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The sensitive detection of sulfonamide antibiotic (SA) residues is of great significance to ecosystems
and public health. To overcome the defect of poor water dispersion stability and low sensitivity of SA
detection systems, a terpyridine@Zn2+-modified mesoporous silica, denoted ATpy@Zn-SBA-15, was
developed and applied as a highly sensitive and quickly responsive fluorescent sensor for the detection
of SAs in tap water and milk. Terpyridine, with three pyridine groups, can form a stable complex with
Zn%*. The Zn?* in terpyridine@Zn?* provides binding sites to recognize SAs such as sulfathiazole (STZ) by
forming conjugates between ATpy@Zn-SBA-15 and STZ, thus facilitating energy transfer from the
organic functional groups of ATpy@Zn-SBA-15 to STZ, resulting in efficient changes in fluorescence
spectra. When the concentration of SAs such as STZ increased, the fluorescence emission intensity of
ATpy@Zn-SBA-15 suspensions at 429 nm gradually decreased. ATpy@Zn-SBA-15 exhibited relatively low
detection limits of 0.17, 0.63, 0.52, 0.57 and 0.54 uM for STZ, sulfamethizole, sulfachlorpyridazine,
sulfamerazine and sulfamethoxypyridazine, respectively. Compared with the material without Zn?t,
ATpy@Zn-SBA-15 displayed remarkably enhanced SA sensitivity, which demonstrated that introducing
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the Zn?* sites played a crucial role for both specific recognition of SAs and fluorescence response
signals. Prominently, this proposed strategy can be applied for detecting other antibiotics by varying the
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1. Introduction

Currently, China is both the largest producer and consumer of
antibiotics in the world." The widespread use of antibiotics has
attracted public attention due to its potential threat to the
environment and human health.>® Among these antibiotics,
sulfonamide antibiotics (SAs) such as sulfathiazole (STZ), sul-
famethizole (SMT), sulfachlorpyridazine (SCP), sulfamerazine
(SMR) and sulfamethoxypyridazine (SMP) are found in many
aquatic environments, soils, and sediments worldwide."*™°
Due to the high toxicity and stability of SAs in the environment,
an increasing number of concerns have been raised. A variety of
methods such as capillary electrophoresis, high-performance
liquid chromatography (HPLC), gas chromatography-mass
spectrometry (GC-MS) and HPLC-MS are widely used in the
field of SA detection."'™* However, most existing methods
appear to be either too expensive or too time-consuming and
tedious. Thus, it is urgent to develop a simpler, more effective,
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organic functional groups and metal sites.

economical and rapid method for the determination of trace
SAs in aqueous medium.

The fluorescent sensing method remains attractive due to
its high sensitivity, simple operation procedures and rapid
response.'® In this context, organic-inorganic hybrids such as
metal-organic framework," quantum dots,'® and molecularly
imprinted polymer,'” present more attractive properties than
organic-based fluorescent detection systems, due to the com-
bined advantages of inorganic and organic functions.'®'®
Although some progress has been made, most of the antibiotic
fluorescent sensors may need cumbersome preparation proce-
dures, lack pH and water dispersion stability, and display low
sensitivity and anti-interference abilities.”>*" For example, a
few recent reports included the detection of residual antibiotics
performed in organic solvents, such as methanol (MeOH),**
N,N-dimethylformamide,* and N,N-dimethylacetamide,** etc.,
due to the lack of water dispersibility or water stability. Moreover,
the concentration of SA residues in water and some foods like
milk is extremely low, requiring detection systems with high
sensitivity, which is of great significance. Therefore, great efforts
are still required to improve the water dispersion stability and
sensitivity of the organic-inorganic hybrids in order to put the
application into practical detection.
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To overcome the defect of poor water dispersibility or
stability of the detection systems, mesoporous silica materials,
such as SBA-15, have been adopted as excellent solid support
matrix for organic functional groups, taking advantage of
their outstanding hydrothermal stability, sufficient mechanical
resistance, high surface area and easy functionalization of
properties.'>?*?"?3 Functionalized mesoporous silica materials
have been extensively developed in sensing applications,®
whereas the application of organic-embedded mesoporous
silica materials is limited to detecting trace amounts of anti-
biotics. In general, functionalized mesoporous silica materials
have been constructed as fluorescent sensors by immobilizing
the fluorescent signaling unit and target recognition unit into
the mesoporous silica matrix.**?® Thus, the functionalization of
mesoporous silica with SA-responsive units is particularly important
for improving SA sensitivity. It is noteworthy that the molecular
structure of SAs contains heteroatoms such as nitrogen, oxygen
and sulfur, which can provide lone-pair electrons to coordinate
with metal ions and form stable complexes,*®*! providing a
theoretical basis for the application of metal-containing systems
in the detection of SAs. Currently, metal-doped nanomaterials
have been developed and widely applied to solve environmental
problems,*”** while the integration of SA-coordinated metal
ions with functionalized mesoporous silica has not been well
explored. Therefore, the functionalization of mesoporous silica
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with SA binding sites could be particularly interesting and is
expected to become an ideal design strategy for SA detection.

