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Environmental pollution caused by aromatic compounds such as catechol (Cat) has become a major issue
for human health. However, there is no simple, rapid, and low-cost method for on-site monitoring of Cat.
Here, based on ECL quenching mechanism, we develop a simple, rapid and visual mesoporous silica
(MSNs)-electrochemiluminescence (ECL) sensor for on-site monitoring of Cat. The mechanism of ECL

2** and the interactions between the

quenching is due to the interaction between Cat and Ru(bpy)s
oxidation products of Cat and DBAE. MSNs films with ordered perpendicular mesopore channels exhibit
an amplification effect of ECL intensity due to the negatively charged pore channel. There is a good
linear relationship between ECL intensity and Cat concentration in the range of 10 ~ 1000 pM with the

limit of detection (LOD) of 9.518 pM (R> = 0.99). The on-site sensor is promising to offer new
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1 Introduction

Environmental pollution caused by aromatic compounds such
as catechol (Cat) has become a major issue for human health.*
Cat is a vital reagent for industry, which is widely used in
medicines, dyes, cosmetics, textiles, and the petrochemical
industry.* It is a typical phenolic compound that is listed as
a potential human carcinogen even at low concentrations.”> Cat
pose a serious threat to human and environmental health
worldwide, and can lead to toxicity to liver, central nervous
system and DNA replication.® Therefore, there remains an
unmet need to develop a method for determination of Cat
concentration for the safety of the environment.

Several analytical techniques including spectrophotometry,”
chromatography,® and biosensors®** are widely used for Cat
analysis.”> These methods offer excellent accuracy and preci-
sion,™ but suffer from limitations of cumbersome operation,
expensive instruments, and time-consuming. Electrochemical
techniques (EC) are arousing more and more research interests
for Cat analysis,**® due to their broad dynamic range, excellent
temporal controllability, and high sensitivity. A novel 3D aloe-
like Au-ZnO nanocomposite was synthesized on ITO substrate

“Hunan Provincial Maternal and Child Health Care Hospital, Changsha 410008,
Hunan, China. E-mail: njcpuxy4936@163.com

’Key Laboratory of Study and Discovery of Small Targeted Molecules of Hunan
Province, Department of Pharmacy, School of Medicine, Hunan Normal University,
Changsha 410013, Hunan, China

‘Experimental Soft Condensed Matter Group, School of Engineering and Applied
Sciences, Harvard University, Cambridge, Massachusetts 02138, USA

17330 | RSC Adv, 2022, 12, 177330-17336

opportunities for pharmaceuticals analysis, on-site monitoring, and exposure risk assessment.

with laccase immobilization, achieving detection of trace Cat in
water."”” An non-enzymatic ZnO WE based strip sensor was
developed for the detection of Cat."* Simultaneous determina-
tion of Cat and hydroquinone was achieved using the truncated
cube-shaped gold/Prussian blue analogue (Au/PBA) nano-
composites.”® An amperometric biosensor design based on
AuNCs and polyelectrolytes in conjunction with tyrosinase for
sensitive detection of Cat.* A biosensor based on the ordered
mesoporous carbon nitride material (MCN) to convert the
recognition information into a detectable signal with enzyme
firstly, which realize the selective detection of Cat and phenol in
compost bioremediation samples.” Various nanomaterials have
been used for Cat analysis, however, there still remains a need
for an ideal nanomaterial for on-site Cat analysis.

