomaterials with bime-
tallic nanocomposites, the synergy effect of the two metals
makes its own better electrical, catalytic and magnetic
properties than in the case of single-metal-based nano-
structures [22, 23]. Here, we investigate activated
carbon—supported bimetallic nanoparticle composites (Pt/
Ru/C) to see whether it can be used as a label owing better
catalytic efficiency than Pt/C and Ru/C toward the reduc-
tion of H,O, to construct CRP immunosensor. 10 uL of
different nanomaterial (Pt/Ru/C, Pt/C and Ru/C,
respectively)—labelled antibodies and 10 puL of chitosan
solution were mixed to modify the bare GCE. After drying,
the GCE was immersed in support electrolyte (PBS), and
100 uL of 1 mol/L H,O, was added to the PBS for deter-
mination of the current by chronoamperometry at —0.2 V.
The results were shown in Fig. 1. Curves a, b and ¢ repre-
sents the catalytic current response of different
nanomaterial (Pt/Ru/C; Pt/C; Ru/C)-labelled anti-CRPs
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Fig. 1 The catalytic effect of different nanomaterial-labelled anti-CRP
modified electrodes to the reduction of H,O, at —0.2 V ((a) Pt/Ru/C-

labelled anti-CRP/GCE; (b) Pt/C-labelled anti-CRP/GCE; (c) Ru/C-
labelled anti-CRP/GCE)
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toward H,O, As can be observed, both Pt and Ru with
carbon material as supporting matrix have good catalytic
effect on the reduction of H,O, However, when the la-
belled nanomaterials were Pt/Ru/C, the catalytic efficiency
toward H,O, was maximised and could produce a strong
current response signal, which could prove the synergistic
catalytic effect of the components in Pt/Ru/C. Moreover,
Pt/Ru/C NPs with small size could be dispersed in water
very well and labelled on anti-CRP. Therefore, Pt/Ru/C
nanomaterials were chosen as label materials in further
experiments.

Characterisation of COFs and Au/COFs nanomaterials

The morphologies of COF-LZUI and Au/COFs-LZUI (Fig. 2)
were obtained with different magnifications by scanning elec-
tron microscopy (SEM) and TEM. The SEM image of COF-
LZU1 (Fig. 2(a)) shows the layered-sheet morphology of the
sample, while the boundaries of the TEM micrographs (Fig.
2(b)) are also showing the above-mentioned layered-sheet ar-
rangement of COF-LZU1 with an average size of 200 nm. The
X-ray diffraction (XRD) data shows that the as-prepared
COF-LZU1 owns a characteristic diffraction peak around 5°,
attributing to the (100) diffraction (Fig. S1) [30]. From Fig.
2(c, d), it can be observed that Au NPs were distributed on the
surface of COF-LZU1. These results demonstrate that the
COF-LZUI and Au/COF-LZUI were obtained successfully.

Fig. 2 The SEM images of COF-
LZU1 (a); TEM images of COF-
LZUI (b) and Au/COF-LZUI (c,
d); a magnification figure for Au/
COF-LZUI (d)

Characterisation of the Pt/Ru/C nanomaterials

XC-72R and Pt/Ru/C nanomaterials were ultrasonically dis-
persed in ethanol and characterised by TEM. From the as-
obtained micrographs, it can be observed that the size of the
XC-72R nanostructures was about 80 nm (Fig. 3(a)). The
high-resolution transmission electron microscopy (HRTEM)
image of XC-72R displays a well-resolved lattice fringe spac-
ing with interplanar distances (Fig. 3(b)). The TEM image of
the Pt/Ru/C nanoparticles is shown in Fig. 3(c) and (d). It can
be observed that a large number of darker dots are distributed,
showing that Pt and Ru were on the surfaces of XC-72R (Fig.
3(c, d)). The energy spectrum of Pt/Ru/C nanospheres was
also investigated in Fig. 3(e). From the energy spectrum of
Pt/Ru/C NPs, the analysis of the Pt/Ru/C bimetallic nanopar-
ticles demonstrated that the as-synthesised nanomaterials in
this experiment were Pt/Ru/C NPs. The above results demon-
strate that the XC-72R and Pt/Ru/C NPs were successfully
obtained.

Cyclic voltammetric characterisation

The cyclic voltammogram of Pt/Ru/C/GCE was recorded be-
tween — 0.6 and + 0.3 V using a scan rate of 100 mV/s.
Figure S2 in Electronic Supporting Material shows the cyclic
voltammograms obtained with the Pt/Ru/C/GCE in unstirring
0.01 M PBS (pH 7.4) without H,O, (a) and with 10 mmol/L

Bln roscopeAce
JEN-2100
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Fig. 3 The TEM illustration of
the XC-72R (a) and the HRTEM
image of XC-72R (b); (c, d) the
TEM image of Pt/Ru/C; (e) EDS
analysis of the Pt/Ru/C bimetallic
nanoparticles surface of Cu
screens

ull Scale 1852 cts Cursor: -0.285 (0 cts)

H,0, added (b). No oxidation and reduction peaks were ob-
served (Fig.S2 (a)). In the presence of 10 mmol/L H,0, (Fig.
S2 (b)), the cathode peak current at —0.38 V increased, indi-
cating the reduction of H,O, was catalysed by Pt/Ru/C. To
avoid interfering with reducing substances such as ascorbic
acid, —0.2 V was chosen as the applied potential to determine
the reduction current of H,O, catalysed by label Pt/Ru/C in a
subsequent experiment.

