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A novel molecularly imprinted
electrochemiluminescence sensor based on cobalt
nitride nanoarray electrode for the sensitive
detection of bisphenol St

Rongqi Cheng,? Yulong Ding,® Yaoguang Wang,® Huan Wang, 2 Yong Zhang @& *?
and Qin Wei (9 *@

A substitute for bisphenol A (BPA), bisphenol S (BPS) has endocrine disruptive and toxic effects and could
pose potential risk on human health and the environment. Herein, we fabricated a sensitive molecularly
imprinted electrochemiluminescence (MIECL) sensor for the determination of BPS. CoN nanoarray with
outstanding electrical conductivity was prepared and it directly served as the sensor platform. Especially,
due to the high surface area of the porous CoN nanoarray, the ECL probe of Ru(bpy)s®™ could be
absorbed on the electrode. By means of the cation exchange of Nafion membrane and utilizing
tripropylamine (TPrA) as co-reactant, boosted ECL signals were obtained. Meanwhile, by combining with
molecularly imprinted polymers (MIPs), the constructed sensor achieved specific recognition of BPS. On
the basis of the superior properties of the CoN nanoarray-based electrode, the ECL signal of the
proposed sensor was linearly proportional to the BPS concentration from 2.4 x 107° to 5.0 x
107 mol L™* (R? = 0.9965) with a low limit of detection (LOD) of 8.1 x 10~ *° mol L™* (S/N = 3). To test
the accuracy of the proposed method, the HPLC method was adopted to analyze drinking water
samples as a comparison. The t-test result proved that discrepancies between HPLC analysis and the
method using the fabricated MIECL sensor were acceptable. The developed MIECL sensor with the
sensitive, selective, reproducible, and stable analytical performance provides a potential pathway for the
detection of BPS and other BPA substitutes in drinking water samples.

1. Introduction

For the purpose of food safety and environmental protection,
the use of bisphenol A (BPA) is strictly limited by the European
Union and China. Currently, in response to this restriction,
bisphenol S (BPS) with high thermal stability and low biode-
gradability has been introduced as a BPA substitute." Recently,
BPS has frequently been found in drinking water samples,
which are filled in some “BPA-free” plastic bottles.>* However,
several studies have demonstrated that BPS exerts detrimental
effects such as toxic and endocrine disruptive effects.*®
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Therefore, to reduce the potential risk to human health and
natural environment, the development of a simple and rapid
analytical method for sensing BPS either in everyday life or in
routine testing may be greatly helpful and meaningful.

So far, the determination of BPS has been achieved by
following analytical methods: electrochemical sensor,® high
performance liquid chromatography,” as well as gas chroma-
tography.® Nevertheless, developed techniques suffer from
some inevitable disadvantages, such as complicated pretreat-
ments, low-reproducibility preparations and time-consuming
operations, which greatly hinder their practical application.®
Thus, exploring a simple, fast and reproducible electroanalyt-
ical method is necessary for the detection of BPS.

Electrochemiluminescence (ECL) assay catches great atten-
tion among the electroanalytical techniques because of its
remarkable superiorities including high sensitivity, simplified
equipment, and low background signals. On this basis, ECL
sensors have been used successfully for bioassays in various
analytical fields.'®"* As a typical and extremely important ECL
reagent, Ru(bpy);>" has been extensively applied in constructing
ECL sensors for performing ultrasensitive detection of various
analytes.'>'* Nonetheless, to avoid the leak or dissolution of
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Ru(bpy);>* from the electrode during the detection, stably
immobilizing Ru(bpy);>* onto the electrode is an important
challenge. Nafion, a cation exchange membrane featuring high
ion-exchange selectivity, high chemical stability, and great
biocompatibility, has been employed for the immobilization of
Ru(bpy);>*.** However, the modified electrode conductivity is
easily affected by the Nafion membrane.” For obtaining the
highest ECL signals and thus reducing the background noise, it
is important to load as much amount of Ru(bpy),>* as possible
onto the electrode; it is thus expected that a powerful approach
has to be introduced to address the problems.

In order to solve this situation, several materials including
nano-silica (nano-Si0,),"* multi-walled carbon nanotubes
(MWCNTs)Y and graphene' have been adopted for the
construction of Ru(bpy);>"-Nafion-based ECL sensors to
increase the amount of the loaded Ru(bpy);*, to prevent the
leak of Ru(bpy);>*, and to further promote the ECL sensor
performance. It is worth noting that transition metal nitrides
(MNs) have emerged as novel electrode materials for sensing
applications.” Among the reported MNs, cobalt nitride (CoN)
nanoarray has attracted widespread interest, for the reason that
it possesses high electronic conductivity, large specific surface
areas, favorable catalytic activity, excellent chemical stability
and desirable corrosion resistance.” More importantly, the
well-designed electrode structures or elaborate electrode inter-
faces have significant effects on the ECL sensor performance.*
Nanoarray electrode is a kind of artificially assembled nano-
structure system. During recent years, taking advantage of the
unique properties of high conductivity, large specific surface
areas, close contact with the substrate,”® high mass transfer
rate, operational flexibility and favorable measurement sensi-
tivity of a nanoarray electrode, Xie and colleagues constructed
a electrochemical sensor for glucose and H,0, detection with
cobalt nitride array on Ti mesh as the catalyst electrode.”
porous cobalt nitride nanoarray grown on carbon cloth (CC) as
a bifunctional electrocatalyst was successfully fabricated for
overall water decomposition.>* Thus, more attention should be
paid to utilizing CoN nanoarray electrodes as excellent
supporter platform candidates in the field of ECL sensors
considering their large surface areas, high electronic conduc-
tivity and preparation simplicity.