Mesoporous silica nanochannels (MSNs) are a film with
vertical channel whose pore diameter is 2 ~ 3 nm. Due to MSNs'
robust nanostructure and extraordinary properties including
high surface area, and controlled pore size, they have attracted
considerable attention for the on-site and real-time analysis.'*>*
Because of the deprotonation of silanol groups with an
isoelectric point of 2 ~ 3,>»** MSNs repel the transport of anion
while favoring that of cation, and are employed to enrich the
luminophores. MSNs membranes can amplify the ECL signal
due to electrostatic attraction between silanol groups and
Ru(bpy);>*. MSNs enhance ECL quenching signal to improve
the sensitivity due to the electrostatic interactions. However, the
relationship between Cat and ECL activity has yet to be
demonstrated. Therefore, we aimed to combine MSNs with ECL
to develop a sensor for on-site Cat analysis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Here, we developed a simple, rapid and visual MSNs-ECL
sensor for on-site Cat analysis. Cat can lead to ECL quench-
ing, and we apply MSNs to amplify the ECL quenching effect.
We investigate the effect of Ru(bpy);>* and DBAE on ECL
quenching. We study the ultraviolet-visible (UV) spectra, fluo-
rescence (FL) spectra and electrochemical (EC) behavior of ECL
system to investigate ECL quenching mechanism. We apply the
sensor to determine different concentrations of Cat based on
ECL quenching effect. We achieve a simple, rapid and visual
method for on-site Cat analysis.

2 Experimental section

2.1. Chemicals and materials

Tris  (2,2'-bipyridyl)  dichlororuthenium(u)  hexahydrate
(Ru(bpy);Cly-6H,0, 99.95%), tetraethyl orthosilicate (TEOS,
=99.0%), N,N-dibutylethanolamine (DBAE, 99%) and ammo-
nium hydroxide solution (28.0-30.0 wt%) are purchased from
Sigma-Aldrich. Hexadecyl trimethyl ammonium bromide
(CTAB, 99%) and catechol (Cat, 99%) are purchased from
Aladdin. Hydrochloric acid (36.0-38.0 wt%), sodium chloride
(NaCl), sodium phosphate dibasic dodecahydrate (Na,HPO,-
-12H,0), sodium dihydrogen phosphate dihydrate (NaH,PO,-
2H,0), ethanol (=99.7%) and acetone (=99.5%) are obtained
from Sinopharm Chemical Reagent Co., Ltd. Ultrapure water
(>18.2 MQ ecm™") is prepared by Millipore (Milford, MA, USA).
ITO glass (square resistance < 17 Q sq ') is obtained from Kaivo
Electronic Components Co., Ltd.

The electrochemical workstation (CHI 660E) is from
Shanghai CH Instrument Co., Ltd. Transmission electron
microscope (TEM, TecnaiG2 F20) is conducted with a TecnaiG2-
F20 transmission electron microscope. Scanning electron
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microscope (SEM, SU8010) is performed with a Hitachi-SU8010
scanning electron microscope. Ultra-thin copper grid is ob-
tained from Beijing Zhongke Building Electronic Technology
Co., Ltd.

2.2. Preparation of MSNs

ITO glass was cut into 5 cm x 2.5 cm pieces with a glass cutter
and then treated with 1 M NaOH-ethanol solution overnight. It
was cleaned ultrasonically by acetone, ethanol, and deionized
water for 30 min, and dried under a nitrogen stream. MSNs were
synthetized on the surface of ITO electrode by StOber-solution
growth method. 0.16 g CTAB was dissolved in 70 mL deion-
ized water and 30 mL ethanol, then the mixture was stirred to
dissolve completely. 10 pL. ammonium hydroxide and 80 pL
TEOS were added into solution sequentially, and stirred for 10
~ 15 min. The solution was poured into the box. ITO electrodes
were put into the box, and incubated at 60 °C for 24 h. The
prepared ITO electrodes were rinsed with water, and baked at
100 °C overnight. Finally, the prepared ITO electrodes were
soaked in 0.1 M HCl-ethanol solution for 15 min, and MSNs-
ITO electrodes were obtained after dried under a nitrogen
stream.