With these above considerations in mind, herein, an
organic-metal complex of CTpy@2Zn>" was initially synthesized
by coordinating the electron-rich 4-chloro-2, 2’ : 6',2"-terpyridine
(CTpy) and Zn**, and then CTpy@Zn>* was embedded into the
mesoporous SBA-15 silica, generating ATpy@Zn-SBA-15 as a
fluorescent sensor for the sensitive detection of SAs in tap water
and milk. In the detection of SAs, the fluorescence of ATpy@Zn-
SBA-15 was efficiently quenched, with CTpy@Zn>" acting as both
recognition and fluorescence signaling unit. Furthermore, the
detection mechanism has been studied according to the experi-
mental results and theoretical calculations.

2. Experimental

2.1. Materials and instruments

SBA-15 was purchased from Nanjing XFNANO Materials Tech
Co. Ltd (China). (3-Aminopropyl)triethoxysilane (APTES) was
purchased from Sigma-Aldrich; CTpy and (2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were purchased from
Shanghai Aladdin Biochemical Technology Co. Ltd (China). All
other reagents were obtained from commercial suppliers and
used as received unless otherwise noted.
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Fig. 1 (A) SXRD pattern, (B) TEM image and (C) N, adsorption—desorption isotherms of ATpy@Zn-SBA-15. (D) FT-IR spectra of (a) Cpr(aZnZ*, (b) SBA-

15, (c) APTES-SBA-15, and (d) ATpy@Zn-SBA-15.
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The characterization methods used herein include Fourier
transform infrared spectroscopy (FT-IR; Therm Nicolet iS50),
small-angle X-ray diffractometry (SXRD; Brucker D8), transmis-
sion electron microscopy (TEM; JEM-2800), nitrogen adsorption-
desorption isotherms (TriStar II 3020), and thermogravimetric
analysis (TGA; STA2500); *C and *°Si CP magic-angle spinning
(MAS) NMR spectra were obtained on a Bruker AVANCE III
HD 600 MHZ spectrometer at a >°Si resonance frequency of
119.23 MHz and a C resonance frequency of 150.92 MHz.
Fluorescence spectra were detected on a 960 MC spectroscope
(Shanghai Lengguang Technology Co. Ltd, China), with an excita-
tion wavelength of 298 nm. The UV-Vis spectra were detected on a
UV 1901 spectroscope. The fluorescence lifetimes were recorded
using FL3C-111 TCSPC. The pH was measured by a Mettler Toledo
S20K pH meter.