Molecularly imprinted polymers (MIPs) could form comple-
mentary imprinting cavities to the template in shape, size, and
functional groups in the presence of a target molecule during
their synthesis process. A MIP film modified on the electrode
surface serves as a molecular recognition element with its
unique specific ability, which promotes the selectivity of the
sensor.” MIPs have been introduced for chemical/biological
recognition*® owing to their desirable stability, high selec-
tivity, excellent durability and simplicity.>” Notably, MIPs offer
numerous advantages in the preparation of electroanalytical
chemical sensors, such as simple preparation process,
controllable thickness of MIP film, and uniform polymer
distribution on the electrode surface.”® Based on this, a MIECL
sensor equipped with the combing merits of high sensitivity,
specificity, reusability, stability, automation at low cost and ease
of miniaturization has achieved the detection of different
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targets.>**® To date, focus has been given to improve the MIECL
sensor performance by using nanocomposite materials. Lin
et al. developed a new MIP-ECL sensor based on MWCNTSs/
nano-TiO, nanocomposite for BPA detection.** Necip Atar et al.
proposed a MIECL sensor of atrazine by employing Pt nano-
particle/C3;N, nanotube nanocomposites as the sensor carrier.*
Bahareh Babamiri et al. reported a MIECL sensor which used
GO-Fe;0, composites as the sensing platform for the detection
of creatinine.?® However, difficulties still remain in the further
development of the MIECL sensor. The cumbersome electrode
assembly process in the preparation of these published MIECL
sensors showed detrimental effects on cost, reproducibility, and
mass-scale application of the sensor. In view of the above,
a MIECL sensor based on CoN nanoarray electrode serving as
a novel sensing platform is a good alternative to monitor BPS by
virtue of its low cost, high selectivity, great reproducibility and
desirable sensitivity. As far as we know, CoN nanoarray elec-
trodes have not been studied and reported in the application of
preparing MIECL sensors.

In this work, a novel MIECL sensor was designed for the
sensitive and selective determination of BPS. As shown in
Scheme 1(A), CoN nanoarray grown directly on a carbon cloth
(CC) electrode was firstly prepared by hydrothermal methods
and in situ conversion, which served as a nanoarray electrode.
As shown in Scheme 1(B), Nafion was used for immobilizing
luminophores Ru(bpy);>* via the cation exchange. By virtue of
its unique properties of large surface areas and superior elec-
trical conductivity, CoN nanoarray electrode tremendously
supported a large amount of luminophores Ru(bpy);>*, which
could emit a stronger ECL signal. Besides, due to the MIPs
modified on the CoN nanoarrays loaded with Ru(bpy);>*-Nafion,
stable and accurate ECL signals were obtained. Then, in the
presence of the template molecules BPS, the ECL response of
the sensor gradually reduced with increasing BPS concentra-
tion. Based on the elution and adsorption of the template
molecules in MIPs, the template BPS was specifically recog-
nized, and the MIECL sensor was endowed with good selectivity
to achieve the quantitative determination of BPS. Eventually,

A CHCQ, ONFCC CoNCC
Carbon fiher i | E Ii“
Hydruthermal Ndtriding
* aromth ' treatment ’
Curbon cloth ( “urban choth Carbon cloth
i — MIP
= Elution
—— Rehinid
3
Huliun Rle| I( Ldetestion
—
Time «
b conce ® Ruibpy Nafion MIPs & nes

Scheme 1 Schematic of (A) the preparation process of CoN/CC and
(B) fabrication procedure of the MIECL sensor.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Paper

the constructed MIECL sensor received a satisfactory analytical
feedback for the determination of BPS in drinking water
samples.

2. Experimental

2.1 Chemicals and apparatus

Cobalt nitrate (98%), 2-methacrylic acid (MAA, 99%), ammo-
nium fluoride (95%), ethylene glycol dimethacrylate (EDMA,
98%), acetonitrile (AR), BPS and azobisisobutylnitrile (AIBN,
98%) were supplied by Macklin (Shanghai, China). In addition,
tris(2,2-bipyridyl)dichlororuthenium(u) hexahydrate (Ru(bpy)s-
Cl,-6H,0), urea (99%), potassium ferricyanide (Ks[Fe(CN)s]),
potassium ferrocyanide (K3;[Fe(CN)s]), potassium chloride (KCI)
and potassium nitrate (KNO;) were purchased from Sinopharm
(Beijing, China). All the reagents used in the experiment were
analytical grade reagents, and ultrapure water (18.25 MQ cm™ )
was used throughout the experiments.

The microstructure of the products was observed by scan-
ning electron microscopy (SEM, JSM250F) and transmission
electron microscopy (TEM, JEOL JEM-2100F). The X-ray
diffraction (XRD) pattern was measured by the D8 focus
diffractometer (Bruker AXS, Germany). The XPS analysis was
performed on the Thermo ESCALAB 250XI system. The elec-
trochemiluminescence measurements were carried out on the
model MPI-F flow injection chemiluminescence detector
(Remax, China). The RST 5000 electrochemical work station
(Suzhou Ruisite Instrument Co, Ltd) was applied to accomplish
the electrochemical impedance spectroscopy (EIS) measure-
ments. The tube furnace that we used was acquired from Zhong
yi guo ke (Beijing, China).

