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O157 : H7 detection†
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Ling Weng, *a Liangcan He *b and Shaoqin Liu b

Foodborne or water-borne pathogens pose great threats to human beings and animals. There is an urgent

need to detect pathogens with cheap, rapid and sensitive point-of-care diagnostic assays. Herein, we report

the electrochemiluminescent (ECL) behaviors of NaBiF4 : Yb
3+/Er3+ upconversion nanoparticles (UCNPs)

which were synthesized via a fast and environment-friendly method at room temperature for the first

time. The UCNPs together with K2S2O8 exhibit high ECL intensity and stable cathodic signals. Further,

the Au nanoparticles (Au NPs) and Anti-E. coli O157 : H7 antibody were assembled on the surface of

UCNPs successively to construct a novel ECL immunosensor for the detection of deadly E. coli O157 :

H7. The as-prepared ECL immunosensor reveals high sensitivity to E. coli O157 : H7 in a linear range of

200–100 000 CFU mL−1, and the minimum detection limit could reach up to 138 CFU mL−1. The

designed UCNP-based biosensor demonstrates high specificity, good stability and remarkable

repeatability, and the strategy will provide a sensitive and selective method for rapid detection of E. coli

O157 : H7 in food safety and preclinical diagnosis.
1. Introduction

Foodborne pathogens, such as enterohaemorrhagic E. coli with
the representative strain of serotype O157 : H7, contaminate
food and drinking water posing great threats to human beings
and animals.1,2 The spread of pathogens causes more than 20
000 illnesses and 200 deaths every year in America alone as
reported by the CDC. They have been found in more than 20
countries in ve states of the world and caused outbreaks and
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epidemics.3 For rapid response to disease outbreaks caused by
foodborne or water-borne pathogens, it is highly desired to
develop novel technologies that can detect pathogens quickly
and cheaply anywhere.4 However, due to the low concentration
of bacteria in the actual samples, many traditional methods
require multiple procedures such as bacterial culture and
enrichment steps in the detection of pathogens, and the
pretreatment process is time-consuming.2 Recently developed
detection methods, such as polymerase chain reaction (PCR),5

surface plasmon resonance (SPR),6 immunoassay,7 etc., are
much faster; however, these methods either require expensive
equipment or are not sensitive enough, which seriously limit
their application in the eld.

Electrochemiluminescence (ECL) is a kind of electro-
generated chemiluminescence reaction controlled by elec-
trode potential, which has advantages of low cost, high
sensitivity, high signal-to-noise ratio and easy controlling.
Therefore, it is widely employed in drug and food analysis,
preclinical diagnosis, environmental pollutant monitoring,
immune detection and other elds.8 It should be pointed out
that the ECL light emitter plays an important role in ECL
system. So far, various phosphors, such as ruthenium(II)
complexes and luminol developed in early days, and other
various nanomaterials, such as precious metal
nanoclusters,9–11 semiconductor quantum dots, graphene
quantum dots (GQDs), carbon nanodots have been applied in
the ECL system.12–17 It's a general trend to explore and inves-
tigate novel and efficient ECL materials. Rare earth-doped
© 2022 The Author(s). Published by the Royal Society of Chemistry
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UCNPs could absorb two or more low-energy photons and emit
high-energy photons, and possess the advantages of good
biocompatibility, good emission stability, less photobleaching
and deeper tissue penetration. So, they are widely used in
biomedical elds such as bioanalysis and in vivo imaging.18,19

As a promising luminescent material, UCNPs have been
developed as the next-generation of ECL luminescent reagents
in recent years, which have a series of potential advantages,
such as stable cathodic signal, high luminous intensity, ideal
ECL emission signal and long uorescence lifetime.20 Gener-
ally speaking, there are few reports about the applications of
UCNPs in ECL eld. For example, Qu Group successfully
developed reduced graphene oxide-NaYF4 : Yb/Er hybrid
nanomaterials (rGO-UCNPs) with amplied ECL perfor-
mance.21,22 Liu et al.23 and Guo et al.24 reported the Mn2+-doped
NaYF4 : Yb/Er UCNPs which were used for tumor biomarker
and bisphenol A detection, respectively. Recently, Wang group
developed molecularly imprinted ECL biosensors based on
SiO2–NH2 modied NaYF4 : Yb/Tm and NaYF4 : Yb/Er
UCNPs.25,26 Up to now most of the reported UCNPs matrix
used in the ECL detection are NaYF4.27 However, the NaYF4
process is complex, high cost and easy to cause environmental
problems, severely limiting its further application in ECL.
Therefore, it is of great signicance to develop a fast and
environment-friendly synthesis method. Alternatively, the
NaBiF4-type hexagonal UCNPs can be synthesized at room
temperature under mild conditions, and moreover bismuth
ion is environmentally friendly. The NaBiF4-type UCNPs,
a potential ECL luminophore, is expected to replace NaYF4-
type UCNPs.

