
Journal of Colloid and Interface Science 601 (2021) 50–59
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Regular Article
Biocatalyst and colorimetric biosensor of carcinoembryonic antigen
constructed via chicken egg white-copper phosphate organic/inorganic
hybrid nanoflowers
https://doi.org/10.1016/j.jcis.2021.05.069
0021-9797/� 2021 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: liuhui@sust.edu.cn (H. Liu).
Jiaojiao Gao a,b, Hui Liu a,⇑, Kexin Wu a, Jifeng Yan a, Huayu Li a, Ruixuan Yang a, Cheng Tong a, Lingyan Pang a,
Junqi Li a

a School of Materials Science and Engineering, Shaanxi Key Laboratory of Green Preparation and Functionalization for Inorganic Materials, Shaanxi University of Science and
Technology, Xi’an 710021, PR China
bCollege of Chemistry and Chemical Engineering, Yan’an University, Yan’an 716000, PR China

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 22 January 2021
Revised 12 May 2021
Accepted 13 May 2021
Available online 18 May 2021

Keywords:
Organic/inorganic hybrid nanoflower
Chicken egg white
Colorimetric
Carcinoembryonic antigen
Enzyme-linked immunosorbent assay
a b s t r a c t

In this article, the dual-functional chicken egg white-copper phosphate organic-inorganic hybrid
nanoflowers (Cu-NFs), combining the functions of signal amplification and biological recognition, were
prepared through a simple one-pot method. The Cu-NFs exhibit excellent biocatalytic activity of perox-
idase and polyphenol oxidase. Besides, a biotin-labeled secondary antibody encapsulated Cu-NFs-2 (Cu-
NFs-2@Biotin-NHS-Ab2) capture probe was prepared by using the interaction between avidin in the egg
white and biotin. Based upon this superiority, the as-prepared Cu-NFs-2 were used in labeled avidin-
biotin enzyme-linked immunosorbent assay (Cu-NFs-2 based-LAB-ELISA) to construct a sensitive colori-
metric biosensor for the ultrasensitive detection of carcinoembryonic antigen (CEA). Under weak alkaline
(pH = 7.5) conditions, the as-developed colorimetric sensor displayed a wide linear range of 0.05–40 ng/
mL with a detection limit of 3.52 pg/mL. Furthermore, this colorimetric sensor has been successfully
applied to the detection of CEA in human serum samples. Therefore, the as-developed colorimetric sensor
has broad application prospects in the field of medical diagnosis and portable detection.
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1. Introduction

Cancer, a malignant tumor, is one of the major malignant dis-
eases in the world today. According to global reported by the Jour-
nal of Clinician Cancer, there were 18.1 million new cases of cancer
and 9.6 million deaths from cancer in 2018 [1,2]. Cancer is an
important cause of mortality and morbidity in every region of
the world, regardless of its level of human development. A lot of
studies shown that [3,4] the long-term survival rate of patients
with early stage cancer is much higher than that of patients with
middle-or end-stage cancer, and the cure rate of some early can-
cers exceeds 90%. However, the symptoms of early stage cancer
are not obvious and are easily overlooked, so that patients miss
the best period of treatment. Tumor marker screening technology
is an important method for early detection of cancer and it has
become the routine item in physical examination [5]. Carcinoem-
bryonic antigen (CEA), serves as a broad-spectrum tumor marker,
can reflect the existence of a variety of cancers, and it has great sig-
nificance in the diagnosis and postoperative monitoring of lung
cancer, digestive tract cancer and breast cancer [5–7].

Immunobiosensor, a highly selective biosensor based on
antigen-antibody combination, has been widely applied for CEA
detection [8]. In order to obtain excellent immunobiosensor, the
first problem to be solved is to select an appropriate signal ampli-
fication system that can transmit weak immune binding informa-
tion into an easy-to-read signal. Compared with other signal
transduction methods such as fluorescence [9], electrochemistry
[10] and electrochemiluminescence [11], colorimetry has attracted
more attention from researchers because of its low cost, simple
operation, without external instruments and direct signal-
obtaining with the naked eye [12,13]. The detection signal of the
colorimetric biosensor is derived from the color change caused
by the interaction of the analytes. Enzyme-linked immunosorbent
assay (ELISA) [14,15] is a traditional colorimetric immunoassay,
which uses antigen-antibody specific binding as a recognition unit
and the enzyme efficiently catalyzes the color reaction of analytes
as a signal amplification unit, thereby achieving the detection of
antigen in biological specimens. However, natural enzymes pos-
sess the disadvantages of high cost, poor tolerance, easy inactiva-
tion and difficulty in recovery, which greatly limits the
application and development of the ELISA method in early cancer
diagnosis.

With the rapid development of nanoscience and technology,
some nanomaterials like Au nanoparticles [16], Fe3O4 nanoparti-
cles [17,18] and graphene quantum dots [19] have exhibited sim-
ulated peroxidase catalytic performance under specific conditions
due to their special physical and chemical properties. These nano-
materials with simulated enzyme properties are called nanoe-
zymes, and show great application potential in ELISA method.
Compared with natural enzymes, nanoezymes have the advantages
of high catalytic activity, good stability, ability to withstand
extreme environments, and high reutilization. However, in practi-
cal applications, nanozymes also have some problems such as poor
specificity, low antibody labeling efficiency, and their catalytic
ability is limited by pH value [17,18]. Generally, the human serum
samples must be acidified before using nanozymes to detect CEA.
This operation not only complicates the detection process, but also
affects the accuracy of the detection results. In recent years, an
enzyme-Cu3(PO4)2 organic-inorganic hybrid nanoflower, integrat-
ing the specificity and high catalytic activity of the enzyme as well
as the stability of Cu3(PO4)2, has attracted continuous attention
from researchers [20,21]. However, this nanoflower has been only
used to improve the properties of natural enzymes while the
potential applications of the Cu3(PO4)2 crystals are rarely explored.
According to previous literatures, some copper compounds includ-
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ing CuFeO2 [22], Cu-doped LaTiO3 [23] and Fe/Cu bimetallic parti-
cles [24] can be used as Fenton-like reagents to catalyze the
decomposition of H2O2 to generate active oxygen radicals. Hence
these Fenton-like reagents can replace natural peroxidase. It fol-
lows that Cu2+ in enzyme-Cu3(PO4)2 organic-inorganic hybrid
nanoflower also has the potential and possibility of peroxidase-
like catalysis. Previous studies [25] have demonstrated that Cu2+