2.2 Preparation of CoN/CC

Commercial CC (3 cm x 2 cm) was hydrothermally pretreated
in a 10% nitric acid solution at 120 °C for 2 h to enhance the
hydrophilicity at first. Afterward, the pretreated CC (3 cm x 2
cm) was washed with ultrasonic water, and placed in a beaker
containing ethanol for the subsequent experiments. For the
preparation of the CoN/CC, 2 mmol of cobalt nitrate, 6 mmol of
urea and 4 mmol of ammonium fluoride were firstly dissolved
in 30 mL distilled water under magnetic stirring to achieve
a homogeneous solution. Then, the mixed amaranthine solu-
tion was poured into a 50 mL Teflon-lined stainless-steel auto-
clave. Subsequently, the pretreated CC (3 cm x 2 cm) was
vertically placed into the solution in the autoclave, following
which it was reacted at 120 °C for 6 h. After the autoclave cooled
to ambient temperature, the cobalt hydroxide nanoarray grown
on CC was rinsed with ultrasonic water. The cobalt hydroxide
nanoarray precursor was obtained, following which it was dried
in a vacuum oven overnight at 60 °C. At last, the well-prepared
cobalt hydroxide nanoarray precursor was in-site converted to
CoN nanoarray following the nitride process. Specifically, after
purging with argon gas (Ar) for 15 min in a tubular furnace, the
obtained cobalt hydroxide nanoarray precursor was placed into
a clean porcelain boat and then the boat was moved to the
middle of the tubular furnace. The nitride reaction was
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performed in ammonia gas in the tube furnace at 380 °C for 3 h
at a heating rate of 5 °C min~". After cooling down to room
temperature with the protection of Ar gas, CoN/CC was
prepared.

2.3 Preparation of MIP and non-imprinted polymer (NIP)
precursor solution

The MIP precursor solution was prepared by bulk polymeriza-
tion method. Firstly, 0.008 mmol of BPS as template molecule
and 0.4 mmol of 2-methacrylic acid (MAA) as functional
monomer were added into a beaker to dissolve ultrasonically.
Next, the above solution mixture was magnetically stirred to
dissolve by the addition of 10 mmol of ethylene glycol dime-
thacrylate (EDMA) as cross-linking agent and 1 mmol of azo-
bisisobutylnitrile (AIBN) as initiator. Finally, the obtained
transform solution used as MIP precursor solution was pro-
tected under N, atmosphere. The NIP precursor solution was
prepared by the same process as that of preparing the MIP
precursor solution in the absence of BPS.

2.4 Preparation of the MIECL sensor

As illustrated in Scheme 1(B), 6 puL of Nafion was firstly coated
on the prepared CoN/CC electrode surface (0.5 cm x 0.5 cm)
and dried in air. Then, the above modified electrode was soaked
in 5 mmol L™" Ru(bpy);>* solution for 30 min incubation and
naturally dried to form the light-emitting layer on the electrode
(named as Ru(bpy),*>*/Nafion/CoN/CC electrode). After that, the
decorated electrode (named as MIP/Ru(bpy);>*/Nafion/CoN/CC
electrode) was acquired by immersing into the prepared MIP
precursor solution for 6 min incubation. The above obtained
electrode was immersed in methanol/acetic acid (9:1, v/v)
solution with gentle stirring for 10 min to remove the BPS
template after the electrode was dried in the air. Finally, the
resulting electrode was subsequently washed with water and
allowed to dry naturally (denoted as eluted MIP/Ru(bpy);>/
Nafion/CoN/CC electrode), which was the MIECL sensor
preserved for further The non-imprinted electro-
chemiluminescence (NIECL) sensor was prepared in light of the
same procedure as above except for replacing the NIP precursor
solution for the MIP precursor solution.

use.

2.5 Electrochemical and ECL measurement

MPI-F ECL analyzer and electrochemical impedance spectros-
copy (EIS) were applied for the ECL and electrochemical
measurements, respectively. A three-electrode system was
established for recording the ECL response, including the
prepared CoN nanoarray electrode as the working electrode,
platinum as the counter electrode, and Ag/AgCl as the reference
electrode. With regard to the ECL test, the electrode was
immersed in 10 mL of 0.1 mol L™ PBS (pH = 7.4) containing
55 mmol L' of TPrA as co-reactant at room temperature and
the voltage of the photomultiplier tube (PMT) was set at 800 V
with the scan potential range from 0.0 V to 1.5 V. The EIS
detection was conducted in a solution containing 2.5 mmol L™*
K3[Fe(CN)g]/K4[Fe(CN)g] and 0.1 mmol L' KCI. The frequency
range was set between 100 mHz and 100 kHz.
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3. Results and discussion

3.1 Morphology and structure characterization of the MIECL
sensor

The morphology of the CoN precursor, CoN/CC, MIP/
Ru(bpy);>*/Nafion/CoN/CC, and NIP/Ru(bpy);>*/Nafion/CoN/CC
were, respectively, characterized by a scanning electron micro-
scope (SEM). As presented in Fig. 1A, the CoN precursor pre-
sented a needle-like nanoarray morphology. As shown in
Fig. 1B, the overall structure of the needle-like nanoarray
remained unchanged after the ammonia nitride trans-
formation. An evenly covered MIP film on the modified elec-
trode can be found in Fig. 1C. Fig. 1D displays that the NIP
membrane was also distributed on the modified electrode
surface uniformly. The morphology of MIP/Ru(bpy),>*/Nafion/
CoN/CC before elution and NIP/Ru(bpy);>*/Nafion/CoN/CC
before elution showed no difference. The detailed structure of
CoN/CC was confirmed by transmission electron microscopy
(TEM) analysis. The porous structure of CoN/CC was observed
as exhibited in Fig. 1E and F.

