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Abstract: In our research, a reliable fluorescence sensor for the detection of sulfamethoxazole (SMZ) was
developed. This method relies on graphene quantum dots (GQDs) entrapped in a silica molecularly
imprinted polymer (GQDs@SMIP), which was synthesized by the polymerization using GQDs,
SMZ, tetraethoxysilane (TEOS) and 3-aminopropyltriethoxysilane (APTES) as fluorescence material,
template, cross-linker, and functional monomers, respectively. The GQDs@SMIP was characterized
by fluorometry, Fourier-transform infrared spectroscopy, transmission and scanning electron
microscopies, X-ray photoelectron spectroscopy, and powder X-ray diffraction. The GQDs@SMIP
exhibited a good capacity to absorb SMZ from solution, which resulted in the quenching of the GQD
fluorescence intensity. The intensity of GQDs@SMIP decreased linearly with the SMZ concentration
in the range of 1 to 100 µM with a correlation coefficient of 0.99537. In addition, the fluorescence
responses of GQDs@SMIP to interfering substances were investigated. The results indicated that there
was no effect of interfering substances on SMZ detection. Thus, the highly selective GQDs@SMIP
fluorescence sensor is an effective and promising device for SMZ detection and analysis.

Keywords: fluorescence sensor; silica molecularly imprinted polymer; graphene quantum dots;
sulfamethoxazole

1. Introduction

Sulfamethoxazole (SMZ) is one of the numerous antibiotics belonging to the sulfonamide family.
SMZ is used widely as an antibacterial agent in drugs for infectious diseases, animal-derived food,
and aquatic environments [1,2]. As SMZ cannot be eliminated effectively through common water or
food treatment processes, there is a probability of an excess amount of SMZ entering the human body.
After prolonged exposure to low concentrations of antibiotics, the human body is bound to suffer from a
resistance reaction [3,4]. This risk renders it necessary to determine the SMZ content in pharmaceutical
formulations as well as to test residues of SMZ, which should not exceed the regulatory limit in
drinking water or in food originating from animals, such as eggs, milk, and meat [5]. Therefore, various
SMZ detection methods including spectrophotometry [6], electrochemical methods [7,8], LC/MS [9],
HPLC [10,11], solid-phase extraction [12], and voltammetry [13] have been developed.

Recently, fluorescence sensing has attracted the interest of researchers for chemical and biological
applications, because they both overcome some of the drawbacks of the other detection methods and
are also rapid, convenient, simple, non-polluting, and highly sensitive [14,15]. Various fluorescence
sensors have been prepared based on GQDs, which are optical materials possessing outstanding
characteristics such as stable photoluminescence, good water dispersity, chemical stability, good
biocompatibility, and low toxicity [16,17]. Nevertheless, these GQD-based fluorescence sensors have a
significant drawback of low selectivity [18]. With our experience in developing fluorescence methods,
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we addressed this limitation by combining GQDs and a highly selective molecularly imprinted
polymer (MIP) [19–21]. Recognition using MIP is a technology that is used to analyze samples based
on a mechanism that is similar to enzyme–substrate action [22,23]. Therefore, with combined MIP
technology, the selectivity of a GQDs-based sensor would be improved significantly. In recent years,
SMZ fluorescence sensors replied on MIP have been reported [2,24,25]. They have emerged as powerful
techniques not only because of their strong selectivity but also due to their simplicity, easy-preparation
and inexpensive cost, when compared with other SMZ sensing methods which require expensive
instruments and complex operating processes [26–29].