exists in the enzyme-Cu3(PO4)2 organic-inorganic hybrid nano-
flower in two forms, one is the Cu3(PO4)2 crystals, and the other
is coordinated in the protein backbone. Notably, Cu2+ coordinated
in the protein backbone has a similar chemical structure to the
polyphenol oxidase.

Inspired by these research results, we prepared the organic-
inorganic hybrid nanoflowers (Cu-NFs) using non-bioactive
chicken egg white (CEW) as the organic component and Cu3(PO4)2
crystal as the inorganic component. Herein, the CEW plays two
roles, one is to act as a protein scaffold to synthesize a flower-
like structure of organic-inorganic hybrid nanomaterials and to
ensure the existence of two forms of Cu2+, and the other is that
the avidin in CEW shows a high affinity for biotin [26]. Thus, the
as-prepared Cu-NFs-2 were used as the catalysts and marker
Anti-CEA secondary antibodies (Ab2) labeling materials in combi-
nation with an ELISA, in order to construct a colorimetric biosensor
for rapid detection of CEA. As shown in the Scheme 1, the Cu2+ can
catalyze the oxidative coupling of phenol (PhOH) and 4-
aminoantipyrine (4-AAP) in the presence of H2O2 to produce a pink
quinoneimine dye. This chromogenic reaction serves as the signal
amplification unit of the colorimetric biosensor. Meanwhile, the
biotin-labeled secondary antibody encapsulated Cu-NFs-2 (Cu-
NFs-2@Biotin-NHS-Ab2) capture probes were fabricated due to
the interaction between avidin in CEA and biotin. The as-
fabricated probes are the recognition unit of the colorimetric
biosensor and they can specifically capture CEA. The as-prepared
Cu-NFs-2 are used as a biocatalyst for detecting CEA has four
advantages as follows: first, a simple one-step synthesis method,
the reaction conditions are mild and non-toxic, the synthesis pro-
cess is simple and does not require complex equipment. Second,
the as-prepared Cu-NFs-2 possess excellent biocatalytic activity
and specific biological recognition ability. Third, the as-fabricated
Cu-NFs-2@Biotin-NHS-Ab2 capture probe exhibits specificity cap-
ture CEA capability. Fourth, human serum samples do not need
to be acidified before using the as-developed colorimetric sensor
to detect CEA. Therefore, this work developed a colorimetric
biosensor based on Cu-NFs-2 labeled avidin-biotin ELISA (Cu-
NFs-2 based-LAB-ELISA) for visualization and quantitative detec-
tion of CEA in human serum samples.
2. Experimental

2.1. Materials and apparatus

CEW was purchased from a local market and used without fur-
ther purification. CEA, Anti-CEA monoclonal primary and sec-
ondary antibodies (Ab1 and Ab2) were supplied by Shanghai Linc-
Bio Science Co., Ltd., China. Bovine serum albumin (BSA), 4-AAP,
Phosphate buffered saline (PBS, 0.01 M, pH 7.4) and (+)-Biotin N-
hydroxysuccinimide ester (Biotin-NHS) and were purchased from
Shanghai Mackli Biochemical Technology Co., Ltd., China. Human
serum was collected from the Second Hospital Affiliated to Xi’an
Jiaotong University, China. All other reagents were obtained from
Sinopharm Chemical Reagent Co., Ltd., China. All the reagents used
in the experiment were of analytical grade. phosphate buffer (PB,
0.1 M) solution was prepared by mixing 0.1 M Na2HPO4 and
0.1 M NaH2PO4 stock solution. Ultrapure water (18.2 MX, Milli-
pore, USA) was used for all experiments.



Scheme 1. Schematic illustration of the Cu-NFs-2 based ELISA for CEA detection.
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The X-ray diffraction (Rigaku XRD, D/max2200, Japan, Cu Ka
0.154 nm) was used to analyze the crystal structures of Cu-NFs.
The microstructure and morphology of the Cu-NFs were investi-
gated by field-emission scanning electron microscope (FE-SEM,
Hitachi S-4800) and transmission electronic microscopy (TEM,
FEI Tecnai F20). The decomposition process of the CEW during heat
treatment was characterized by the thermogravimetric-differential
scanning calorimetry (TG-DSC, Netzsch Corporation STA409PC)
under N2 atmosphere in the temperature range of 30–600 �C at a
heating rate of 10 �C/min. Fourier-transform infrared (FT-IR) spec-
tra were recorded from sample powder palletized with KBr (sam-
ple ratio, 1.5–100 mg) on a Bruker TENSOR27 instrument in the
range of 2000–400 cm�1. Surface electronic structure of the Cu-
NFs before and after reaction was analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi). Electron spin resonance (ESR)
spectra of Cu-NFs were conducted on a Bruker ESP 300E
spectrometer.