The X-ray diffraction (XRD) spectrum was employed for
analyzing the phase composition of the samples. As shown in
Fig. 2A, four diffraction peaks appeared, corresponding to the
(111), (200), (220), and (311) crystal phase reflection of CoN
(JCPDS 16-0116). To validate the surface elemental composition
and the valence states of the CoN nanoarrays, the X-ray photo-
electron spectroscopy (XPS) test was conducted. As displayed in
Fig. 2B, the characteristic diffraction peaks located at 284.8 eV,
399.4 eV, 529.7 eV, and 780.6 eV were attributed to C 1s, N 1s, O
1s, and Co 2p, respectively. Furthermore, as shown in Fig. 2C, by
the deconvolution of the Co 2p spectrum of the CoN nano-
arrays, two peaks appeared at 780.5 eV and 787.1 eV and were
indexed to the spin-orbit splitting values of Co 2ps,,. The two
peaks at 796.6 eV and 802.9 eV were ascribed to the spin-orbit
splitting values of Co 2p;,. Moreover, the peaks centered at
780.5 eV and 796.6 eV were assigned to Co(m) and the two peaks
at 787.1 eV and 802.9 eV corresponded to Co(u).** The results

Fig. 1 (A) SEM images of CoN precursor, (B) CoN/CC (the inset dis-
playing the corresponding SEM image at high magnification), (C) MIP/
Ru(bpy)s>*/Nafion/CoN/CC before elution, (D) NIP/Ru(bpy)s®*/
Nafion/CoN/CC before elution, (E) low-magnification TEM image of
CoN/CC, (F) high-magnification TEM image of CoN/CC.
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Fig. 2 (A) XRD patterns of CoN nanoarrays, (B) wide-scan XPS spec-
trum of CoN nanoarrays, (C) XPS spectrum of the deconvoluted Co 2p
of CoN nanoarrays, (D) XPS spectrum of the deconvoluted N 1s of CoN
nanoarrays, (E) N, sorption isotherm curve of CoN nanoarrays, (F) BJH
pore-size distribution of CoN nanoarrays.

suggested that the Co(u) species in the CoN precursor (ie.,
Co(CO03)o.5(0OH)-xH,0) were converted into Co(um) species in
CoN. A typical peak appeared at 780.5 eV in the Co 2p spectrum,
which was ascribed to the binding energy of the Co-N bond. As
illustrated in Fig. 2D, by the deconvolution of the
deconvoluted N 1s spectrum of the CoN nanoarrays, two peaks
centered at 399.6 eV and 398.3 eV were observed, which
belonged to Co-N and pyridinic N.*>*® The peak at 399.6 eV
belonged to Co-N bonds in the N 1s spectrum, which was in
good agreement with the peak located at 780.5 eV in the Co 2p
spectrum. The above results indicated that the CoN nanoarrays
were prepared successfully.

The nitrogen adsorption-desorption experiment at 77 K was
performed to further verify the porous structure of the CoN
nanoarrays. In accordance with the Brunauer-Emmett-Teller
(BET) analysis, the CoN nanoarrays showed the typical IV
isotherm adsorption lag characteristics as depicted in Fig. 2E,
suggesting the presence of numerous mesopores in the CoN
nanoarrays. Meanwhile, the rise in the adsorption ability in the
curve at the lower relative pressure (p/p, < 0.2) indicated the
existence of micropores. The specific surface area of the CoN
nanoarrays was around 143.09 m” g~ ', The corresponding pore
size distribution plots are exhibited in Fig. 2F, which were
calculated from the adsorption branch of the nitrogen adsorp-
tion isotherm with the Barrett-Joyner-Halenda (BJH) method.
This further demonstrated that there were no abundant meso-
porous (~4.2 nm) in the CoN nanoarrays, which contributed to
the exposure of the active sites and the penetration of liquid
electrolytes.”

To further validate the successful polymerization of the BPS
MIP, the Fourier transform infrared (FTIR) spectra of BPS, MAA,
and BPS-MIP are given in Fig. S1A.f In curve a, the peak at
around 3496 cm ' suggested the presence of a hydroxyl group
(-OH) in BPS. The band at about 1502 cm ™" corresponded to the
stretching vibration of the benzene ring skeleton -C=C. The
small band at about 2970 cm ™" represented the existence of the
—-C-H stretching vibration. The -C-O stretching vibration

© 2021 The Author(s). Published by the Royal Society of Chemistry
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located at around 1245 cm ™" was also observed. The existence of
the -OH group in the spectrum of MAA (curve b) was confirmed
by the broad absorption from 3500 cm ™" to 3700 cm ™. Mean-
while, the peak at around 1723 cm ™" could be attributed to the
carbonyl group (-C=O0) in both MAA and crosslinking agent
EDMA. The absorption peaks in curve ¢ at 1154 cm ',
1257 cm™ ', 1458 cm ' were, respectively, assigned to the
symmetric vibration -C-O-, the asymmetric stretching vibra-
tion -C-O- and the bending vibration -CH,-, respectively, in
both MAA and EDMA.*® The absorption band in the range
(2800-3000 cm ') demonstrated the appearance of methyl
(-CH3) and methylene groups (-CH,) in both MAA and cross-
linking agent EDMA.* The carbonyl (-C=0) functional groups
of MAA could interact with the hydroxy (-OH) functional groups
of the template BPS through hydrogen bonds. The above results
confirmed the successful synthesis of BPS-MIP.