2.2. Preparation of ATpy@Zn-SBA-15

2.2.1. Synthesis of CTpy@Zn>*. As shown in Scheme 1,
ZnCl, (0.0844 g, 0.6 mmol) was ultrasonically dispersed in
5 mL anhydrous ethanol; CTpy (0.1317 g, 0.5 mmol) in 5 mL
chloroform was then added drop by drop. The reaction mixture
was stirred for 12 h at room temperature. The precipitate was
collected by filtration, washed with anhydrous ethanol (5 x 20 mL),
and dried at 80 °C for 12 h. Subsequently, white solid CTpy@Zn>"
was obtained (0.1806 g, 0.45 mmol, 90.87% yield). Characterization
of CTpy@Zn>": FT-IR spectra (KBr, v, cm ™, Fig. 1D): 3065, 1595,
1479 and 1420 cm™ .

2.2.2. Preparation of ATpy@Zn-SBA-15. The preparation
method for APTES-SBA-15 was recently reported in our previous
work.*® About 0.1 g of APTES-SBA-15 was ultrasonically dis-
persed in 30 mL anhydrous ethanol and stirred at 80 °C for
20 min, and about 0.05 g of CTpy@Zn>" was then added. The
reaction mixture was stirred under reflux for 24 h. The final
product was isolated by centrifugation and washed with water
(5 x 20 mL) to remove unreacted CTpy@Zn>". ATpy@Zn-SBA-15
was collected as a pale pink powder and dried at 80 °C for 12 h
(Scheme 1).

2.3. Preparation of CTY@SBA

About 0.05 g of APTES-SBA-15 was ultrasonically dispersed in
30 mL CHCI; and stirred at 62 °C for 20 min, and about 0.05 g
of CTpy was then added. The reaction mixture was stirred
under reflux for 24 h. The final product was isolated by
centrifugation and washed with CHCI; (5 x 20 mL) to remove
unreacted CTpy. CTY@SBA was collected as a white powder and
dried at 80 °C for 12 h (Scheme 1).

2.4. Preparation of antibiotic stock solutions

All stock solutions were prepared according to a typical process.
Taking STZ for example, 22.6 mg of STZ (0.089 mmol) was
added to 200 pL solution of NaOH (0.1 M) and dissolved under
ultrasound. Deionized water was then added to a constant
volume of 22 mL, and the resulting solution was used as a
stock solution (4 x 10* M, pH ~ 7.0).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Synthetic process for CTY@SBA and ATpy@Zn-SBA-15, and
optical photographs of ATpy-SBA-15, CTpy@Zn and ATpy@Zn-SBA-15
under (b) daylight) and (c) 365 nm UV light.

2.5. Fluorescence measurements

The ATpy@Zn-SBA-15 suspensions was prepared by adding
5 mg of ATpy@Zn-SBA-15 powder sample to 50 mL deionized
water, ultrasonicating the suspension for 30 min to obtain uni-
form stock suspensions (0.1 g L™"). The detection of SAs was
performed as follows: 3 mL ATpy@Zn-SBA-15 stock suspensions
were mixed with various amounts of SA solution (molecular
structures of STZ, SCP, SMP, SMT and SMR are depicted in
Fig. S1, ESIt) and diluted to 6 mL with 20 mM HEPES (pH =
7.0). The suspensions was mixed thoroughly and equilibrated at
room temperature for 12 h. Afterward, the fluorescence spectra
were recorded in the wavelength range of 315-560 nm, with the
excitation wavelength of 298 nm. The ratio of the fluorescence
intensity (I,/I) was calculated as a response signal of ATpy@Zn-
SBA-15 to SAs, where I, and I denote the fluorescence intensity of
ATpy@Zn-SBA-15 in the absence and presence of SAs. Possible
interferents such as representative metal ions; common anions;
amino acids such as alanine (Ala), cysteine (Cys), and proline
(Pro); and antibiotics such as amoxicillin (ACL), erythromycin
(ERM), kanamycin sulfate (KNM) and gentamycin sulfate (GTM)
were selected to test the SA selectivity of ATpy@Zn-SBA-15 under
the same conditions.