2.2. Preparation of Cu-NFs

The Cu-NFs was prepared as follows: an aqueous solution of
CuSO4 (120 mM, 6 mL) was added into 1 L PB solution (pH 7.0–
8.5) containing different concentrations of CEW (2.5 mg/mL,
5 mg/mL, 10 mg/mL, 20 mg/mL and 50 mg/mL, labeled as Cu-
NFs-1, Cu-NFs-2, Cu-NFs-3, Cu-NFs-4 and Cu-NFs-5), followed by
incubation at 25 �C for 3 days. After incubation, blue precipitates
were collected by centrifugation (3500 rpm for 3 min) and the pre-
cipitate was washed with ultrapure water and stored in ultrapure
water at 4 �C.

2.3. Catalytic activities and steady-state kinetic assay

A typical chromogenic reaction was used to evaluate the cat-
alytic activities and kinetics of Cu-NFs. The chromogenic reaction
was performed in solution with 4-AAP, PhOH and H2O2 as sub-
strates, and using Cu-NFs as enzyme-like catalyst. The color of
the mixed solution changed from colorless to pink during this reac-
tion. The detailed experimental steps are as follows: 5.0 mL PB
solution (pH varying from 5.0 to 8.0), 80 lL 4-AAP (50 mM),
80 lL PhOH (50 mM), 80 lL H2O2 (0.1 M) and 0.5 mL the catalyst
(5 mg/mL, Cu3(PO)4�3H2O or the different Cu-NFs) were sequen-
tially added to a 10 mL screw-mouth glass bottle, stirred evenly,
and then incubated at room temperature for 30 min. Subsequently,
the mixed solution was quickly centrifuged to remove the solid
catalyst. Finally, the absorbance changes of the supernatant at
505 nm were recorded using an Agilent Cary 5000 spectropho-
tometer at room temperature. In order to explore the enzyme-
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like catalytic mechanism of Cu-NFs-2, the UV–vis absorbance of
different reaction systems (System 1# PhOH + 4-AAP, System 2#

H2O2 + PhOH + 4-AAP, System 3# Cu-NFs-2 + PhOH + 4-AAP, Sys-
tem 4# Cu-NFs-2 + H2O2 + PhOH + 4-AAP) was measured.

2.4. Preparation of Cu-NFs-2@Biotin-NHS-Ab2 capture probes

The Cu-NFs-2@Biotin-NHS-Ab2 capture probe was obtained by
classical LAB method. 2 mg Biotin-NHS was dissolved in 0.1 mL
dimethyl sulfoxide (DMSO) and recorded as Solution Ⅰ; 1 mg Ab2
was dispersed in 0.5 mL borate buffer solution (0.1 M, pH 8.8)
and recorded as Solution Ⅱ; 50 mg Cu-NFs-2 were dispersed in
25 mL PBS and recorded as a Suspension Ⅰ; 2.5 lL the Solution Ⅰ
was added to the Solution Ⅱ, mixed and incubated at 37 �C for
4 h. 20 lL NH4Cl (0.1 M) was subsequently added and incubated
for 10 min at room temperature. This mixed solution was followed
by dialyzing with PBS then the obtained Biotin-NHS-Ab2 was
added to the Suspension I to incubate for 12 h under shaking at
37 �C. Following that, 1 mL 1% BSA solution was added to block
the possible remaining active sites. The resulting compounds were
washed with PBS and dispersed in PBS then stored at 4 �C. All PBS
was autoclaved before use. In order to reduce the damage to the
Ab2 molecules in the test environment, the SEM images of the
Cu-NFs-2@Biotin-NHS-Ab2 capture probes were obtained through
a low-voltage Desktop SEM. The surface morphology and
microstructureof Cu-NFs-2@Biotin-NHS-Ab2 was investigated by
transmission electronic microscopy (TEM, FEI Tecnai F20)
equipped with an energy dispersive X ray spectrometer (EDS).

2.5. Sandwich Cu-NFs-based-LAB ELISA for CEA detection

The colorimetric detection of CEA could be performed with a
double-antibody sandwich ELISA method. High concentrations of
CEA were diluted with PBS to obtain different concentrations of
CEA standards (0.05, 0.5, 5, 10, 20 and 40 ng/mL). The CEA detec-
tion experiment was divided into two parts: immunoassay and col-
our reaction. In the immunoassay, 50 mL Ab1 (0.02 mg/mL) was
attached to the bottom of 96-well plates and incubated for 6 h.
Subsequently, 50 mL 1% BSA was used as blocking solution for 1 h
to prevent non-specific adsorption. After washing with PBS (to
remove unabsorbed Ab1 and excess BSA), 50 mL of CEA standard
with different concentrations were added to the 96-well plates
and incubated for 2 h. The unbound CEA was removed by washing
with PBS, and then the Cu-NFs-2@Biotin-NHS-Ab2 capture probe
(50 mL, 2 mg/mL) was combined with CEA by immunoreaction
for 1 h. The color reaction was performed after washing with PBS
to remove unbound Cu-NFs-2@Biotin-NHS-Ab2 capture probe.
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400 mL of System 5# (0.8 mM 4-AAP/0.8 mM PhOH/1.6 mM H2O2)
mixture was added to a 96-well plate and reacted for 10 min. The
color change of the resulting solution was observed with the naked
eye and photographed, and then the absorbance (492 nm) of the
resulting solution was recorded by Molecular Devices SpectraMax
Plus Microplate reader spectrophotometer. The entire experiment
was performed in a sterile environment at 37 �C.
3. Results and discussion