3.2 Preparation and identification mechanism of the MIP
for BPS

In the conventional bulk polymerization process, the carbonyl
functional groups of MAA could build hydrogen bindings with
the hydroxy functional groups of the template BPS. EDMA,
which possesses two allyl groups, is utilized as the crosslinking
agent to control the stability of the imprinted cavity and the
flexibility of the polymer matrix.*” The eluent methanol/acetic
acid (9: 1, v/v) solution removes the template molecule BPS
by breaking the hydrogen bonds between MAA and BPS. The
elution of the target molecules BPS on the MIP film leaves the
imprinted binding cavities complementary in size and shape to
the template BPS. These imprinted binding sites could specifi-
cally recognize the template molecule BPS through hydrogen
bond interaction and shape, size identification.

3.3 Electrochemical characterization of the MIECL sensor

The stepwise procedure for the characterization of the MIECL
sensor was via the EIS method. EIS Nyquist plots were
composed of a high-frequency semicircular portion corre-
sponding to the limited process of electron transfer and a low-
frequency linear part relating to the diffusion-controlled
process. The diameter of the semicircle corresponds to the
electron transfer resistance (R), which indicates the changes in
the electrode-solution interface.* As illustrated in Fig. 3A,
a small semicircle appeared for CoN/CC (curve a), manifesting
that the CoN/CC electrode exhibited an extraordinary conduc-
tivity as well as a high enlarged specific surface area. When the
MIP film was covered on the surface of Ru(bpy),>*/Nafion/CoN/
CC, the electron transfer resistance value (curve d) significantly
increased by reason of the restriction of a dense non-conductive
film. Whereas the corresponding resistances (curve b) dimin-
ished dramatically after the extraction of the template mole-
cules, denoting that the cavities exposed as electron transfer
channels could facilitate the [Fe(CNg)]>™"*~ probe to the elec-
trode surface. Subsequently, conspicuous enhancements in
impedance values were observed again (curve c) after rebinding
with 1.0 x 10° mol L " BPS. The reason was that most of the
empty binding cavities masked by the template molecules made

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) EIS responses of stepwise-assembled electrodes: (a) CoN/

CC. (b) eluted MIP/Ru(bpy)s>*/Nafion/CoN/CC, (c) rebinding MIP/
Ru(bpy)s>*/Nafion/CoN/CC, (d) MIP/Ru(bpy)s>*/Nafion/CoN/CC in
a solution containing 2.5 mmol L™' Kz[Fe(CN)gl/K4lFe(CN)gl and
0.1 mmol L~* KCL; (B) ECL profiles of each electrode modification step
in 10 mL of 0.1 mol L™ PBS (pH 7.4) containing 55 mmol L~ of TPrA: (a)
Ru(bpy)s>*/Nafion/CoN/CC, (b) eluted MIP/Ru(bpy)s>*/Nafion/CoN/
CC. (c) rebinding MIP/Ru(bpy)s>*/Nafion/CoN/CC, (d) MIP/Ru(bpy)z>*/
Nafion/CoN/CC; (C) CV curves of 0.1 mol L~* BPS in 0.1 mol L™* PBS
(pH 7.4), (D) ECL intensity—potential curves of (a) Ru(bpy)s>*/Nafion/
CoN/CC, (b) eluted MIP/Ru(bpy)s®*/Nafion/CoN/CC, (c) rebinding
MIP/Ru(bpy)s>*/Nafion/CoN/CC, (d) MIP/Ru(bpy)s>*/Nafion/CoN/CC
in 10 mL of 0.1 mol L™* PBS (pH 7.4) containing 55 mmol L~* of TPrA.

the electron transport much harder. These impedance changes
confirmed the successful construction of the proposed MIECL
sensor.

The cyclic voltammetry characterizations of various elec-
trodes were investigated (Fig. S1Bt). It was observed that there
was a pair of reduction-oxidation peaks on the bare CC elec-
trode (curve a). Following the CC electrode surface modification
by Nafion-Ru(bpy),;>*, the redox peaks nearly disappeared (curve
b), which was due to the fact that the one-electron redox reac-
tion of Fe(CN)s>/*~ was inhibited by the Nafion film.” The
remarkable enhancements in the redox peak currents were
observed (curve c) after the introduction of the CoN/CC elec-
trode, revealing that the excellent electrical conductivity of the
CoN/CC electrode was conducive to accelerate the electron
transfer process.