The fluorescence-quenching efficiencies were calculated by
using the formula E (%) = (1 — I/I,) x 100%, where I, and I are
the fluorescence intensities before and after the addition of
each antibiotic, respectively. The limit of detection (LOD) was
ascertained from the equation LOD = 3¢/s, where o is the
standard deviation of 10 blank solutions, and s is the slope
obtained from the linear calibration curve. The fluorescence-
quenching efficiencies were further analyzed using the Stern-
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Volmer equation, (Io/I — 1) = Ky, [Q], in which [Q] is the molar
concentration of the antibiotic, and K, is the quenching
constant (M),

2.6. Computational details for the energy of the lowest
unoccupied molecular orbitals (LUMOSs) and highest occupied
molecular orbitals (HOMOs)

All calculations were carried out with the Gaussian 09 software
package, and the geometric structures were optimized with the
density functional theory (DFT) method using DFT/6-31G
and 311G.

2.7. Reproducibility study

Approximately 40 mg of ATpy@Zn-SBA-15 was treated with STZ
(200 pM) in 40 mL of water. After stirring at room temperature
for 12 h, the fluorescent spectrum was recorded. Next, the
mixture of ATpy@Zn-SBA-15 and STZ was centrifuged, soni-
cated, washed three times with MeOH, dried at 80 °C for 6 h
and then reused for the determination of STZ. These processes
were repeated three times.

2.8. Detection of STZ in real sample

Tap water and milk were selected as real samples for STZ
detection. The milk sample was pretreated according to the
reported methods.*” Firstly, 10 mL of milk samples were
treated with 1 mL of acetic acid (36 vol% ratio) and shaken
for 1 min. The samples were diluted with deionized water
(20 mL), shaken again, centrifuged (7000 rpm for 10 min) to
remove the proteins and fat, filtered through diatomaceous
earth and a 0.45 um filter membrane, and then diluted with
HEPES (20 mM, pH = 7.0) before analysis.

3. Results and discussion

3.1. Characterization of ATpy@Zn-SBA-15

As shown in Fig. 1A, the SXRD data displayed three well-
resolved diffraction peaks that could be attributed to the
(100), (110) and (200) reflections, demonstrating the existence
of an ordered mesoporous structure after functionalizing
SBA-15.*® The TEM image (Fig. 1B) shows the highly ordered
one-dimensional pore structure, which demonstrates that the
ordered pore structure of mesoporous silica was unbroken after
grafting CTpy@Zn>". The nitrogen adsorption-desorption data
(Fig. 1C) revealed a type-IV isotherm, which is characteristic of
mesoporous material with a uniform size distribution.?® The
BET surface area and total pore volume of ATpy@Zn-SBA-15
decreased to 332 m”? g~ ' and 0.96 cm® g~ ! after CTpy@Zn>*
functionalization (Table S1, ESIY).

To further confirm the successful preparation of ATpy@Zn-
SBA-15, the FT-IR spectra of CTpy@Zn>*, SBA-15 and ATpy@Zn-
SBA-15 were compared (Fig. 1D). The FT-IR spectra of
CTpy@Zn>" showed a peak at 3065 cm ' corresponding to
C-H stretching vibrations, and the peaks at 1595, 1479 and
1420 cm™ " correspond to C-C stretching vibrations of pyridyl
group.®® All three FT-IR spectra of SBA-15, APTES-SBA-15, and
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ATpy@Zn-SBA-15 revealed a broad O-H stretching band of the
Si-OH groups at approximately 3423 cm ™', a water peak caused
by physical adsorption of materials at 1629 cm *, and char-
acteristic Si-O-Si bands at 1078, 808, and 468 cm ', thereby
confirming the existence of the SBA-15 silica framework. Com-
pared with SBA-15, new peaks at 2960 and 2897 cm ™' appeared
in APTES-SBA-15 and ATpy@Zn-SBA-15, which were attributed
to the saturated hydrocarbon C-H group. Compared with
APTES-SBA-15, the peak at 1542 cm™ ' corresponding to N-H
stretching vibration in ATpy@Zn-SBA-15 became weaker. These
findings confirmed that ATpy@Zn-SBA-15 had been successfully
prepared.