2.3. Fabrication of MSNs-ECL sensor

As shown in Fig. 1, we fabricate the ECL sensor based on
traditional photolithography and wet chemical etching tech-
niques.* Briefly, we spin-coat the photoresist on the ITO glass
substrate (5.0 cm x 2.5 cm) and then the ITO glass was baked at
110 °C for 3 min. Subsequently, the photoresist layer covered
ITO glass was exposed to UV light for 4 min under a mask with
18 spots, followed by developing with a 0.7% NaOH solution.
After being baked at 110 °C, the ITO glass substrate was etched

DBAE Ru**

» Catechol

Fig. 1 (A) Fabrication of MSNs-ECL sensor. (B) Photo of ECL sensor. (C) The ECL quenching mechanism. (D) ECL images of different Cat

concentrations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with an aqueous acid solution. Finally, the remaining photo-
resist was removed by ultrasonication in acetone, and the ITO
glass was rinsed with water and dried under an argon stream.
MSNs film was prepared onto the patterned ITO electrode by the
StOber-solution growth approach (detailed procedure was
shown in 2.3).

A hydrophobic commercial paper (with adhesive tape on one
side) was selected and used as the sensor cover. The paper was
patterned with Adobe Illustrator software (Adobe Systems, Inc.),
and cutted into 18 holes. The sensor was fabricated by simply
stacking the paper cover with the MSNs electrode without
special bonding technique. These formed microwells were used
as reservoirs to align the reaction solutions with the electrode
underneath. The working electrode (connecting to one side of
the sensor), counter electrode and reference electrode (con-
necting to the other side of the sensor) make up the three-
electrode system. The sensor with 18 detection units enables
to detect 18 different samples simultaneously.

We added 10 pL mixture solution of ECL reagent (Ru(bpy);>")
and co-reactant (DBAE) to each unit. After applied a certain
voltage, ECL was generated. We measure the gray value of the
ECL images, and I, and I; correspond to ECL intensity before
and after the addition of Cat, respectively. The ECL quenching
efficiency (Al) is proportional to the concentration of Cat (Al =
Iy — I).

2.4. Effect of Ru(bpy);>" or DBAE on ECL quenching

We investigated effect of Ru(bpy);>* concentration on ECL
quenching. I, of a series of different concentrations of
Ru(bpy);>* (10, 100, 500, 1000, 2000, 5000 uM Ru(bpy);>" and 10
UM DBAE) were determined. We investigated effect of DBAE
concentration on ECL quenching. I, of a series of different
concentrations of DBAE (0, 100, 1000, 2000, 5000, 10 000 pM
DBAE and 10 puM Ru(bpy);>*) were determined. I; was deter-
mined with the addition of 400 uM Cat.

2.5. Electrochemical and optical measurement

Electrochemical workstation (CHI 660E) and Tanon 4600
Chemiluminescence Imaging System (Tanon Science & Tech-
nology Co., Ltd., Shanghai) were applied to collect ECL images.
The images were analyzed by Image J. ECL intensity before and
after the addition of Cat was I; and I, (AI = I, — ), respectively.
The stock solution of Cat was diluted by 0.1 M PBS (pH = 7.4)
into a series of different concentrations solutions (0 uM, 1 uM,
10 uM, 100 pM, 300 uM, 500 pM, and 1000 uM, respectively)
with 10 uM Ru(bpy);>*. A series of different Cat concentrations
solutions with 100 uM DBAE were prepared. A series of different
Cat concentrations solutions with 10 uM Ru(bpy);>" and 10 pM
DBAE were prepared. 10 puL of each solution was scanned by
CVs, which was performed with ITO and MSNs electrode,
respectively.

Different solutions (400 uM Cat, 10 uM Ru(bpy);>*, 10 uM
DBAE, 10 uM Ru(bpy);>*/10 uM DBAE, 10 uM Ru(bpy);>*, and 10
uM DBAE/400 uM Cat, 400 uM Ben) were prepared with 0.1 M
PBS (pH = 7.4). UV-visible absorption spectra of different
solutions were measured.