3.4 ECL characterization of the MIECL sensor

The obvious differences in the ECL response during the
assembly process of the constructed sensor were investigated.
As shown in Fig. $1C,T the ECL intensity of Ru(bpy);>"/Nafion/
CoN/CC (curve f) was much stronger than that of Ru(bpy);>"/
Nafion/CC (curve e), which could be attributed to the CoN
nanoarray as supporter with a predominant conductive prop-
erty and a large surface area. Simultaneously, as presented in
Fig. 3B, the ECL response was further amplified (curve a) since
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the luminophore Ru(bpy);** was loaded on the electrode by the
cation exchange of the Nafion membrane and the luminophore
Ru(bpy);>" could be absorbed on the porous CoN nanoarray
electrode with a large surface area and superior conductivity.
The ECL emission descended sharply (curve d) after the intro-
duction of the MIP film, indicating the direct hindrance of the
electron transfer between the co-reactant TPrA and Ru(bpy)s>*.
Furthermore, on account of the generation of recognition sites,
the ECL value was elevated (curve b). Afterwards, the template
molecules rebound with the MIP pores because the similarity in
size and shape to holes prevented the co-reactant TPrA from
accessing the electrode surface, and, eventually, the ECL
intensity reduced again (curve c). As a comparison, the ECL
emission of the NIP/Ru(bpy),*'/Nafion/CoN/CC electrode (curve
g) in Fig. S1D} was higher than that of the MIP/Ru(bpy);>*/
Nafion/CoN/CC electrode (curve d) in Fig. 3B. A slight ECL
intensity change of the eluted NIP/Ru(bpy);>*/Nafion/CoN/CC
electrode (curve h) is also observed in Fig. S1D, which was
due to the fact that specific recognition sites were absent on the
eluted NIP/Ru(bpy);>*/Nafion/CoN/CC electrode surface. Addi-
tionally, the ECL response of the NIECL sensor after rebinding
the template BPS (curve i) slightly reduced owing to the lack of
specific imprinted binding sites in the NIECL sensor. The above
results further indicated that the proposed MIECL sensor
exhibited a favorable specific recognition capability towards
BPS.

3.5 The sensing mechanism of the MIECL sensor

The possible mechanism of the proposed MIECL sensor during
ECL electron transfer was discussed. The co-reactant TPrA was
electrooxidized to TPrA"* and meanwhile Ru(bpy);>* was
oxidized to Ru(bpy)s;*". Then, the short-life TPrA™" was proton-
ated to form TPrA’ intermediate, producing an excited state
Ru(bpy);>** through the procedure of electron transfer. After-
wards, the unstable Ru(bpy);*>"* was returned to the ground
state Ru(bpy);>" releasing the photons to generate a stronger
electrode. However, the ECL behavior was effectively restrained
in this system after the introduction of BPS. Fig. S3AT presents
two UV absorption peaks at 225 nm and 274 nm (curve a), which
belonged to individual BPS. As depicted in Fig. S3A,t the UV
absorption band of individual Ru(bpy);>" appeared at 285 nm
and 453 nm, corresponding to the w—m* transition and metal-
to-ligand charge transfer of Ru(bpy);>* (curve b), respectively.
However, in the case of the coexistence of BPS and Ru(bpy);**,
the adsorption peaks of the mixture were exactly the merging of
their individual ones (curve c), indicating that the two species
can't directly react with each other. Similarly, it was found
(Fig. S3BY) that no direct chemical reaction between BPS and
TPrA can be expected. Besides, Fig. S3Ct exhibits that the
adsorption bands of the Ru(bpy);>*/TPrA/BPS mixture (curve c)
were exactly the sums of the individual ones (curve a, curve b),
illustrating that these species can't react with each other. The
irreversible electro-oxidation peak of BPS at 0.45 V was observed
in the cyclic voltammetry curve (Fig. 3C), which was much lower
than that of Ru(bpy);>". As a consequence, it could be inferred
that their inhibition capacity could be originated from the
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oxidation product of BPS. Similar to previous reports,**** the
ECL quenching mechanism might be ascribed to the electron
transfer process between the excited state Ru(bpy);>"* and the
BPS oxidation product. In this reaction process, the electrons of
Ru(bpy);>"* were moved to the BPS oxidation product and
Ru(bpy);*** decayed to Ru(bpy);>" to achieve ECL emission.
Then, the reduced ECL response was obtained.

In order to further clarify this process, the corresponding
ECL potential responses were recorded (Fig. 3D). The Ru(bpy),>*
was modified on the CoN nanoarray electrode, and a stronger
ECL emission (curve a) was generated at 1.39 V in the presence
of TPrA. The remarkable decrease in the ECL response (curve d)
could be explained by the formed nonconductive MIP
membrane blocking TPrA from reaching the electrode surface.
However, the ECL signal enhancements were observed again
(curve b) after washing the MIP layer with methanol/acetic acid
(9:1 in volume), originating from the TPrA entering the
molecularly imprinted cavities acting as the electron transfer
tunnels. Subsequently, the ECL response declined again (curve
c) with the formation of a compact non-conducting polymer
film, and, meanwhile, the target BPS played a crucial role in
inhibiting the luminous efficiency of Ru(bpy);>". Apparently,
the ECL value after rebinding with the template molecules
(curve c) was lower compared with the ECL intensity in the
absence of BPS (curve b). The reason behind this might be that
the majority of the cavities were occupied by the template
molecules, which suppressed electron transportation. Given the
ECL value change, the use of the MIECL sensor will be a prom-
ising analysis method candidate for detecting BPS.