Herein, a novel effective ECL biosensor based on NaBiF4
UCNPs is proposed for pathogens inspection, which exhibits
rapid response, high ECL intensity, and excellent stability. In
this work, the E. coli O157 : H7 antibody was conjugated with
Au/NaBiF4 via antibody–Au interaction, and thus an effective
ECL biosensor was fabricated for E. coli O157 : H7 detection. In
the presence of E. coli O157 : H7, the ECL emission from the
immunosensor would be largely inhibited due to the existence
of non-conductive biological complex. Moreover, our experi-
mental results reveal that the ECL biosensor has high sensitivity
and wide detection range (200–100 000 CFU mL−1) with a very
low detection limit of 138 CFU mL−1 for E. coli O157 : H7
detection. The high specicity, remarkable repeatability and
good stability would provide a facile strategy for E. coliO157 : H7
detection in food safety and preclinical diagnosis.

2. Experimental
2.1 Materials

Chloroauric acid (HAuCl4) and bovine serum albumin (BSA, 96–
99% purity) were purchased from Sigma-Aldrich company.
NaNO3, NH4F, Yb(NO3)3$5H2O, Er(NO3)3$5H2O, Bi(NO3)3$5H2O
and other chemicals were bought from Aladdin company. The
deionized water (18.2 MU) was generated by a Milli-Q Millipore
purier. The E. coli O157 : H7 strain (ATCC number 43889) and
E. coli O157 : H7 polyclonal antibody were bought from Prajna
Biology Company, Shanghai.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.2 Apparatus

The morphology of the materials was characterized by a eld
emission scanning electron microscope (FESEM, FEI Quanta
200F). The crystal structure of the sample was investigated by an
X-ray powder diffraction (Empyrean, Malvern Panalytical
instruments) equipped with Cu Ka radiation (l = 0.154184 nm)
ranging from 20° to 80°. The upconversion luminescence
spectra were recorded by a luminescence spectrophotometer (F-
7000, Hitachi Co., Japan) with an 980 nm laser (Hi-Tech Opto-
electronic Co., China). Chenhua CHI 860D electrochemistry
workstation was used for the measurement of cyclic voltam-
metry (CV) and offered the external potential for the measure-
ment of ECL spectra related to wavelength, along with
a luminescence spectrophotometer (LS55, PerkinElmer, USA).
Electrochemical impedance spectra (EIS) were measured on an
Autolab potentiostat (PGSTAT320N, Switzerland) with wide
frequency range (0.1 to 100 KHz) in 5 mM [Fe(CN)6]

4−/3− solu-
tion (10 mM PBS, pH 7.4) and plotted in the form of Nyquist
plots. ECL emission was tested by an MPI-A ECL tester (Xi’An
Remax Electronic Science & Technology, China). A conventional
3-electrode system was utilized in all the above electrochemical
measurements, which was comprised of a glassy carbon
working electrode (GCE, F = 3 mm) modied with NaBiF4 :
Yb3+/Er3+ UCNPs, reference electrode (Ag/AgCl) and a platinum
wire auxiliary electrode, respectively.
2.3 Synthesis of the NaBiF4 : Yb
3+/Er3+ UCNPs

The NaBiF4 : Yb
3+/Er3+ UCNPs were prepared based on previ-

ously reported literature.28 The clear and transparent solution 1
was prepared by dissolving NaNO3(2 mmol), Yb(NO3)3$5H2O
(0.2 mmol), Bi(NO3)3$5H2O (0.78 mmol), and Er(NO3)3$5H2O
(0.02 mmol) in 10 mL ethylene glycol (EG) solution. Solution 2
was prepared by adding NH4F (14 mmol) to 25 mL EG solution.
Then, the solution 1 was slowly dripped into solution 2 with
vigorous stirring and reacted for 10 minutes at room tempera-
ture along with violently magnetic stirring to get a white
emulsion. Aer several times of centrifugation, the white
powder was obtained by vacuum drying at 60 °C for further use.
The preparation of NaBiF4 or NaBiF4 : Yb