The loading of the organic motif on cubic silica surface was
studied by TGA measurements. The TGA of ATpy@Zn-SBA-15
(Fig. S2, ESIY) displayed two weight loss regions between 30-
170 and 170-800 °C. The former region showed a weight loss of
water; the latter region revealed a weight loss of 11.31% in
ATpy@Zn-SBA-15 owing to degradation of organic groups, and
the calculated organic loading attachment was 0.32 mmol g~ *.

The validation of incorporating functional groups into the
silica framework was further supported by solid-state MAS
NMR. *C CP MAS NMR spectra of CTY@SBA (Fig. S3a, ESIt)
showed three signals from the propyl carbon atom at 9.4, 26.4
and 43.9 ppm in the high-fat region, which was contributed by
the APTES."® There were 15 signals from pyridine carbon atoms
at 95-170 ppm. These signals were attributed to the anchoring
of CTpy. Thus, the results of **C solid-state NMR successfully
clarified the molecular composition of the functionalized
organic moieties. Moreover, the *°Si CP MAS NMR spectra
(Fig. S3b, ESIt) showed two signals at —59.6 and —66.8 ppm,
corresponding to the T* [RSi(0Si),0H] and T? [RSi(OSi);] reso-
nances, respectively. Two other signals were detected, one at
—100.6 ppm attributed to the Q® [Si(OSi);0H] resonance, and
another at —108.7 ppm corresponding to the Q* [Si(OSi)4]
resonance. It should be noted that the appearance of T and
T signals confirmed the existence of Si-C covalent bonds
between organic groups and mesoporous silicas.*""** These
results confirmed that terpyridine functional groups were
successfully incorporated into the SBA-15 framework.

3.2. Optimization of detection conditions

As shown in the normalized fluorescence spectra (Fig. S4, ESIt),
the emission band of ATpy@Zn-SBA-15 appeared at 429 nm,
which was attributed to the aggregation of terpyridine. It had
been reported that the working conditions not only affect the
optical properties of the constructed sensor but also its sensing
abilities toward analytes.”® Therefore, the effects of pH and
concentration on the fluorescence spectra of ATpy@Zn-SBA-15
were explored.

As shown in Fig. 2 and Fig. S5a, S6 (ESIT), the fluorescence
emission intensity of ATpy@Zn-SBA-15 at 429 nm was higher
than that of CTY@SBA in the pH range of 2.0-13.0, which
could be due to the combination between CTY@SBA and Zn>",
whereas ATpy@Zn-SBA-15 did not form in the strong acidic (pH
< 2.0) and strong alkali media (pH > 13.0). Upon increasing
pH from 2.0 to 4.0, the fluorescence intensity of ATpy@Zn-SBA-15

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fluorescence intensity of CTY@SBA (0.05 g L)) and ATpy@Zn-
SBA-15 (0.05 g L™ at 429 nm in the absence and presence of STZ (2.0 x
10~* M) at different pH values.

at 429 nm increased gradually; however, the fluorescence
intensity at 429 nm decreased when further increasing the
pH, which was due to the formation of Zn(OH)", Zn(OH),,
Zn(OH);~ and Zn(OH);*>" species®” (Fig. S7a, ESIt), and the
fluorescence emission of ATpy@Zn-SBA-15 at 429 nm
was relatively stable in the pH range of 7.0-10.0.