Electrochemical impedance spectroscopy of different
modified electrodes

Figure 4 shows the results of electrochemical impedance spec-
troscopy (EIS) for differently modified electrodes in the solu-
tion of 5 mmol L™" of K5Fe(CN)¢/K4Fe(CN)g. The bare GCE
displayed a minimal impedance (curve a, R, =200 €2), dem-
onstrating the diffusion controlling the electron transfer. A
slight change of the electrochemical impedance occurred after
GCE was modified with Au-COFs by chitosan (curve b) be-
cause COFs with periodic arrays of 7 clouds owned high
electronic conductivity (Re =100 ). After immobilising
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anti-CRP on the surface of Au-COFs/GCE, the interfacial re-
sistance value (curve c) was bigger than the previous one

600 -

0 200 400 600 800 1000 1200 1400
Z' (ohm)

Fig. 4 Electrochemical impedance spectroscopy by using different
modified electrodes in 5 mmol/L [Fe(CN)G]H“* ((a) bare GCE; (b) Au-
COFs/GCE; (c) anti-CRP/Au-COFs/GCE; (d) CRP/anti-CRP/Au-COFs/
GCE; (e) Pt/Ru/C-labelled anti-CRP/CRP/anti-CRP/Au-COFs/GCE).
Initial potential (V) 0.155; high frequency (Hz) 100,000; low frequency
(Hz) 0.1; amplitude (V) 0.005; quiet times (s) 2
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(Rey =400 ). Because the non-conductivity of the antibody
blocked the transfer of the electrons, this indicates that the
antibody was successfully immobilised on the surface of the
electrode. In the next step, the anti-CRP/Au-COFs/GCE was
blocked with BSA and was further incubated with CRP. The
value of resistance increased sharply (curve d), because of the
cover of BSA and the specific binding of the antibody and
antigen blocked the electron transfer (R.; =570 €2). After the
CRP/anti-CRP/Au-COFs/GCE was incubated with Pt/Ru/C
nanomaterials labelled anti-CRP, the resistance value in-
creased further (R, =700 €2), which indicates that the Pt/Ru/
C nanostructure labelled anti-CRP was successfully combined
with CRP/anti-CRP/Au-COFs/ GCE (curve e).

Optimisation of method

Despite being immobilised successfully, the concentration of
the antibody, incubation time of antigen (40 pg/mL) and in-
cubation time of labelled antibody can directly affect the in-
tensity of the signal. Thus, the following parameters were
optimised: (a) antibody concentration; (b) CRP incubation
time; (c) incubation time of labelled antibody. Respective text
and figures on optimisations are given in the Electronic
Supporting Material. In short, the following experimental con-
ditions were found to give the best results: the anti-CRP con-
centration of 30 pg/mL (Fig. S3), the anti-CRP time with
60 min (Fig. S4) and antigen CRP incubation time with
60 min (Fig. S5). These values were chosen as optimised
conditions.

&

Analytical performance

The relationship of the current with the concentration of
CRP for the proposed immunosensor under optimal ex-
perimental conditions is illustrated in Fig. 5(a). The re-
sponse current increased with the enhancement concen-
tration of CPR (Fig. 5(b)). As can be seen, a good linear
relationship between the logarithm concentration of CRP
and the current response of the sensor was obtained,
ranging from 0.2 to 20 ng/mL (Fig. 5(b)). The linear
equation is 7/ (LA) =6.05 1gC (ng/mL) + 5.83. A detection
limit of 0.1 ng/mL was also calculated by 3¢ rule. Pt/Ru/
C nanoparticles exhibited excellent catalytic behaviour
toward small molecules of H,O,, and COFs have proved
to have excellent conductivity, which promotes the sen-
sitivity and extends the detection range. This sensitivity
is comparable or better than that of some previous cor-
relative works [3, 33-35] (Table 1).

To investigate the selectivity of immunosensor, under
the optimised conditions, bovine serum albumin (BSA,
100 ng/mL), human chorionic gonadotrophin (HCG,
100 ng/mL), alanine (Ala, 100 ng/mL) and glycine
(Gly, 100 ng/mL) were used to evaluate the selectivity
of the immunosensor and compared with the response of
50 ng/mL of CRP. The results are collected in Fig. 5(c,
d), indicating that the BSA, HCG, Gly and Ala did not
cause any significant interference to the immunosensor
according to the current. Therefore, it can be affirmed
that the assay has a high selectivity toward CRP.
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Table 1

Analytical performance of correlative methods for CRP detection

Methods applied

Materials used

Simultaneous photoelectrochemical CdS quantum dots

immunoassay of dual cardiac
markers using specific enzyme
tags: a proof of principle for
multiplexed bioanalysis

On-chip determination of

C-reactive protein using magnet-

ic particles in continuous flow

A pressure-based bioassay for the
rapid, portable and quantitative
detection of C-reactive protein