In particular, we synthesized GQDs coated with a silica MIP (denoted as GQDs@SMIP). First,
GQDs were prepared from citric acid monohydrate by a thermal process. Subsequently, the GQD
surface was modified with APTES, a precursor for silica layer growth, to form GQD-APTES. Next,
GQDs@SMIP was fabricated via the sol-gel polymerization of the GQD-APTES complex (as the
fluorescent material), SMZ (as the template), APTES (as the functional monomer), TEOS (as the
crosslinker), and ammoniacal solution (as the catalyst). SMZ was imprinted on GQDs@SMIP through
a non-covalent attachment and could be easily removed by a washing process. After the removal of
SMZ, cavities with a shape similar to that of the SMZ structure were left in the polymer, which could
recognize and rebind SMZ molecules. Thus, the obtained GQDs@SMIP could serve as a novel material
for SMZ detection. Scheme 1 clearly demonstrates the preparation method and application in SMZ
sensing of GQDs@SMIP. In this work, we introduced the SMZ analysis in phosphate buffer saline
(PBS) by employing GQDs@SMIP. Presently, we are continuing to develop this method for analyzing
the various real samples such as human serum, blood sample, drinking water, and food originated
from animals.
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Scheme 1. Demonstration of the synthesis and application of GQDs coated with silica molecularly
imprinted polymer in sulfamethoxazole detection.

2. Experimental Details

2.1. Materials

All chemical substances were obtained from Sigma–Aldrich (St. Louis, MO, USA) and used without
further purification. The chemicals include citric acid monohydrate (CA) (CAS: 5949-29-1), NaOH
(CAS: 1310-73-2), ethanol (CAS: 64-17-5), APTES (CAS: 919-30-2), TEOS (CAS: 78-10-4), NH4F (CAS:
12125-01-8), NH4OH (CAS: 1336-21-6), SMZ (CAS: 723-46-6), sulfadiazine (CAS: 63-35-9), sulfamerazine
(CAS: 127-79-7), sulfamethazine (CAS: 57-68-1), sulfasalazine (CAS: 599-79-1), sulfapyridine (CAS:
144-83-2), and phosphate buffer saline (PBS) (pH = 9). Deionized (DI) water (pH = 7) (CAS: 7732-18-5)
was utilized in all the experiments.
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2.2. Instruments and Measurements

Photoluminescence (PL) spectra were recorded using a QuantaMaster TM 50 PTI
spectrofluorometer from Photon Technology International (Kyoto, Japan). Transmission and Scanning
electron microscopy (TEM and SEM) images were collected using FEI microscope (Tecnai, F30S-Twin,
Hillsboro, OR, USA) and a field-emission scanning electron microscope (Hitachi S-4700, Hitachinaka,
Ibaraki Prefecture, Japan), respectively. Fourier-transform infrared (FTIR) spectra were recorded using a
Nicolet 6700 spectrometer from Thermo Scientific (Waltham, MA, USA). Powder X-ray diffraction (XRD)
patterns of GQDs@SMIP were recorded on an automated Rigaku D/max 2200 X-ray diffractometer with
monochromatic Cu Kα radiation (Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) was measured
by an X-ray photoelectron spectrometer (PHI 5000, Chigasaki, Kanagawa Prefecture, Japan). The zeta
potential was performed on electrophoretic light scattering (Photal Otsuka Electronics, ELS 8000,
Osaka, Japan).

2.3. Synthesis of GQDs and APTES-Modified GQDs

First, 2 g of CA was taken in a small beaker and heated to 200 ◦C in an oven. The CA melted,
yielding an orange liquid after 30 min. Next, the resulting liquid was dropped into a solution of NaOH
(10 mg/mL; 100 mL) and stirred vigorously for 3 h. Finally, the obtained GQD sample was dialyzed
using a dialysis bag (MCWO: 1000 Da) for 72 h to obtain pure GQDs.

To synthesize APTES-modified GQDs, 1.5 mL of APTES was dropped to 20 mL of pure GQDs
solution (6.85 mg/mL in water solvent). The solution was stirred at 40 ◦C for 30 min and then cooled to
room temperature. The prepared APTES-modified GQDs were purified using petroleum ether, then
dispersed in ethanol.

2.4. Synthesis of GQDs@SMIP and silica non-molecularly imprinted polymer (GQDs@SNIP)

GQDs@SMIP was formed through a sol–gel polymerization method. First, adding 25 mg of SMZ
to 5 mL of ethanol under stirring. Subsequently, 12 mL of the suspension of APTES-modified GQDs
in ethanol (volume ratio is 1:1), 2.4 mL of TEOS, and 3.6 mL of APTES were added to the mixture.
Next, adding 0.6 mL of a catalytic solution prepared from 2 g of NH4F, 23 mL of NH4OH, and 100 mL
of H2O. The mixture was stirred at 25 ◦C for 30 min. Then, the mixture was centrifuged to recover
the product, which was washed with anhydrous ethanol. The SMZ template in the composites was
eliminated by washing with methanol until no absorbance peak of SMZ in the washing solvent was
obtained. Next, the composites were dried in an oven at 50 ◦C.