3+ NPs as the control
materials is same as that of NaBiF4 : Yb

3+/Er3+ UCNPs, only
without Yb(NO3)3$5H2O and Er(NO3)3$5H2O for NaBiF4 NPs and
without Er(NO3)3$5H2O for NaBiF4 : Yb

3+ NPs.
2.4 Fabrication of the ECL immunsensors

A certain amount of as-prepared UCNPs is dispersed into
a mixed solution containing Naon, isopropanol and water
(volume ratio is 2 : 49 : 49) at 0.5 mg mL−1. The bare glassy
carbon electrode was continuously polished with aluminum
oxide paste (1.0, 0.3 and 0.05 mm) to make its surface smooth,
then washed with deionized water. Subsequently, cyclic vol-
tammetry was tested in 1 mmol L−1 K3 [Fe(CN)6] (including 0.2
mol L−1 KNO3) until the peak potential difference was less than
80 mV. Then, 10 mL UCNPs solution (0.5 mg mL−1) was dripped
onto the surface of GCE electrode, and the UCNPs modied
RSC Adv., 2022, 12, 30174–30180 | 30175
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View Article Online
electrode (UCNPs/GCE) was obtained aer drying at room
temperature.

Aer that, 10 mL Au NPs solution29 was dropped onto the
surface of UCNPs/GCE, and 10 mL anti-E. coli O157 : H7 poly-
clonal antibody (10 mg mL−1, 0.1 M PBS, pH 7.4) was incubated
on the lm overnight at 4 °C. Aer washing with PBS, the
antibody modied electrode was incubated with BSA solution
(1%, w/w) for 1 hour to block the nonspecic sites. The as-
prepared immunosensors were then stored at 4 °C for further
use.
2.5 ECL detection of E. coli O157 : H7

Typically, a xed volume of E. coli O157 : H7 (10 mL) with various
concentration (0 to 500 000 CFU ml−1) was incubated with as-
prepared biosensors (37 °C for 40 min) respectively, in order
to immobilize bacteria on the surface of the immunosensors.
Aer being rinsed carefully with PBS solution to remove the
non-captured bacteria, the biosensors were used for ECL
detection. The ECL signals were detected in 0.1 M PBS con-
taining 0.1 M K2S2O8 (pH 7.4) electrolyte solution. The scanning
potential ranged from −2.5–0 V at 100 mV s−1. The photo-
multiplier tube (PMT) voltage was 800 V.
3. Results and discussion
3.1 Characterization of NaBiF4 : Yb

3+/Er3+ UCNPs

The NaBiF4 : Yb
3+/Er3+ UCNPs were synthesized at room

temperature. Then, a series of characterization of NaBiF4 : Yb
3+/

Er3+ UCNPs were carried out, including SEM morphology
characterization, elemental mapping analysis, X-ray diffraction
pattern (XRD) and upconversion uorescence spectrum. It was
observed from SEM that the prepared NaBiF4 : Yb

3+/Er3+ UCNPs
were monodisperse with an average particle size of 228� 17 nm
(Fig. 1A). The element composition of NaBiF4 : Yb

3+/Er3+ UCNPs
was conrmed by elemental mapping analysis, and the distri-
bution of all elements was uniform as shown in Fig. S1.† The
existence of element Yb and Er directly proved the successful
doping of the dopants in NaBiF4 : Yb

3+/Er3+ UCNPs. Due to the
small amount of Er3+ doping in the system, the distribution of
elements in the elemental mapping image was sparse.

XRD technique was used to characterize the crystal structure
of NaBiF4 : Yb

3+/Er3+ UCNPs. As shown in Fig. S2,† the XRD
spectra of the as-prepared samples presented its main charac-
teristic diffraction peaks at 2q = 28.5°, 42°and 52°correspond-
ing to the (101), (201) and (211) crystal planes of NaBiF4 : Yb

3+/
Er3+ UCNPs, which were consistent with the standard hexagonal
phase NaBiF4 : Yb

3+/Er3+ UCNPs (JCPDS 41-0796). There were no
diffraction peaks of other impurities, which conrmed that we
had obtained NaBiF4 with hexagonal crystal structure. The
diffraction peak of Er3+ is generally indistinguishable, mainly
due to the low content of doped Er3+ (Er is only 2%). Combined
with the elemental mapping results, it is conrmed that pure
phase NaBiF4 : Yb

3+/Er3+ UCNPs were successfully synthesized
by this simple method.