3.6 Optimization of experimental conditions

For the purpose of fulfilling the best performance of the MIECL
sensor, the effects of experimental conditions such as the pH
value of PBS, the concentration of Ru(bpy);>", the concentration
of TPrA, the molar ratio of template to monomer, and the
incubation time of MIP were optimized. The effect of pH on the
ECL intensity was evaluated in 10 mL of 0.1 mol L™ PBS con-
taining 55 mmol L™ " of TPrA. As depicted in Fig. S2A, when the
pH of the test solution was 7.4, the ECL response reached the
peak value. In this case, the experimental result demonstrated
that pH 7.4 was favorable. The ECL signal was recorded in the
Ru(bpy);>* concentration range of 2-7 mmol L ™" as exhibited in
Fig. S2B.1 The ECL signal enhanced gradually with the increase
in Ru(bpy);>" concentration within 5 mmol L™" and began to
decrease thereafter. Even though the high concentration of
Ru(bpy);>* was beneficial to promote the ECL value of the
sensor, excessive amount of Ru(bpy);>" would increase the
impedance in the modified layer, leading to the reduction in the
emission signal. Therefore, 5 mmol L™ " Ru(bpy);>" was selected
for the subsequent study. The optimum concentration of TPrA
was investigated (Fig. S2Ct) in PBS with the optimal pH value.
The ECL response ascended with increasing concentration of
TPrA, firstly, reached a maximum ECL value at 50 mmol L%,
and then showed a distinct downward trend. As a result, the
concentration of 50 mmol L™ " was used in the following assays.
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The effect of the monomer to template ratio was investigated
in this experiment. A series of MIECL sensors prepared with
different ratios (50:1, 100:1, 150:1, 200 :1, 300 : 1) were
analyzed by rebinding with 8.0 x 10~° mol L™" of the template
BPS. Fig. S2Df exhibits that the optimum ECL intensity
response was obtained at a monomer/template ratio of 100. It
had an adverse impact on rebinding affinity when the
monomer/template ratio was lower or higher than 100. At the
ratio of less than 100, the amount of the functional monomer
was too inadequate to combine enough template molecules,
leading to the difficulty in forming effective imprinted binding
sites.”” Nevertheless, at the ratio of higher than 100, fewer
template molecules were involved in the formation of MIPs,
resulting in fewer number of recognition sites in the polymer
structure.*® Therefore, the monomer/template ratio of 100: 1
was employed for this work.

Besides, the value of appropriate incubation time (as shown
in Fig. S2Et) was an indispensable factor affecting the ECL
response. The prepared sensor was immersed into the BPS
molecular polymer solution for 2-12 min in this experiment,
and the ECL signal variation was recorded every two minutes.
When the incubation time reached 8 min, the higher ECL signal
occurred. As is known to all, the sensitivity of the MIECL sensor
depends on the number of effective recognition sites in the MIP.
The shorter the incubation time is, the thinner the MIP film will
be. Consequently, there will be insufficient effective imprinting
cavities with the thinner film, leading to low binding capacity.
The longer the incubation time is, the thicker the imprinted
membrane will be. However, too thick MIP film hinders the
complete removal of template molecules. Hence, 8 min was
adopted as the incubation time for further experiments. Addi-
tionally, the effect of elution time from 2 min to 12 min on the
ECL intensity was studied. As can be seen in Fig. S2F,T the ECL
intensity gradually enhanced with the increasing elution time
varying from 2 min to 10 min, and then reached a steady value
after 10 min. Thus, 10 min was selected as the optimal elution
time.

3.7 Sensing performance of the MIECL sensor

After affirming the optimal conditions, the quantitative deter-
mination of BPS was conducted with the fabricated MIECL
sensor. As exhibited in Fig. 4A, the ECL response (I, where I
represents the obtained ECL intensity) descended gradually
accompanying the increasing concentration of BPS. It can be
seen (Fig. 4B) that after rebinding with BPS, the ECL response
difference Alycy, (Algcr = Iy — I, where I, stands for the original
ECL intensity) exhibited a good linear relationship towards the
logarithm of BPS concentration from 2.4 x 10" ° mol L " to 5.0
x 107> mol L™, The linear regression equation was described
as Algcp (a.u.) = 1053.4 1g C (mol L) + 11 510 with a correla-
tion coefficient of 0.9965. The limit of detection (LOD) was
figured to be 8.1 x 10~ '° mol L ™" at a signal-to-noise ratio of 3.
To further prove the superior sensing performance of the
proposed MIECL sensor, we compared this method with the
previous reports for detecting BPS. It can be clearly noticed that
the proposed MIECL sensor studied in this work presented
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Fig. 4 (A) ECL-time curves of the MIECL sensor with different
concentrations of BPS (@ — i): 0, 24 x 107° mol L% 1.0 x
1078 mol L™, 5.0 x 1078 mol L™%, 1.0 x 1077 mol L™, 1.0 x
1078 mol L™ 1.0 x 10> mol L™, 5.0 x 107> mol L™, (B) calibration
curves of the MIECL sensor, (C) selectivity of the MIECL sensor and the
NIECL sensor, (D) reproducibility of six MIECL sensors incubated with
1.0 x 10°® mol L~* BPS.

awider linear range and/or a lower LOD in comparison with the
other published BPS detection methods (Table S1}). Due to the
fact that the research on the ECL method for detecting BPS is
scarce, we made a comparison between the present work and
other reported ECL methods to determine BPA (BPS is used as
a substitute for BPA). The corresponding comparison results
listed in Table S2T suggested that the developed MIECL sensor
achieved a more sensitive BPS detection. The wider linear range
and/or the lower LOD of the MIECL sensor may be attributed to
the CoN nanoarray electrode merits including large surface
areas, a porous feature, and high electronic conductivity, which
was beneficial to facilitate the electron transfer and effectively
increase the active sites for binding to BPS. As for real sample
testing, the broader linear range made the preparation of the
sample solution more convenient.