17332 | RSC Adv,, 2022, 12, 177330-17336
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Different solutions (400 uM Cat, 10 uM Ru(bpy);>*, 10 uM
DBAE, 10 uM Ru(bpy);>*/10 uM DBAE, 10 uM Ru(bpy);>*, and 10
uM DBAE/400 uM Cat) were prepared with 0.1 M PBS (pH = 7.4).
Fluorescence spectra of different solutions were measured with
an excitation of 452 nm.

3 Results and discussion

3.1. Characterization of MSNs

As shown in Fig. 2, We characterized the morphology of MSNs
with SEM and TEM. SEM image shows that the thickness of
MSNs is roughly estimated to be 100 nm. TEM image displays
the membrane nanochannels with vertical arrangement. As
shown in Fig. 2, nanopores have a uniform aperture of 3 nm
with an organized distribution and bright spots. And there are
no rips or cracks on it. As shown in Fig. 2C, the high-
magnification TEM image shows that the pore size is about 2-
3 nm, with a high porosity. As shown in Fig. 2D, the cross-
sectional TEM shows the nanochannel is vertically aligned.

3.2. Effect of Ru(bpy);*>" and DBAE on ECL quenching

As shown in Fig. 3A, ECL quenching efficiency increases with
the increasing concentrations of Ru(bpy);>" from 500 uM to
5000 uM. With the increase of Ru(bpy);>" concentrations, ECL
quenching effect (AI) gradually enhanced. The oxidation
product of Cat will quench Ru(bpy);>*" via energy transfer. The
competition between high concentration of Ru(bpy);>" and
DBAE for MSNs will lead to reduced ECL intensity.

Due to the interaction between Cat and DBAE, ECL
quenching efficiency (AI) raises correspondingly with the
increasing DBAE concentration from 10 pM to 10 000 puM, as
shown in Fig. 3A. Moreover, the interactions between the

200 nm

Fig. 2 Morphology of MSNs. (A) SEM and (B) TEM. (C) The high-
magnification TEM. (D) The cross-sectional TEM.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Effect of Ru(bpy)s>*/DBAE on ECL quenching.

E/V (vs Ag/AgCl)

E/ V (vs Ag/AgCl)

Solution contains 400 uM Cat and 10 uM DBAE. (B) UV-vis absorption spectra of

different solutions. a. Cat; b. Ben; c. Ru(bpy)s2*; d. DBAE; e. Ru(bpy)s>"/DBAE; f. Ru(bpy)s>*/DBAE/Cat. (C) Fluorescence spectra of different

solutions (Aexec = 452 nm). (D) Fluorescence spectra of Ru(bpy)s>*, DBAE
electrode. (F) CVs of different solutions at MSNs electrode. Scan ra
measurements.

oxidation products of Cat and DBAE will consume DBAE and
lead to ECL quenching.

3.3. Mechanism of ECL quenching

Fig. 3B shows UV-vis spectra of a series of solutions, including the
reaction between Ru(bpy);*>"/DBAE and Cat without electrolysis.
We observed that the maximum absorption of Cat was at 290 nm,
while the absorption peak didn't change with the addition of
Ru(bpy);*>*/DBAE. The absorption spectra were just the sum of
each component, indicating that simply mixing the three compo-
nents doesn't generate new compounds without electrolysis. We
speculate that electro-oxidization of Cat generates quinones, which
can quench Ru(bpy);*" ECL through the electron transfer.?®

We investigated FL spectra of a series of solutions to inves-
tigate the interaction between the Ru(bpy);*/DBAE and Cat
without electrolysis.>® FL excitation enables Ru(bpy);** to
generate excited states molecules, but electrolysis is not
required for ECL. As shown in Fig. 3C, under the excitation
wavelength of 452 nm, Ru(bpy);*"/DBAE exhibits a peak at
600 nm, while Cat exhibits a peak at 610 nm. Fig. 3D shows FL
peak decreases at first, then increases with the increase of Cat
concentration. It indicates that Cat may quench Ru(bpy);>"
ECL via energy transfer.