ECL behaviour of the NaBiF4 : Yb
3+/Er3+-coated GCE elec-

trode was also studied in 0.1 MPBS solution (pH 7.4) with 0.1 M
30176 | RSC Adv., 2022, 12, 30174–30180
K2S2O8 as coreactant. As shown in Fig. 1B, NaBiF4 : Yb
3+/Er3+

UCNPs showed a strong ECL emission at −2.5 V at the potential
of −2.5–0 V, with an onset potential at about −1.3 V. Moreover,
the comparison of the cyclic voltammograms (CVs) between
bare GCE with or without K2S2O8 in the inset of Fig. 1B showed
that a stable reduction peak around about −0.8 V with K2S2O8,
which conrmed the contribution of the coreactant S2O8

2− at
−0.8 V.30 The CV of GCE modied with UCNPs showed another
reduction peak at about −2.0 V, which could be ascribed to the
reduction of NaBiF4 : Yb

3+/Er3+ UCNPs. Besides it, the CV of
UCNPs/GCE with K2S2O8 showed a reduction peak at about
−1.0 V. There was a slight deviation compared with the reduc-
tion peak of S2O8

2− at bare GCE with K2S2O8, which might be
due to the interaction between S2O8

2− and NaBiF4 : Yb
3+/Er3+

UCNPs. As shown in the inset of Fig. 1B, the CV curves of
K2S2O8, K2S2O8\UCNPs and UCNPs showed an onset reduction
potential at −0.4 V, −0.7 V and −1.7 V, respectively, suggesting
that the interaction between S2O8

2− and UCNPs effectively
changed the onset reduction potential and made it more easily
to be reduced.31 The onset potential of ECL spectrum was
recorded at −1.3 V with a peak wavelength of about 530 nm,
ascribing to the ECL emission of UCNPs combined with K2S2O8

(Fig. 1B and C). ECL intensity of UCNPs with K2S2O8 was about
4-fold as that of UCNPs without K2S2O8 (Fig. S3†). This indicated
that the strong ECL signal was generated only aer the reduc-
tion of both UCNPs and K2S2O8.

The upconversion uorescence spectrum of NaBiF4 : Yb
3+/

Er3+ UCNPs was measured using the 980 nm laser. The result is
shown in the inset of Fig. 1C. The upconversion uorescence
emission spectrum includes green emission spectrum of 510–
565 nm and red emission spectrum of 630–690 nm. Among
them, the green emission peak comes from 2H11/2 to 4I15/2
transition and 4S3/2 to 4I15/2 transition of the Er3+ ion, and the
red emission peak comes from 4F9/2 to 4I15/2 transition of the
Er3+ ion. ECL spectrum of NaBiF4 : Yb

3+/Er3+ UCNPs achieving
maximum at about 530 nm presented a relatively wide ECL
signal, which is consistent with the green emission part from
510 to 565 nm in upconversion uorescence spectrum (see
Fig. 1C). To explore the role of doping elements in ECL, more
control studies were carried out. The synthesized control
materials without doping elements of Er or both Er and Yb were
conrmed by EDS and the morphology of particles slightly
collapsed with the missing of both doping elements (Fig. S4†).
The ECL intensity was decreased dramatically with the missing
of doping elements indicating the important role of doping
elements in ECL process (Table S1†).

For ECL process, electron rst injected into UCNPs under the
negative potential and then the NaBiF4 : Yb, Er was reduced to
negatively charged radical (NaBiF4 : Yb, Er

−c). At the meantime,
the coreactant S2O8

2− was electrochemically reduced to the
strong oxidant-anion sulfate radical (SO4

−c) and further reacted
with NaBiF4 : Yb, Er

−c to produce excited state NaBiF4 : Yb, Er*.
Subsequently, NaBiF4 : Yb, Er* returned to ground state and
released photons, resulting in a strong ECL signal. The ECL
mechanism of NaBiF4 : Yb, Er UCNPs shown in Fig. 1D was
suggested as follows based on oxidation-reduction (Ox-red)
pathway:32
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) SEM image and the particle size distribution (inset) of NaBiF4 : Yb
3+/Er3+ UCNPs. (B) ECL-potential curve of NaBiF4 : Yb