3.8 Selectivity, reproducibility and stability of the MIECL
sensor

In order to assess the selectivity of the fabricated MIECL sensor
for BPS detection, the structurally similar compounds (100 folds
phenol and BPA, 50 folds resorcinol, m-cresol, p-nitrophenol,
and cresol) were selected as the interfering substances for
specific recognition study. As presented in Fig. 4C, there was no
significant ECL response change from the MIECL sensor in the
mixtures containing BPS and other interfering substances
compared to that of the sensor with only BPS. Meanwhile, in the
coexistence of BPS and interference substances, an evident ECL
signal change from the NIECL sensor was observed (Fig. 4C).
The reason was the lack of selective recognition sites in the
NIECL sensor. The selectivity of the proposed sensor lay in the
imprinted binding sites on the MIP membrane. The target BPS
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could be specifically recognized on the imprinted binding sites
via hydrogen bonding, shape and size. Hence, the above results
illustrated that the developed MIECL sensor presented satis-
factory selectivity towards BPS detection.

With aim of confirming the reproducibility of the proposed
sensor, the ECL intensities of six different sensors prepared
under the same conditions were measured. As shown in Fig. 4D,
a desirable result with a relative standard deviation (RSD) value
was calculated as 2.85%. Moreover, the repeatability of the
MIECL sensor was also evaluated. The ECL response of the
proposed MIECL sensor was measured for a new BPS solution
(1.0 x 107° mol L") each time after six elution-readsorption
cycles. As can be seen from Fig. S4A, the ECL intensity
exhibited a slight decline after six times of tests and the relative
standard deviation (RSD) was less than 1.46%, revealing that
the MIECL sensor possessed desirable repeatability for BPS
detection. At the same time, the long-time stability of the
MIECL sensor was investigated. The freshly prepared MIECL
sensor was stored in the refrigerator at 4 °C for subsequent use.
The ECL intensity of the MIECL sensor was detected in 10 mL of
0.1 mol L™" PBS (pH 7.4) containing 50 mmol L™" of TPrA after
one week, two weeks, three weeks, and four weeks, respectively.
As portrayed in Fig. S4B and C,t the ECL intensity decreased by
5.8% after two weeks. The MIECL sensor maintained over 85%
of its original response value after a storage period of four
weeks, meaning that our constructed MIECL sensor exhibited
acceptable stability towards BPS.

3.9 Analysis of BPS in real sample

To further appraise the reliability of the proposed method in
practical applications, the pretreated MIECL sensor was
employed to detect BPS in drinking water samples via the
standard addition method. The drinking water samples were
obtained from a shop in the University of Jinan. To begin with,
the drinking water samples were appropriately processed with
0.1 mol L ™" PBS (pH 7.4) buffer in accordance with a previous
report.”” Then, three drinking water samples were prepared by
spiking with BPS standard solution at different concentrations
(5.0 x 10°®mol L™, 10.0 x 10 °*mol L ™", 15.0 x 10 °*mol L™ 1).
Subsequently, the recovery experiments were carried out. The
fabricated MIECL sensor was immersed into the resulting
sample solutions for ECL signal detection and 10 mL of
0.1 mol L™ PBS (pH 7.4) including 50 mmol L™ " of TPrA was
utilized as co-reactant. The measurement of each sample was
carried out in quintuplicate. With the aim of testifying the
accuracy of the proposed method, the high performance liquid
chromatography (HPLC) method was also adopted to analyze
the drinking water samples. The corresponding detection
results are listed in Table S3.1 It was found that the discrep-
ancies between the analysis using HPLC and the developed
MIECL sensor were acceptable. The t¢test was applied to
compare the HPLC method with the present method. It can be
seen from Table S47 that the calculated ¢ value was less than
2.306 at the confidence level of 95%. The results indicated that
no obvious difference between the two approaches appeared at
the confidence level of 95%. Besides, the recovery range of the
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proposed sensor was between 98.0% and 104.6% with the RSD
ranging from 2.6% to 3.3%, which proved that the fabricated
sensor had a promising prospect for application in real sample
analysis.

4. Conclusion

For the sensitive and rapid detection of BPS, a novel and robust
MIECL sensor was constructed based on combining CoN
nanoarray electrode and MIP technology. The stable ECL probe
of Ru(bpy);>* was loaded on the nanoarray electrode surface
through the physical adsorption of the CoN nanoarrays and
cation exchange of Nafion, and the excellent anodic ECL
response of Ru(bpy);>* could be obtained by virtue of the high
surface areas and excellent electrical conductivity of the CoN
nanoarrays. Besides, the enhancement of the ECL intensity was
observed after the elution of the template molecule. Afterwards,
with the introduction of the target molecules of BPS, the
molecularly imprinted cavities of the eluted MIPs were occupied
by the targets, resulting in an apparent decrease in ECL
response. Due to the combination of the ECL behavior and the
specific recognition property of MIPs, the established MIECL
sensor presented outstanding characteristics such as sensi-
tivity, stability, reproducibility, repeatability, and broad linear
range within 2.4 x 107° mol L™ to 5.0 x 10™> mol L' with
alow LOD of 8.1 x 10" mol L™ . In this way, the obtained MIP-
ECL sensor showed great promise in monitoring BPS and its
analogues.
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