MSNs films with ordered perpendicular mesopore channels,
exhibit amplification effect of ECL intensity due to the nega-
tively charged pore channel, and could adsorb Ru(bpy);>*. MSNs
is used to amplify ECL signal to improve the sensitivity due to
electrostatic attraction between silanol groups and Ru(bpy);>*.

© 2022 The Author(s). Published by the Royal Society of Chemistry

and different concentrations of Cat. (E) CVs of different solutions at ITO
te: 0.1 V s~ L Error bars represent the standard deviations of three

After the amplification of ECL intensity, Cat reacts with
enriched Ru(bpy);>*, and inhibit the amplified ECL intensity.
MSNs enhance the ECL quenching signal to improve the
sensitivity due to the electrostatic interactions.

3.4. EC behaviors of different ECL systems

To investigate the interaction between Cat and DBAE under
electrolysis, CVs were performed (Fig. 3, 4 and 5). As shown in
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Fig. 4 CVs of different solutions at ITO electrode. (A) Different Cat
concentration; (B) different Cat concentration and 10 uM Ru(bpy)z2*;
(C) different Cat concentration and 10 uM DBAE; (D) 10 uM Ru(bpy)32+,
10 1M DBAE and different Cat concentrations. Scan rate: 0.1V s™%.
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Fig. 5 CVs of different solutions at MSNs electrode. (A) Different Cat
concentration; (B) different Cat concentration and 10 uM Ru(bpy)s2*;
(C) different Cat concentration and 10 pM DBAE; (D) 10 uM Ru(bpy)s>*,
10 uM DBAE and different Cat concentrations. Scan rate: 0.1V s~

Fig. 3, 4 and 5, we observe that both Ru(bpy);>* and DBAE have
oxidation-reduction peaks on MSNs electrode, and the peak at
1.15 V is due to the oxidization-reduction reaction of
Ru(bpy);>*. The voltammetric responses of Ru(bpy);>* and
DBAE observed at MSNs electrode are significantly larger than
those at ITO electrode. We observed a large peak of Ru(bpy);>*/
DBAE at 1.15 V at MSNs electrode, while the current peaks of
ITO electrode are at 0.55 V and 1.15 V. The oxidization peak at
0.55 V coincides with the oxidization of Cat. The peak of
Ru(bpy);**/Cat at 1.15 V of MSNs electrode increases with the
increment of Cat concentration. Current response at MSNs is as
larger than that at ITO, indicating that Cat promoted the oxi-
dization of Ru(bpy);>" and DBAE, and MSNs further amplify the
effect. We observed that two peaks of Ru(bpy);>*/DBAE/Cat at
MSNs electrode merge into one peak. We infer that there might
be an interaction between oxidization of Cat and DBAE, which
leads to ECL quenching. MSNs can promote the oxidization of
Cat and DBAE.

The ECL quenching mechanism might be explained in two
ways. Firstly, the interaction between Cat and Ru(bpy);>"" could
quench ECL emission of Ru(bpy);>*. Cat is oxidized to generate
benzoquinone, which can quench the excited-state Ru(bpy);>*
via energy transfer. Secondly, the interactions between the

Table 1 Comparison of analytical performance of Cat
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oxidation products of Cat and DBAE can quench the ECL
emission. Both direct oxidation of Cat and DBAE takes place at
the electrode, and generate the corresponding oxidation prod-
ucts. The interactions between the two oxidation products
would consume DBAE and lead to ECL quenching. Hence, the
interactions between Cat, Ru(bpy);>**" and DBAE lead to ECL
quenching.