3.1. Characterization of Cu-NFs

Here, the unpurified CEW was selected as the organic compo-
nent to synthesize the organic-inorganic hybrid nanoflower. Com-
pared with other single-component proteins, unpurified CEW has a
complex composition, and its main components are ovalbumin,
ovalmucin, ovomucin, conalbumin, avidin, and lysozyme [27]. To
calculate the isoelectric point (pI) of unpurified CEW, the ZETA
potential of CEW in PB solutions with different pH values was mea-
sured. It can be seen from Fig. S1 that the ZETA potential of CEW
decreases with increasing pH value (the absolute value decreased
first and then increased), and its pI is about 5.14. This indicates that
the amount of negative charge of CEW increases with increasing of
pH when the pH value of the PB solution is greater than 5.14.
According to the mechanism of organic-inorganic nanoflower
growth reported previously [25], the more negative charge carried
by the protein, the more easier of protein coordinate with Cu2+, and
more initial nucleation sites of copper phosphate crystals are gen-
erated. To further obtain regular-shaped Cu-NFs, the morphology
of the Cu-NFs prepared in PB solutions with pH values of 7.0, 7.5,
8.0 and 8.5 was tested by the FE-SEM (Fig. S2). The farther the
pH value is from pI, the more regular the morphology of Cu-NFs,
the more complete the flower-like structure and the larger the
diameter of the flower-like microspheres. At pH = 8.0, complete
flower-like microspheres begin to appear, which with uniform par-
ticle size and good monodispersity, are self-assembled from a large
number of nanopetals with a thickness of about 30 nm.

Subsequently, the morphology and physical properties of Cu-
NFs formed at different CEW concentrations were characterized
by FE-SEM, TG and BET analysis. As illustrated in Fig. S3, a lot of
irregular Cu3(PO4)2 nanosheets (Cu3(PO4)2 NSs) were observed in
the absence of CEW. Fig. 1 shows the FE-SEM images of Cu-NFs
prepared at different CEW concentrations. The increase in CEW
concentration (i.e., from 2.5, 5, 10, 20 to 50 mg/mL) caused a signif-
icant change in the diameter of Cu-NFs (i.e., from 10, 8.5, 7, 6 to
4.5 lm). The higher concentration of CEW can produce more
nucleation sites of Cu3(PO4)2 crystals, which reduces the diameter
of Cu-NFs and makes the structure more compact. The diameter
and structure density are the key factors that determine the speci-
fic surface area of Cu-NFs. The specific surface area of pure Cu3(-
PO4)2 NSs and Cu-NFs prepared at different CEW concentrations
are 19.01, 35.84, 52.72, 34.69, 18.78, and 5.54 m2/g, respectively
(Table S1). Among them, Cu-NFs-2 has the largest specific surface
area due to its highly ordered hierarchical flower-like structure.
Additionally, the weight percentage of CEW immobilized in Cu-
NFs was determined by TG analysis. The TG analysis shows that
the weight percentage of CEW in Cu-NFs prepared at different
CEW concentrations were 16.11, 21.27, 23.99, 24.43 and 24.62%,
respectively. By comprehensive comparison, Cu-NFs-2 (the CEW
concentration of 5 mg/mL) has the most complete flower-like mor-
phology and the largest specific surface area.

The chemical composition and structure of as-prepared Cu-NFs-
2 have been explored through XRD, FT-IR and XPS measurement.
The XRD pattern (Fig. S4a) shows that all the diffraction peaks of
Cu-NFs-2 can be well indexed as the Cu3(PO4)2�3H2O (JCPDS 22-
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0548). Fig. S4b shows the FT-IR spectra of Cu3(PO4)2 NSs, CEW
and Cu-NFs-2. It can be seen that the FT-IR spectrum of Cu-NFs-2
includes both the typical characteristic absorption bands of CEW
and Cu3(PO4)2 NSs. The absorption bands at 1159, 1056, 990,
629, and 561 cm�1 are attributed to P@O and PAO vibrations
[28–30], indicating the presence of phosphate groups. The charac-
teristic absorption bands of CEW were observed at 1649 (amide I)
and 1536 cm�1 (amide II) [31,32]. Cu2p, P2p, O1s, C1s and N1s
core-level XPS spectra of Cu-NFs-2 are shown in Fig. S5. The bind-
ing energy peaks of Cu2p (955.6 and 935.7 eV), P2p (133.6 eV) and
O1s (531.4 eV) belong to Cu2+ and PO4

3� [33–36]. The peaks of C1s
and N1s at the binding energy of 284.6, 285.8, 287.9, 399.6 and
400.1 eV are derived from CEW [37–39]. Compared with that of
Cu3(PO4)2 NSs (Fig. S6), the peaks of Cu2p1/2 and Cu2p3/2 belong
to Cu-NFs-2 shifted toward the high binding energy by approxi-
mately 0.53 and 0.64 eV, respectively. This indicates that a new
coordination bond is formed between Cu2+ and CEW framework
[40]. Based on the above results, Cu-NFs-2 was confirmed to be
composed of CEW and Cu3(PO4)2�3H2O, and a new chemical bond
was formed between CEW and Cu3(PO4)2�3H2O.