3+/Er3+ UCNPs/
GCE in 0.1 M PBS (pH 7.4) containing 0.1 M K2S2O8 with the scan rate of 100 mV s−1 and the PMT voltage of 800 V. The inset shows cyclic
voltammogram of bare GCE with or without K2S2O8 and NaBiF4 : Yb

3+/Er3+ UCNPs/GCE with or without K2S2O8 in 0.1 M PBS (pH 7.4). The scan
rate was 50 mV s−1. (C) ECL spectrum of NaBiF4 : Yb

3+/Er3+ UCNPs/GCE in 0.1 M PBS (pH 7.4) containing 0.1 M K2S2O8, under the potential of
−2.5 V and upconversion fluorescence spectrum (inset) of NaBiF4 : Yb

3+/Er3+ UCNPs. (D) ECL mechanism of the NaBiF4 : Yb
3+/Er3+ UCNPs.
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NaBiF4 : Yb, Er + e− / NaBiF4 : Yb, Er−c (1)

S2O8
2− + e− / SO4

2− + SO4
−c (2)

NaBiF4 : Yb, Er−c + SO4
−c / NaBiF4 : Yb, Er* + SO4

2− (3)

NaBiF4 : Yb, Er* / NaBiF4 : Yb, Er + hv (4)
3.2 Characterization and fabrication of the ECL biosensor

The high ECL intensity of NaBiF4 : Yb
3+/Er3+ UCNPs shows the

potential application in ECL biosensor. Each fabrication
process of the immunosensor could be characterized by the
electrochemical impedance spectra (EIS). Fig. 2A shows the
Nyquist plots of impedance spectra recorded aer each fabri-
cation process in 0.1 M PBS containing 5mM [Fe(CN)6]

3−/4− and
0.1 M KCl. The inset of Fig. 2A is the circuit diagram for the
tting process, where Rs represents the solution resistance, Rct

represents the resistance of the contact interface between the
working electrode and the solution, Q represents the capaci-
tance caused by the double electric layer at the contact interface
between the working electrode and the solution, and W repre-
sents the diffusion impedance according to the Warburg Weber
© 2022 The Author(s). Published by the Royal Society of Chemistry
diffusion. The semicircle diameter of the EIS Nyquist plots
represents the charge transfer resistance (Rct) value at the
liquid–solid interface. The bare GCE displayed a small semi-
circle domain with Rct value of 227 U (Fig. 2A, curve a). When
bare GCE was modied with NaBiF4 : Yb

3+/Er3+ UCNPs, the
impedance increased to a higher Rct value of 703 U (Fig. 2A,
curve b), indicating that the UCNPs material restrained electron
transfer from the electroactive probe. Aer Au nanoparticles
were assembled on the electrode surface of NaBiF4 : Yb

3+/Er3+

UCNPs, an obvious decrease of Rct value to 73 U was observed
because the Au NPs have excellent electrical conductivity and
accelerate electron transfer between interfaces (Fig. 2A, curve c).
The impedance obviously increased to 4273 U when the anti-
bodies of E. coli O157 : H7 functionalized on Au NPs/UCNPs/
GCE modied electrode (Fig. 2A, curve d), since the insulting
protein layer could disturb the electron transfer between the
electrode and K3Fe(CN)6. Aer the antibody/Au NPs/UCNPs/
GCE was incubated with E. coli O157 : H7 (1000 CFU mL−1),
the impedance signicantly increased to 9500 U because of the
attachment of bacteria (Fig. 2A, curve e).

The fabrication steps of ECL biosensor were also conrmed
by the change of ECL signals during the gradual modication
process with materials and biomolecules. As shown in Fig. 2B,
there had weak ECL intensity for bare GCE (curve a). While, the
RSC Adv., 2022, 12, 30174–30180 | 30177
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Fig. 2 (A) Electrochemical impedance Nyquist plots of (a) bare GCE electrode, (b) NaBiF4 : Yb
3+/Er3+ UCNPs/GCE, (c) Au NPs/NaBiF4 : Yb

3+/Er3+

UCNPs/GCE, (d) antibody/Au NPs/NaBiF4 : Yb
3+/Er3+ UCNPs/GCE and (e) E. coli O157 : H7/antibody/Au NPs/NaBiF4 : Yb

3+/Er3+ modified glassy
carbon electrodes in PBS solution (10 mM, pH 7.4, containing 5 mM [Fe(CN)6]