The influence of concentration on the fluorescence of ATpy@-
Zn-SBA-15 was also studied. As the concentration of ATpy@Zn-
SBA-15 increased from 0.05 to 1.00 g L', the fluorescent
intensity at 429 nm gradually increased, and the corresponding
color of the suspensions of ATpy@Zn-SBA-15 changed from dark
blue to bright blue (inset of Fig. S8a, ESIt). The fluorescent
intensity at 429 nm versus the concentration of ATpy@Zn-SBA-15
displayed a linear relationship in the concentration range below
0.50 g L' (Fig. S8b, ESIt). Thus, unless otherwise stated, pH of
7.0 and concentration of 0.050 g L' were selected for the
subsequent experiments.

&« R P B p N oD S &
S EIF e oo FEEE @‘“ o‘ﬁ\ ST

Fig. 3 Selectivity of SAs using ATpy@Zn-SBA-15 as a fluorescent sensor,
corresponding normalized graph at Aem = 429 nm, with metal cations,
anions, amino acid and antibiotics (2.0 x 10~* M) in HEPES buffer (20 mM,
pH = 7.0; Ip represents the original fluorescence intensity of ATpy@Zn-
SBA-15, and [ is the final fluorescence intensity after adding various
analytes).
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3.3. Selectivity

The fluorescence response of ATpy@Zn-SBA-15 in the presence
of various competitive materials, such as metal ions, anions,
amino acid and antibiotics, was investigated. As shown in Fig. 3
and Fig. S9 (ESIt), only SAs, including STZ, SCP, SMP, SMT
and SMR, caused significant fluorescence quenching of ATpy@
Zn-SBA-15; the changes (/) in fluorescence intensity of
ATpy@Zn-SBA-15 at 429 nm were above 3-fold upon adding SAs;
especially, the change was 14-fold for STZ, while small or subtle
changes were observed upon adding the other investigated anti-
biotics, metal ions, common anions and amino acids. Thus,
ATpy@Zn-SBA-15 could be applied as a fluorescent sensor for
the detection of various SAs in water.

3.4. Sensitivity

As mentioned above, ATpy@Zn-SBA-15 showed observable
fluorescence-quenching effects toward SAs in aqueous media.
As shown in Fig. 4a, STZ induced considerable quenching
effects on ATpy@Zn-SBA-15; as the concentration of STZ
increased, the fluorescence intensity of ATpy@Zn-SBA-15 sus-
pensions at 429 nm gradually decreased in the range of 0 to
2.0 x 10~* M. ATpy@Zn-SBA-15 also exhibited significant quench-
ing in the presence of the other SAs such as SMT, SCP, SMR and
SMP (Fig. S10 and S11a, ESIt), with quenching efficiency varying
from ca. 93.0% (STZ) to ca. 68.8% (SMR) (Fig. 5a).

As shown in the Stern-Volmer curves (Fig. 4b, 5b and Fig.
S11b, ESIt), the fluorescence response of ATpy@Zn-SBA-15 at
429 nm was linear in the presence of STZ and SMP at the low
concentration range of 0-60 pM. At higher concentrations, the
curves diverged from linearity, and the slope increased gradually.
This phenomenon was likely because of self-adsorption process.**
To confirm the adsorption assumption, the adsorption capacity
of ATpy@Zn-SBA-15 toward STZ was examined. STZ is nearly
unadsorbed by ATpy@Zn-SBA-15, with the adsorption capacity
of only 2 mg g~ (Fig. S12, ESIt). Thus, the increased slope was
not due to the self-adsorption process. The Stern-Volmer curves
were nearly linear for the other SAs, such as SMT, SCP and SMR,
in the entire range of concentration. From the linear fitting of the
plots using the Stern-Volmer equation (inset of Fig. 4b and 5b),
the K, values for STZ, SMT, SCP, SMR and SMP were found to be
2.65 x 10* 1.14 x 10% 1.12 x 10* 0.94 x 10* and 0.70 x 10* M,
respectively, indicating the excellent quenching ability of
ATpy@Zn-SBA-15 toward STZ. According to the equation LOD =
30/s, the LOD of the sensor for STZ, SMT, SCP, SMR and SMP was
calculated to be 0.17, 0.63, 0.52, 0.57 and 0.54 uM, respectively
(Table 1).