3.2. Catalytic activities and kinetics of Cu-NFs

In this study, the H2O2 + PhOH + 4-AAP system was used to
evaluate the catalytic activities and kinetics of the as-prepared
Cu-NFs. It is known that in the presence of H2O2, PhOH and 4-
AAP can undergo a coupling reaction to produce a pink quinonei-
mine dye [41,42]. As shown in Fig. S7, the reaction product has
the largest absorption at wave length of 505 nm. This indicates that
the reaction product is the result of the coupling of phenol and 4-
AAP, rather than the product of the catalytic oxidation of phenol or
4-AAP alone. However, this coupling reaction proceeds very slowly
in the absence of a catalyst. Therefore, the as-prepared Cu-NFs
were used as a catalyst to catalyze the above coupling reaction.
Fig. 2a shows the UV absorbance and photograph in sunlight of dif-
ferent reaction systems. In the absence of Cu-NFs-2 and H2O2, no
obvious color variation of the System 1# was observed, and its
absorbance is close to zero. For the addition of H2O2 alone into
the System 1#, the color of System 2# appeared extremely light
pink colour, and its absorbance increased slightly. The addition of
Cu-NFs-2 HNFs further darkened the pink colour of System 3#,
meanwhile, increased the absorbance of System 3#. This proves
that Cu-NFs-2 possesses the mimic polyphenol oxidase catalytic
activity. The simultaneous addition of H2O2 and Cu-NFs-2 to the
System 1# caused a significant increase of the absorbance of Sys-
tem 4#, and the color of the System 4# was darker than that of
other Systems. This indicates that Cu-NFs-2 can catalyze the
decomposition of H2O2, thereby accelerating the coupling reaction.
In general, the pH value of the reaction system is an important fac-
tor affecting the catalytic activity of Cu-NFs-2. Fig. 2b shows the UV
absorbance and photograph in sunlight of System 4# at different
pH values from 5.0 to 8.0. Like natural enzymes, the catalytic activ-
ity of Cu-NFs-2 also depends on pH values. It can be seen that the
catalytic activity of Cu-NFs-2 increases significantly with the
increase of pH value, and then tends to stabilize when the pH value
reaches 7.5. Fig. 2c displays the absorbance along time for System
2# with different catalysts (without catalyst, Cu3(PO4)2 NSs and Cu-
NFs-2). Without the addition of catalyst, there was no obvious
color variation in System 2# and its absorbance increased slightly
after 45 min. It is difficult for PhOH to react with 4-AAP only
through H2O2 catalysis. For System 2# with catalyst, the Cu-NFs-
2 catalytic system reaches the reaction platform in 30 min, and
its reaction rate is much faster than that of the Cu3(PO4)2 NSs cat-
alytic system. The color variations of the System 2# with different
catalysts were observed, as shown in the inset of Fig. 2c. The colors
of Cu-NFs-2/System 2#, Cu3(PO4)2 NSs/System 2# and System 2#



Fig. 1. FE-SEM images of the Cu-NFs formed under different CEW concentrations. (a1-3) 2.5 mg/mL; (b1-3) 5 mg/mL; (c1-3) 10 mg/mL; (d1-3) 20 mg/mL; (e1-3) 50 mg/mL; other
conditions: 120 mM Cu2+, 0.1 M PB solution at pH 8.0, reaction at 25 �C for 72 h.
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are pink, light pink and colorless, respectively. Furthermore, -ln Isub
(Isub is the value obtained by subtracting the real-time absorbance
from the saturated one) [43] was calculated to obtain an approxi-
mate linear relationship between -ln Isub and the reaction time, as
shown in Fig. 2d. The reaction of this system followed pseudo-first-
order kinetics. By calculating this linear relationship, the average
reaction rate constants (k) of Cu-NFs-2/System 2# (12.43 � 10�2

min�1) is about five times that of Cu3(PO4)2 NSs/System 2#

(2.46 � 10�2). Subsequently, the catalytic activity of Cu-NFs pre-
pared at different CEW concentrations was further explored. As
shown in Fig. 2e, the Cu-NFs-2 first reached the reaction platform,
indicating that it possesses the best catalytic performance. Com-
pared with other Cu-NFs/System 2#, the Cu-NFs-2/System 2#

shows the darkest pink (inset of Fig. 2e). The -ln Isub-time fitting
curve (Fig. 2f) was used to further estimate the average reaction
rate constants (k) of the five Cu-NFs catalyst systems as
3.74 � 10�2, 12.43 � 10�2, 2.30 � 10�2, 2.13 � 10�2 and
0.89 � 10�2 min�1, respectively. The catalytic performance of Cu-
NFs-2 is significantly better than other Cu-NFs and Cu3(PO4)2
NSs, which could be attributed to its larger specific surface area.
Therefore, Cu-NFs-2 was used as a catalyst in subsequent experi-
ments unless otherwise specified.
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3.3. Enzyme-like catalytic mechanism of Cu-NFs-2

According to the above experimental results, it can be con-
cluded that Cu-NFs-2 has the catalytic activity like that of mimic
peroxidase and polyphenol oxidase simultaneously under weak
alkaline conditions. And the mimic peroxidase plays a leading role
in the H2O2 + PhOH + 4-AAP reaction system. To clarify the cat-
alytic mechanism of Cu-NFs-2 in simulating peroxidase, the elec-
tron spin resonance (ESR) spectroscopy was employed to test the
catalytic decomposition of H2O2 by Cu-NFs-2. Fig. 3a shows ESR
spectra obtained after 3 min incubation of Cu-NFs-2 and H2O2 in
PB solution containing 5,5-dimethyll-pyrroline N-oxide (DMPO).
The characteristic peaks of hydroperoxyl radical (HO2

�), superoxide
anion radicals (O2

��) and hydroxyl radicals (�OH) are clearly
observed [44–47], which confirms the Cu-NFs-2 can catalyze the
decomposition of H2O2 to generate reactive oxygen radicals
(ROS) in PB solution (pH = 7.5). This indicates that the as-
prepared Cu-NFs-2 has the mimic peroxidase catalytic activity.
Subsequently, the catalytic activity of Cu-NFs-2 in mimic polyphe-
nol oxidase was studied by measuring the UV–vis absorption spec-
trum of System 3#. As shown in Fig. S8, an absorption peak at
505 nm of the System 3# was observed in the UV–vis absorption



Fig. 2. (a) UV–vis absorbance (kab = 505 nm) of different reaction systems; inset: photograph in sunlight of different reaction systems (System 1# PhOH + 4-AAP, System 2#