Ultrasensitive label-free immuno-
assay for C-reactive protein de-

tection in human serum based on

the electron transfer

Metal-organic frameworks
nanomaterials as novel signal
probes for electron transfer
mediated ultrasensitive
electrochemical immunoassay

Amperometric immunosensor
based on covalent organic
frameworks and Pt/Ru/C
nanoparticles for the
quantification of C-reactive pro-
tein

(QDs)/TiO, nanotubes

Magnetic particles

Magnetic particles and Pt
particles

Molybdenum
disulphide—polyaniline—
gold nanoparticles

Metal-organic frameworks
nonmaterial

Pt/Ru/C nanoparticle

Linear range  Detection  Reference
limit
50 to 50 ng/mL  Anal. Chem., The alkaline phosphatase was
50 pg/mL 2016, 88, employed to generate the signal.
1990-199- However, the limited stability of
4 the immobilised enzyme and
their native conformations could
be easily disrupted by slight
changes in the environment,
which led to the loss of their
catalytic activities.
1-10 pg/mL  0.87 ug/mL Anal. Chem., The sensitivity was unsatisfactory
2014, 86,
10552-10-
559
0.25 to 0.2 ng/mL  Chem. A pressuremeter was not an
0.025 pg/- Commun., accurate measuring instrument,
mL 2016, 52, which may cause huge standard
8452-845- deviation.
4
0.2-80 ng/mL 40 pg/mL  Anal. Turn-off mode design might cause
Methods, false-positive signals.
2016,
6202-620-
7
1-400 ng/mL 0.2 ng/mL  Anal. Chem., Although metal-organic frame-
2016, 88, works nanomaterials (MOFs)
12516-12- conjugated protein was stable in
523 water, MOFs themselves will be
collapsed about few hours with-
out gold nanoparticle conjuga-
tion.
0.2-20 ng/mL 0.1 ng/mL  This work The biosensor did not employ

enzyme to generate the signal,
which was highly stable and
sensitive. And the Pt/Ru/C NPs
were dispersed in water very
well.

Repeatability, stability and reusability

Stability is also an essential factor when the performance of

of the immunosensor

The intra-assay precision of the electrochemical CRP
immunosensor was assessed via five reproduced measure-
ments. The intra-assay variation coefficient was 4.0% at a
concentration of 100 ng/mL of CRP, which show that this
approach has excellent repeatability.

the biosensor is evaluated. Therefore, the stability of the result
of this electrode construction strategy was also investigated.
The immunosensor could keep 90% of the initial response
value after 1 mouth, demonstrating acceptable stability. The
immunosensor for CRP could be regenerated through soaking
with urea solution for 40 min, indicating that the
immunosensor had excellent reusability.

Table 2 The recovery of CRP

immunosensor No. Added (ng/mL) Found (ng/mL) RSD (%, n=3) Recovery (%)
1 5.0 5.033[a] +0.153[b] 33 100.7
2 10.0 10.20[a] £ 0.30[b] 33 102.0
3 30.0 28.80[a] £ 1.64[b] 5.6 96.0

[a]Mean value of four determinations

[b]Standard deviation

@ Springer
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Recovery of the immunosensor

Standard addition method was used to prove the practica-
bility of the proposed immunosensor. In this work, the
serum samples were obtained from the Hospital of
Yunnan Normal University (Kunming, China). Briefly,
blood samples were centrifuged with 1000-1200 g (rela-
tive centrifugal force, RCF) for 5 min to get a serum
sample. After being diluted to 10-fold with the buffer,
three serum samples were mixed with CRP antigens stan-
dard solution to get final CRP concentration of 5, 10 and
30 ng/mL, respectively. Then, the immunosensor was in-
cubated with different concentrations of CRP solutions for
50 min at 37 °C, followed by rinsing thoroughly with
PBS and dried. Next, the immunosensor was incubated
with 10 pL of Pt/Ru/C-labelled anti-CRP for 45 min at
37 °C. Afterwards, it was rewashed with PBS. Regarding
the immunosensor as the working electrode, 100 puL of
1 mol/L H,O, was added to10 mL of 0.1 mol/L PBS for
the chronoamperometry determination at —0.2 V to real-
ise the quantitative determination of CRP. The recoveries
at the concentrations of 5, 10 and 30 ng/mL were between
100.7 and 96% (see Table 2). The results are satisfactory,
which indicates the assay can be applied to detect CRP in
real samples.

Conclusions

In this paper, covalent organic frameworks material was
used as the immobilisation matrix of C-reactive protein
antibody to construct a novel and sensitive sandwich-type
electrochemical immunosensor for the determination of C-
reactive protein. Pt/Ru/C nanomaterials labelled on the an-
tibody can directly catalyse the reduction of H,O, in order
to realise the successful determination of CRP and to en-
hance the sensitivity of immunosensors. This sensor has a
good performance of response, high selectivity and a low
detection limit (0.1 ng/mL). The major limitation is that the
regeneration procedure through soaking with urea solution
takes 40 min. The sensor can be applied to detect CRP in
real samples with satisfactory results.
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