To evaluate the anti-interference properties of ATpy@Zn-
SBA-15 as SA sensor, taking STZ as an example, the fluorescence
response to STZ in the presence of other competitive material was
tested. All the metal ions, common anions, amino acid and other
antibiotics, caused no significant changes in sensing STZ (Fig. S13,
ESIT). These results revealed that ATpy@Zn-SBA-15 was competently
applicable for the detection of trace amounts of STZ in real samples.

There is no doubt that reusability of nanomaterials is an
important element to be considered in the fluorescence

Mater. Adv.,, 2022, 3, 7569-7578 | 7573
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Fig. 4 (a) Fluorescence spectra of ATpy@Zn-SBA-15 (0.05 g L™ in the presence of different concentrations of STZ in aqueous solution (20 mM HEPES
buffer, pH = 7.0); (b) Stern—Volmer plot for STZ. Inset: linear range of the Stern—Volmer plot (lex = 298 NM, Jem = 429 nm).

100 3
a b
4
80 °
g 2
5 60 SMT/R*=0.9910
= = | SCP/R™=0.9989
g = | SMP/R?=0.9939
2 40+
%)
s ~ 14
2 —=—STZ
< 50 —e—SMT
—a—SCP
 § —*— SMP g
ol ¥ a
‘I' T T T T 0 B T T T T T
0 50 100 150 200 0 50 100 150 200
Concentration of SAs (x10°° M) Concentration (x10°° M)

Fig. 5

Table 1 Detection parameters, K, and LOD of analytes

SAs LOD/pM Ke/M ™t

STZ 0.17 2.65 x 10*
SMT 0.63 1.14 x 10*
SCP 0.52 1.12 x 10*
SMR 0.57 0.94 x 10*
SMP 0.54 0.70 x 10*

detection process in order to obtain economic benefits. Therefore,
regeneration experiments were conducted to assess the cyclicality
of ATpy@Zn-SBA-15. As shown in Fig. S14 (ESIt), the fluorescence
of the virgin aqueous suspension of ATpy@Zn-SBA-15 was
quenched by treatment with 200 pM STZ solution and recovered
after being washed with MeOH three times and dried at 80 °C.
The renewed ATpy@Zn-SBA-15 can be re-applied for the detection
of STZ, and the fluorescent process of turning off and on was
realized by the resumed STZ detection and MeOH cleaning.
In addition, the fluorescence sensing of ATpy@Zn-SBA-15 was

7574 | Mater. Adv, 2022, 3, 7569-7578

(a) Concentration-dependent fluorescence-quenching scheme and (b) Stern—Volmer plots of various SAs.

repeated at least three times, with a recovery rate of at least 85%.
Therefore, ATpy@Zn-SBA-15 showed a good recovery rate, indicat-
ing that this sensor has practical applications.

3.5. Possible sensing mechanism

As the above results demonstrated that ATpy@Zn-SBA-15
achieved high sensitivity for STZ among the SAs, the detection
mechanism was investigated to understand the interaction
between ATpy@Zn-SBA-15 and STZ. Considering that the pK,
values of STZ are 2.0 and 7.24, electrostatic repulsion forces
might exist between the negatively charged surface of
ATpy@Zn-SBA-15 and STZ™ at pH > 8.0. Thus, the effect of
pH on the sensing capacity of ATpy@Zn-SBA-15 towards STZ
was assessed (Fig. 2 and Fig. S5b, ESIY), in order to find out
whether the electrostatic interaction contributed to the detec-
tion of ATpy@Zn-SBA-15 for STZ.*> As obviously seen from
Fig. S7 (ESIt), at pH = 7.0, the dominant species were STZ® and
STZ~, SMT~, SCP~, SMR® and SMR™, SMP® and SMP". In the
presence of STZ, the fluorescence intensity of ATpy@Zn-SBA-15 at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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429 nm was almost uninfluenced by the tested pH, indicating that
STZ can be detected over a wide pH range of 2.0-13.0. Despite the
electrostatic repulsion, the negative species of SMT and SCP also
induced the fluorescence quenching of ATpy@Zn-SBA-15 at pH
7.0 (Fig. S10, ESIT). These results demonstrated that electrostatic
interaction was not the main mechanism for SA sensing. Consider-
ing the stable pH range of ATpy@Zn-SBA-15 and the pK, values of
SAs (Table S3, ESIT), the pH for detecting SAs was selected at 7.0.