H2O2 + PhOH + 4-AAP, System 3# Cu-NFs-2 + PhOH + 4-AAP, System 4# Cu-NFs-2 + H2O2 + PhOH + 4-AAP), the reaction systems were stirred and incubated for 30 min (n = 5, n
is defined as the times of repeat experiments). (b) UV–vis absorbance (kab = 505 nm) of the System 4# in 0.1 M PB solution with different pH values from 5.0, 5.5, 6.0, 6.5, 7.0,
7.5 to 8.0; inset: photograph in sunlight of System 4# in 0.1 M PBS with different pH values, the reaction systems were stirred and incubated for 30 min (n = 5). (c) Catalytic
kinetics of three reaction systems; inset: photograph in sunlight of three reaction systems ([H2O2 + PhOH + 4-AAP], [Cu3(PO4)2 + H2O2 + PhOH + 4-AAP] and [Cu-NFs-
2 + H2O2 + PhOH + 4-AAP]) (n = 3). (d) Plots of -ln Isub vs time for three reaction systems. (e) Catalytic kinetics of System 4# in the presence of different Cu-NFs; inset:
photograph in sunlight of System 4# in the presence of different Cu-NFs (n = 3). (f) Plots of -ln Isub vs time for System 4# in the presence of different Cu-NFs. Experimental
conditions: room temperature, 0.5 mg/mL catalyst, 0.8 mM 4-AAP, 0.8 mM PhOH, and 1.6 mM H2O2 in 0.1 M PB solution for each system.
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spectrum a. This proves that Cu-NFs-2 possesses the mimic
polyphenol oxidase catalytic activity. For comparison, Cu3(PO4)2
NSs were also used to catalyze the reaction of System 1#. No obvi-
ous absorption peak is found in the UV–vis absorption spectrum b.
This verifies that the mimic polyphenol oxidase catalytic activity of
Cu-NFs-2 is mainly derived from the Cu2+ coordinated to the pro-
tein, rather than the Cu2+ in the inorganic component of Cu3(PO4)2
crystal.

To further explore the role of Cu-NFs-2 in the reaction of System
4#, the precipitate of Cu-NFs-2 after the reaction was collected and
washed. From the photograph in sunlight of Cu-NFs-2 before and
after the reaction of System 4# (inset of Fig. 3b), it can be clearly
observed that the colour of Cu-NFs-2 precipitates changed from
initial blue to green. Subsequently, the valence changes of the cop-
per ions on the surface of Cu-NFs-2 before and after the reaction of
System 4# was analyzed by XPS. Fig. 3b shows the XPS spectra of
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Cu2p3/2 core level of Cu-NFs-2 before and after the reaction of Sys-
tem 4#. For Cu2p3/2 XPS spectrum (after reaction) of Cu-NFs-2, it
can be observed that two peaks of Cu2+ are located at binding ener-
gies of 935.7 and 935.0 eV, respectively, a peak of Cu+ is located at
binding energy of 932.8 eV. Compared with that of the Cu-NFs-2
before reaction, in which the peaks of Cu2+ is located at the binding
energies of 935.7 eV, the second peak for the Cu-NFs-2 after reac-
tion were shifted toward lower binding energy regions by amounts
of 0.7 eV. This suggests that the Cu2+ on the surface of Cu-NFs-2 in
the reaction of System 4# gained electrons and was reduced, and it
is also accompanied by the formation of Cu+. The results of ESR and
XPS confirm that the Cu2+ on the surface of Cu-NFs-2 can catalyze
the decomposition of H2O2, and the catalytic mechanism is postu-
lated as follows: [23,44–48]

Cu2þ þH2O2 ! Cuþ þHO�
2 þHþ ð1Þ



Fig. 3. (a) ESR spectra in Cu-NFs-2 system with the DMPO as a spin trap gent, (room temperature, 0.5 mg/mL Cu-NFs-2, 25 mM H2O2, 0.1 M pH 7.5 PB solution). (b) XPS
spectra of the Cu2p3/2 core levels of Cu-NFs-2 before and after the reaction of System 4#. (c) Reaction mechanism for dye formation.
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Cuþ þH2O2 ! Cu2þ þ �OHþ OH� ð2Þ

HO�
2 ! O�

2
� þHþ ð3Þ

Cuþ þ O2 aqð Þ ! Cu2þ þ O�
2
� ð4Þ

Cuþ þ O2 aqð Þ þ 4Hþ ! 4Cu2þ þ 2H2O ð5Þ
The highly efficient oxidizing ROS produced in Eqs. (1)–(4) can

catalyze the negatively charged phenoxy radical ions (PhO�) to
lose electrons to form phenoxy radicals (PhO�), while both of ROS
and PhO� can oxidize 4-AAP (AmNH2) generates amino radicals
(AmNH�) [49–51]. Simultaneously, the Cu2+ was also involved in
the formation of PhO� and AmNH�. Finally, the combination of PhO�

and AmNH�� in the presence of ROS and Cu2+ resulted in a co-
oxidized product of pink antipyrilquinoneimine dye (Fig. 3c). The
specific reaction equation is as follows:

PhOH ! PhO� þHþ ð6Þ

PhO�þCu2þ !ROS PhO� þ Cuþ ð7Þ

AmNH2þCu2þ !ROS AmNH� þ Cuþ ð8Þ

PhO� þ AmNH2 ! AmNH� þ PhOH ð9Þ

PhO� þ AmNH� ! Am� NH� OPh ð10Þ

Am� NH� OPhþCu2þ !ROS Dyeþ Cuþ þH2O ð11Þ
A total reaction equation is obtained as:

PhOHþ AmNH2 þH2O2 !Cu
2þ
Dyeþ 4H2O ð12Þ

From the analysis results of the enzyme-like catalytic mecha-
nism, it can be seen that the excellent catalytic activity of Cu-
NFs-2 is not only due to its large specific surface area, but also to
its abundant Cu2+ active sites on the surface of Cu-NFs-2. The
Cu2+ active sites on the surface of Cu-NFs-2 are divided into two
types, one is Cu2+ from the inorganic component of Cu3(PO4)2 crys-
tal. The Cu3(PO4)2 crystal can quickly catalyze the decomposition
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of H2O2 to produce highly oxidative ROS under weak alkaline con-
ditions. The other type is Cu2+ coordinated to the protein backbone
during the initial growth of Cu-NFs-2. The coordinated Cu2+ has a
chemical structure similar to that of natural polyphenol oxidase,
so Cu-NFs-2 can also directly catalyze the coupling reaction
between PhOH and 4-AAP in the absence of H2O2.