3−/4−), the frequency ranged from 0.1 Hz to 100 kHz with the
amplitude of 5 mV. (B) ECL-time curves of (a) bare GCE electrode, (b) NaBiF4 : Yb

3+/Er3+ UCNPs/GCE, (c) Au NPs/NaBiF4 : Yb
3+/Er3+ UCNPs/GCE,

(d) antibody/Au NPs/NaBiF4 : Yb
3+/Er3+ UCNPs/GCE and (e) E. coliO157 : H7/antibody/Au NPs/NaBiF4 : Yb

3+/Er3+ UCNPs modified glassy carbon
electrodes in PBS (0.1 M, pH 7.4, containing 0.1 M K2S2O8) solution (scan rate: 100 mV s−1; PMT voltage: 800 V).

Fig. 3 ECL emission from the AuNPs/NaBiF4 : Yb
3+/Er3+ UCNPs/GCE

electrode in 0.1 M PBS (pH 7.4) containing 0.1 M K2S2O8 under
continuous cyclic voltammetry for 20 cycles (scan rate: 100 mV s−1;
PMT voltage: 800 V).
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NaBiF4 : Yb
3+/Er3+ UCNPs was successfully modied on GCE

surface, the ECL intensity increased up to ∼16 250 a. u. (curve
b). Moreover, further enhancement of ECL intensity was
observed aer the deposition of Au NPs (17 618 a. u., curve c)
since Au NPs could improve the conductivity of modied elec-
trode and thus facilitate the charge transfer of NaBiF4 : Yb

3+/
Er3+ in the ECL reaction.33 The intensity of ECL decreased to
∼14 600 a. u. (curve d) quickly when anti-E. coli O157 : H7
antibody was immobilized on the electrode surface via the
strong interaction with amine groups of Au NPs, revealing that
the electron transfer kinetics resistance of protein membranes
reduced the diffusion rate of ECL reagent at the electrode
interface. Aer 3000 CFU mL−1 E. coli O157 : H7 successfully
immobilized on the biosensor via antigen–antibody binding
force, the ECL intensity also dramatically decreased. All the
above results clearly indicated the successful fabrication of the
biosensor.

The AuNPs/NaBiF4 : Yb
3+/Er3+ UCNPs functionalized glassy

carbon electrode was scanned for 20 cycles continuously under
the negative potential ranging from −2.5 to 0 V and the ECL
signals had no obvious decrease (see Fig. 3). Thus, the as-
prepared ECL biosensor exhibited an excellent stability and
would be a promising candidate for further ECL detection.

3.3 Condition optimization and detection of E. coli O157 :
H7

In order to study the optimal ECL performance, the effects of
incubation time and the concentration of UCNPs solution on
ECL signal were investigated. The effects of the concentration of
UCNPs solution on ECL signal are shown in Fig. S5.† The ECL
intensity increased with the increasing of solution concentra-
tions from 0.1 to 0.5 mg mL−1, and then decreased when the
UCNPs solution concentration was greater than 0.5 mg mL−1.
Thus, the UCNPs solution (0.5 mg mL−1) was selected for
preparation of the biosensor. For the incubation time, the
prepared sensors were exposed to 10 000 CFU mL−1 E. coli
O157 : H7 suspension solution for different time to investigate
30178 | RSC Adv., 2022, 12, 30174–30180
the effect of incubation time on ECL signal (Fig. S6†). The ECL
signals rstly decreased within the incubation time of 0–45min,
then started to level off at 45–60 min, indicating the saturation
status of the amount of E. coli O157 : H7 assembled on the
electrode surface. Therefore, 45 min is chosen in the following
experiments.

Then, the relationship between E. coli O157 : H7 and the ECL
intensity were investigated under the optimized conditions. The
bacteria concentration-ECL response and the calibration curve
shown in Fig. 4A and B evidently indicated that the ECL intensity
decreased gradually with increasing bacteria concentrations, and
was proportional to the bacteria concentrations within 200–
100000 CFU mL−1. While, when the concentration of E. coli
O157 : H7 reached up to 100 000 CFU mL−1, the decrease of the
ECL intensity of the sensor attened out since all binding sites
were occupied by E. coli O157 : H7. Fig. 4B depicted that the
linear range for E. coli O157 : H7 detection was from 200–100000
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) ECL response curves of the anti- E. coliO157 : H7/Au/NaBiF4 : Yb
3+/Er3+ UCNPsmodified glassy carbon electrode after incubated with