Fluorescence quenching can be caused by various mechan-
isms, such as the inner filter effect (IFE), fluorescence reso-
nance energy transfer (FRET), electron transfer, etc. It was
noted that there is negligible overlap between the absorption
spectra of SAs and the emission spectra of ATpy@Zn-SBA-15
(Fig. 6a), excluding the possibility of FRET. In contrast, the
absorption spectra of SAs overlapped with the excitation spectra
of ATpy@Zn-SBA-15 (Fig. 6a); thus, the quenching mechanism
could be IFE.

Fluorescence lifetime experiments were performed to verify
the mechanism of fluorescence quenching induced by SAs
(Fig. 6b and Table S2, ESIt). The fluorescence decay curve of
ATpy@Zn-SBA-15 can be described by a double exponential
function, giving the fast component T; of 1.97 ns and a slow
component T, of 25.41 ns. According to the equation of Tyerage =
(BiTy + B,T,)/(By + B,), the average fluorescence lifetime is
2.20 ns. After the addition of STZ and SMT, the average fluores-
cence lifetimes of ATpy@Zn-SBA-15 were 4.47 and 4.32 ns,
respectively. Therefore, the changed fluorescence lifetime
indicated that the fluorescence quenching could not be due to
IFE. The increased fluorescence lifetime and the upward Stern—
Volmer curve of ATpy@Zn-SBA-15 upon adding STZ indicated
the existence of both dynamic and static quenching for STZ, and
the increased fluorescence lifetime and the linear Stern-Volmer
curve indicated dynamic quenching for SMT.*®

To understand the role played by Zn**, the normalized
fluorescence emission and excitation spectra of CTY@SBA
and ATpy@Zn-SBA-15 were compared. CTY@SBA and ATpy@-
Zn-SBA-15 displayed an emission band at 429 nm with the
excitation at 298 nm in aqueous media (Fig. S4, ESIT). In the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Normalized fluorescence spectrum of ATpy@Zn-SBA-15 and UV-Vis absorption spectra of SAs; (b) fluorescence decay curve of ATpy@Zn-

presence of SAs, the fluorescence intensity of both CTY@SBA
and ATpy@Zn-SBA-15 at 429 nm decreased; however, ATpy@-
Zn-SBA-15 appeared to be more sensitive to SAs than CTY@SBA
when comparing the fluorescence changes (l,/I — 1) (Fig. S15,
ESI{). Moreover, it was noticed that the maximum excitation
wavelength of ATpy@Zn-SBA-15 red shifted by 26 nm after
adding STZ, which could be due to the formation of a complex
between ATpy@Zn-SBA-15 and STZ, resulting in increased
fluorescence lifetime.”” By contrast, the maximum excitation
spectra of CTY@SBA did not change in the presence of STZ,
indicating that the improved SA sensitivity was due to the
introduction of Zn>" as the SA binding site.>**®

To further figure out the sensing mechanism, the energy
levels of the HOMO and LUMO of SAs and the organic units on
ATpy@Zn-SBA-15 were calculated (Table S3, ESIT). The LUMO
energy level of the organic functions is higher than that 