3.4. Reproducibility and stability of Cu-NFs-2

The biggest difference with natural enzymes is that Cu-NFs-2 is
easily separated from the reaction solution. The relative activity of
Cu-NFs-2 was calculated based on the absorbance (505 nm) of the
first round reaction system as 100%. Fig. S9a shows that Cu-NFs-2
maintained 89.52% of the initial activity after repeating the reac-
tion for 8 rounds. This demonstrates that Cu-NFs-2 possesses a
good reproducibility in the catalytic process. The storage stability
analysis is shown in Fig. S9b. The Cu-NFs-2 maintained more than
91.02% of its catalytic activity after one month of storage in PB
solution (pH = 7.4) at room temperature, whereas the native HRP
only retained about 46.72% of its initial activity. It is worth noting
that repeated use and long-term storage have no significant effect
on the morphology of Cu-NFs-2 (Fig. S9c and d), indicating that Cu-
NFs-2 is highly stable in the chemical environment.

3.5. Characterization of Cu-NFs-2@Biotin-NHS-Ab2 capture probes

Based on the excellent catalytic activity and good biocompati-
bility of Cu-NFs-2, it was selected as the carrier material for the
immobilization of Ab2. Avidin, an alkaline, obtained from CEW that
can quickly and specifically bind to biotin. Avidin has a high affin-
ity to biotin (Kd�1015 M), which is at least 10,000 times higher
than that of antigens and antibodies. [52]. In this work, Ab2 mole-
cules were immobilized on the surface of Cu-NFs-2 by labeled
avidin-biotin (LAB) method. The surface morphology, elements dis-
tribution and atomic percentage of elements the Cu-NFs-2@Biotin-
NHS-Ab2 capture probe were tested using Desktop SEM, TEM and
EDS techniques, respectively. Fig. 4a2 shows the SEM image of
Cu-NFs-2@Biotin-NHS-Ab2 capture probes Cu-NFs-2@Biotin-NHS-
Ab2 capture probes. Compared with that of the bare Cu-NFs-2
(Fig. 4a1), the surface of the Cu-NFs-2@Biotin-NHS-Ab2 capture



Fig. 4. Desktop SEM images (a), TEM images (b and c) and HAADF-STEM images (d) of the Cu-NFs-2 and Cu-NFs-2@Biotin-NHS-Ab2 capture probes. (e-i) Element mapping
images (C, N, O, P and Cu) according to (d). (j) EDS patterns of the Cu-NFs-2 and Cu-NFs-2@Biotin-NHS-Ab2 capture probes. The images labeled 1 belong to the Cu-NFs-2 and
labeled 2 belong to the Cu-NFs-2@Biotin-NHS-Ab2 capture probes.
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probe was covered with a layer of vine-like protein mesh. These
protein meshes are Biotin-NHS-Ab2 molecules. The Biotin-NHS-
Ab2 molecules denature, aggregate, and form an ordered protein
network structure that may be caused by the gold spraying process
performed by the sample before the SEM test. The TEM images of
the partial nanoflower and nanopetals of Cu-NFs-2 were illustrated
in Fig. 4b1 and c1. The prepared Cu-NFs-2 is composed of a large
number of nanopetals pointing to the center of the microsphere,
which is consistent with the SEM test results. For the TEM images
of Cu-NFs-2@Biotin-NHS-Ab2 capture probes (Fig. 4b2 and c2), it
was clearly observed that the edges of the dark nanopetals were
covered with a lighter protein coating [53]. The HAADF-STEM
image (Fig. 4d) more vividly displays the geometric characteristics
of Cu-NFs-2 and Cu-NFs-2@Biotin-NHS-Ab2 capture probes. Fig. 4-
e-i clearly shows that C, N, O, P and Cu elements are evenly dis-
tributed on the surface of the Cu-NFs-2 and Cu-NFs-2@Biotin-
NHS-Ab2 capture probes. By comparison, the content of N element
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on the surface of Cu-NFs-2@Biotin-NHS-Ab2 capture probes
increased significantly. The content change of N element on the
surface of Cu-NFs-2 and Cu-NFs-2@Biotin-NHS-Ab2 capture probes
was further confirmed by EDS analysis. The weight percent and
atomic percentage of N element increased from the original
2.50% and 3.25% to 6.15% and 7.66% (Fig. j), respectively. The above
test results confirmed that the as-prepared Cu-NFs-2 possess
specific biological recognition ability, and can effectively bind to
biotin-labeled Ab2 to fabricate a Cu-NFs-2@Biotin-NHS-Ab2 cap-
ture probe.
3.6. Performance of the Cu-NFs-2-based LAB-ELISA for CEA assay