3.5. Cat analysis

We apply MSNs-ECL sensor for Cat analysis. As shown in Fig. 6,
a linear dependence is observed between AI/l, and Cat
concentration in the range from 10 uM to 1000 pM with the
detection limit (LOD) of 9.5184 uM (S/N = 3). The linear rela-
tionship is described as ¥ = —0.2920 + 0.0013X, R* = 0.9906 (X
and Y correspond to the Cat concentration and Al/l,, respec-
tively). As shown in Table 1, our method is comparable to other
methods. Our method is simple, and can realize on-site moni-
toring of Cat. The whole detection process is about 2 min, and
18 samples can be detected simultaneously. The ECL sensor can
be applied for different phenols analysis, such as phenol,*® and
acetaminophen.*® The relationship of different phenols and
ECL intensity is below.>”*® The efficiency of ECL quenching is
directly related to the position and number of the substituent
on the aromatic ring,*® with meta derivatives displaying the
greatest magnitude of quenching, and para derivatives the least.
Owing to the ECL activity of a variety of phenols, it is difficult to
discriminate between different structures based solely on ECL
quenching data. However, our sensor is appropriate for semi-
quantitative analysis and determining the total phenol content.

0 200 400 600 800 1000
Cat/uM 10

100 300 500 700 1000

Fig. 6 (A) Calibration curves of different concentrations of Cat. (B) ECL
images of different concentrations of Cat. Error bars represent the
standard deviations of three measurements.

Method Dynamic range LOD Ref.
Polyaniline nanorods 5-100 000 pM 2.1 uM 1
AuNPs/CS@NS/MWCNTS/GCE 1-5000 uM 0.2 uM 6
PEDOT-rGO-Fe,O03-PPO-GC 0.04-62.0 pM 0.007 uM 29
Tyr-AuNC-(PSS-AuNC),~-MPA-AuNP 10 nM-80 M 0.4 nM 4

E. coli BL21-C230/NPG/GCE 1-500 uM 0.24 pM 30
CdTe QDs-ECL 65-1600 pM 3.754 yM 31
Aloe-like Au-ZnO micro/nanoarrays 75 nM-1100 uM 25 nM 17
Chitosan/alginate polyelectrolytes/tyrosinase sensor 1-300 ug L " 0.86 pg L* 5
Gold/Prussian blue analogue (Au/PBA) nanocomposites 0.2-550 uM 0.06 £+ 0.001 pM 18
MSNs-ECL 10-1000 uM 9.5184 uM This work
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The advantage of the sensor is low cost, user-friendly, and
portable. LC-MS deals with trace amount measurement of Cat,
but our objective is to develop an approach for initial screening
of Cat in environment, which is particularly useful for on-site
fast Cat screening. Therefore, our sensor can be applied as
a rapid screening tool to indicate the exposure risk to Cat.
Moreover, the on-site test is of particular value for initial
massive sample screening with low requirement of exquisite
analytical instrument. Cat exhibit specific and strong signals at
the simple, rapid, and low-cost ECL sensor. The Cat sensor is
thus suitable for on-site screening, and later on the suspected
samples to sensitive laboratory determination.

4 Conclusion

We develop a simple, rapid and visual ECL sensor by combining
ECL analysis and nanomaterials, which was used for on-site
monitoring of Cat. MSNs films with ordered perpendicular
mesopore channels, exhibit amplification effect of ECL inten-
sity due to the negatively charged pore channel, and could block
anions and adsorb cations. ECL quenching mechanism
includes resonance energy transfer, electron transfer, co-
reactant radical quenching, and EC oxidation quenching. The
mechanism of ECL quenching might be explained in two ways:
(1) Cat is oxidized to yield intermediates, which can quench ECL
of the excited state Ru(bpy);>" via electron transfer. (2) The
interactions between oxidized radical of DABE and oxidized
intermediate radical of Cat would reduce DBAE concentration,
which lead to ECL quenching. Moreover, based on the mecha-
nism, we developed a simple, rapid and visual for on-site
monitoring of Cat. The on-site sensor based on ECL quench-
ing mechanism is promising to offer new opportunities for
pharmaceuticals analysis, on-site monitoring, and exposure
risk assessment.
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