E. coliO157 : H7 (0, 200, 600, 1000, 3000, 5000, 8000, 10 000, 50 000, 100 000, 200 000 and 500 000 CFUmL−1). (B) The calibration curve for
ECL sensor. (Error bar: RSD, n = 5). (C) The immunosensor reproducibility in the detection of E. coli O157 : H7 (3000, 5000 and 100 000 CFU
mL−1). (D) The immunosensor selectivity in the detection of E. coli Top10.
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CFU mL−1 (correlation coefficient: 0.995). The regression equa-
tion was IECL = 22 645.8–3621.7 log(Cbacteria), where IECL and
Cbacteria represents the ECL intensity, and the concentration of E.
coli O157 : H7, respectively. Based on IUPAC standard, the
detection limit was calculated to be 138 CFU mL−1.

In order to evaluate the reproducibility of as-prepared
biosensor, 4 successive assays were measured to detect E. coli
O157 : H7 at various concentrations (3000, 5000 and 100 000
CFU mL−1, Fig. 4C). The RSD was 2.2%, 1.5% and 0.8%,
respectively, indicating its good reproducibility. The stability of
the immunosensor was further investigated. Aer stored for 2
weeks at 4 °C, the ECL intensity of stored biosensors still
remained about 93.5% of the initial intensity, demonstrating
good long-time stability (see Table S2†).

The biosensor selectivity and specicity were later investi-
gated. E. coli Top 10 was used as a contrast in the selectivity
evaluation of the developed biosensor for E. coli O157 : H7,
because there has no O157 and H7 antigen. As shown in Fig. 4D,
the sensor showed almost no obvious ECL response to non-
specic bacteria strain and no apparent ECL intensity change
for E. coli Top 10 at different concentrations (1000 to 10 000 CFU
mL−1). With the further increase of the concentrations in the
range of 10 000–500 000 CFU mL−1, there has slight decrease of
ECL intensity for E. coli top 10 due to the physical adhesion (see
Fig. S7†). Further investigation was performed to prove the
specicity and selectivity of the as-prepared biosensor, which
was exposed to the multiple bacteria solution containing E. coli
© 2022 The Author(s). Published by the Royal Society of Chemistry
O157 : H7, E. coli JM109, E. coli DH5a and E. coli Top 10 with the
same concentration of 1000 CFU mL−1. The ECL intensity for
multiple bacteria was quite close to the blank experiment for
only 1000 CFU mL−1 E. coli O157 : H7 (see Table S3†).

To further conrm the role of E. coli O157 : H7 antibody for
the selectivity and specicity of the biosensor, the sensors
without E. coli O157 : H7 antibody modication were incubated
with 10 000 CFU mL−1 E. coli O157 : H7 and E. coli top 10,
respectively. The ECL responses of the above biosensors were
tested. No obvious changes in the ECL intensity were observed
for either E. coli O157 : H7 or E. coli top 10. The RSD of ECL
signals were only 4.6% and 4.8%, respectively, in comparison
with the blank experiment (see Table S3†). So, the strong
antigen–antibody binding affinity evidently proved the impor-
tant role in capturing E. coli O157 : H7. Such good performance
indicated that the antibody functionalized UCNPs-based
biosensor possessed good binding selectivity, excellent
stability and strong ECL emission, thus had great potential in
facile detection of E. coli O157 : H7.
4. Conclusions

The NaBiF4 : Yb
3+/Er3+UCNPs were successfully synthesized by

a fast and environment-friendly method at room temperature,
which was further utilized for the preparation ECL immuno-
sensor in E. coli O157 : H7 detection for the rst time. The
UCNPs exhibit high ECL intensity and stable cathodic signals in
RSC Adv., 2022, 12, 30174–30180 | 30179
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the presence of K2S2O8. The ECL immunosensor modied with
Anti-E. coli O157 : H7 antibody/Au NPs/UCNPs exhibited
remarkable selectivity, repeatability and operational stability for
the detection of E. coli O157 : H7. A linear detection scope from
200 to 100 000 CFU mL−1 and a low detection limit of 138 CFU
mL−1 for E. coli O157 : H7 have been obtained by using such
novel ECL immunosensor. In this work, cheap and
environment-friendly NaBiF4-type hexagonal UCNPs are ex-
pected to become a potential novel ECL luminophore and could
be further utilized for the detection of other biomolecules such
as cancer biomarkers, demonstrating a promising nanoplat-
form in food safety and disease diagnostics.
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