Combining the excellent efficiency catalytic activity and speci-
ficity capture CEA capability of the Cu-NFs-2@Biotin-NHS-Ab2 cap-
ture probes, a Cu-NFs-2 based-LAB-ELISA colorimetric biosensor
was established to realize the visualization and quantitative detec-
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tion of CEA. As illustrated in Scheme 1, a typical sandwich ELISA
method was applied in fabricating the colorimetric biosensor. First,
the primary antibody (Ab1) was adsorbed to the bottom of the 96-
well plates and 1% BSA was used to prevent non-specific adsorp-
tion. Then CEA standards with different concentrations were added
and bound strongly to Ab1. Subsequently, the as-fabricated Cu-
NFs-2@Biotin-NHS-Ab2 capture probes, serving as the recognition
unit, can capture CEA. After the sandwich immunoreactions, the
System 5# solution was added to the processed 96-well plates.
As a signal amplification unit, the Cu-NFs-2 can catalyze the oxida-
tive coupling of PhOH and 4-AAP in the presence of H2O2 to pro-
duce a pink quinoneimine dye under weak alkaline (pH 7.5)
conditions. Finally, the color variation of System 5# solution was
observed by naked eyes and photographed, and then the absor-
bance (492 nm) of the System 5# solution was recorded by Micro-
plate reader spectrophotometer. In the absence of the CEA, the as-
fabricated Cu-NFs-2@Biotin-NHS-Ab2 capture probes were washed
away, resulting in a low background signal. Therefore, the concen-
tration of CEA is determined only by visually observing the color
variation or monitoring the absorbance intensities of System 5#

solution. The CEA with different concentrations were detected by
using Cu-NFs-2-based LAB-ELISA colorimetric biosensor. With the
increasing of the CEA concentration, the color of the solution chan-
ged from colorless to pink colour, and the greater the concentration
of CEA, the darker the color of solution (inset in Fig. 5). Subse-
quently, the absorbance at 492 nm of the solution with the concen-
tration of CEA was further tested by microplate reader
spectrophotometer, as shown in the Fig. 5. A linear relationship
between absorbance and the logarithm of concentration (CEA)
was observed in the range of 0.05–40 ng/mL. And the low detection
limit (LOD) was estimated to be 3.52 pg/mL (S/N = 3). Compared
with other reported strategies for CEA detection (Table S2), the
as-developed colorimetric biosensor in this study exhibits a wider
detection range and lower detection limit. It is particularly note-
worthy that most of the reported nanoenzyme-based colorimetric
sensor for CEA detection is performed under acidic conditions.
Thus, the human serum samples must be acidified before testing.
This process not only complicates the operation, but also affects
the accuracy of the test results. The as-developed colorimetric
biosensor in this study effectively solves this problem and can
detect CEA even at a pH value close to that of human serum.

3.7. Specificity and reliability of Cu-NFs-2-based LAB-ELISA for CEA

Four conventional human serum analytes including alpha-
fetoprotein (AFP), immunoglobulin G (IgG), glucose (Glu), and
Fig. 5. Calibration plot of the Cu-NFs-2-based LAB-ELISA for determination of CEA
standards; Inset: colorimetric responses of the sensing system in the presence of
different concentration of CEA (0.05, 0.5, 5, 10, 20 and 40 ng/mL) (n = 16).
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ascorbic acid (AA) were used to evaluate the specificity of the
developed Cu-NFs-2 based-LAB-ELISA colorimetric biosensor. As
shown in the inset of Fig. S10, the color of the solution is pink col-
our only in the presence of CEA. Compared with the obvious absor-
bance response toward the target protein of CEA, no obvious
absorbance responses were observed toward AFP, IgG, Glu and
AA (Fig. S10), indicating excellent specificity of the developed col-
orimetric biosensor.

To evaluate the reliability of the developed colorimetric sensor
for the analysis target, the detection of CEA in human serum sam-
ple was carried out. The human serum was diluted 100 times with
0.01 M pH 7.4 PBS before each experiment in order to diminish
false positive contributions from the matrix. A series of human
serum samples containing various CEA concentrations (0.05, 5,
20 and 40 ng/mL) were prepared by ‘‘spiking” them with a stock
solution of CEA. Human serum samples display an obvious color
change from colorless to pink with the increase of concentration
of CEA (the inset of Fig. S11). According to the standard curve,
the recovery of CEA in human serum samples was calculated
between 97.0 and 106.0%, and the relative standard deviation
(RSD) values was 0.76 ~ 2.12% (Table S3). These results reveal that
the developed Cu-NFs-2 based-LAB-ELISA colorimetric biosensor
has excellent reliability in real sample analysis. The excellent reli-
ability of the developed colorimetric biosensor is related to the
immunity experiment carried out under the environment of pH
7.5. The pH of healthy human serum is 7.35 ~ 7.45, which is very
similar to the chemical environment of immunoassay.
4. Conclusions

In summary, the dual-functional flower-like Cu-NFs has been
synthesized by a one-pot method, and was used to construct a sim-
ple and convenient colorimetric biosensor for the detection of CEA.
The as-prepared Cu-NFs possesses significantly improved physico-
chemical stability and a unique catalytic condition close to the
human physiological environment, and its performance surpasses
many natural enzymes and traditional nanoenzymes [16,17]. Com-
pared with the previously reported method [15,54,55], the as-
developed Cu-NFs-2 based-LAB-ELISA colorimetric biosensor exhi-
bits superior performance for sensing CEA with a broad linear
range from 0.05 to 40 ng/mL, low detection limit of 3.52 pg/mL,
and high reproducibility, stability, specificity and reliability. More-
over, this colorimetric biosensor can visually detect the CEA (0–
20 ng/mL) in human serum, which will be suitable for early cancer
diagnosis in resource-poor health care institutions. At present, the
as-developed colorimetric sensor realizes the detection of CEA
through the change of the monochromatic intensity of the solution,
which seriously confines the accuracy of visual detection. There-
fore, the follow-up study will mainly focus on the design of Cu-
NFs-based immunochromatographic test strips, which is expected
to obtain a CEA analysis device with simple design, low cost and
easy to read information.
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