GQDs@SNIP was synthesized in the same manner without adding the SMZ template.

2.5. SMZ detection

First, adding 0.1 g of GQDs@SMIP to 100 mL of PBS (pH = 9) under vigorously stirring to prepare
a stock solution. Next, a series of 5 mL volume of the stock solution and variety amounts of an SMZ
solution were serially dropped into cuvettes. Various mixtures with a final concentration of SMZ of
0, 1, 3, 5, 10, 20, 30, 40, 50, 60, 80, 100, 120, and 140 µM were obtained. The solutions were shaken and
then incubated at room temperature for 90 min before fluorescence measurements.

2.6. Selectivity

To determine the selectivity of GQDs@SMIP to SMZ, the effect and interferences of other substances
belonging to the sulfonamide family such as sulfadiazine, sulfamerazine, sulfamethazine, sulfasalazine
and sulfapyridine were investigated.
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3. Results and Discussion

3.1. Characterization of GQDs@SMIP

Fluorescence spectroscopy was applied for characterizing the optical properties of GQDs@SMIP.
The fluorescence spectra (Figure 1) shows the maximum emission peak of GQDs is placed at 455 nm,
whereas the fluorescence emission maxima of the GQDs@SNIP and GQDs@SMIP red-shifted to 462 and
464 nm, respectively, under the excitation wavelength of 370 nm. This can be explained based on
charged Si-O groups on the surfaces of GQDs@SNIP and GQDs@SMIP. These groups might produce
an electric field, which causes the recombination of trapped charged carriers and dangling bonds at the
particle surfaces. This led to a change in the position of the emission peak [30–32].
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Figure 1. Fluorescence spectra of a GQD suspension (6.85 mg/mL in water solvent), GQDs@SNIP,
GQDs@SMIP (unwashed), GQDs@SMIP (washed), washed GQDs@SMIP in the presence of SMZ at
50 µM concentration under the excitation wavelength of 370 nm. The concentrations of GQDs@SNIP
and GQDs@SMIP were the same at 5 mg/mL in water solvent.

Moreover, Figure 1 shows that GQDs@SMIP can be a good material for SMZ sensing. After the
SMZ elimination, the fluorescence intensity of GQDs@SMIP increased sharply and when it was
recombined with SMZ, the intensity decreased significantly. This is a fundamental characteristic for
selective and effective SMZ detection.

The TEM and SEM images in Figure 2 show the morphologies and size of the GQDs and
GQDs@SMIP. Figure 2A reveals that GQDs were mono-dispersedly synthesized with a narrow size
distribution of 2.7 to 5 nm and an average size of 4.1 nm. In the high-resolution (HR) TEM image
(inset of Figure 2B), the crystal structure of the GQDs is apparent, with a lattice parameter of 0.152 nm,
which is associated with the graphitic diffraction planes [33,34]. The TEM image of GQDs@SMIP
(Figure 2C) displays that the average diameter of GQDs@SMIP is 459 nm, whereas the SEM image
(Figure 2D) indicates the average diameter to be 522 nm. Therefore, there is quite good agreement
between the TEM and SEM outcomes. Moreover, these results indicate that SMIP might contain many
small particles of GQDs.
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Figure 2. (A,B) TEM images of GQDs (inset: HRTEM image of GQDs), (C) TEM images and (D) SEM
image of GQDs@SMIP.

We further characterized GQDs@SNIP and GQDs@SMIP by FTIR spectroscopy. In Figure 3A,
the spectrum of GQDs@SMIP (before washing) presents main characteristic peak in the range of
3050–2800 cm−1, which may be assigned to the C-H, O-H stretching of the carboxylic acid and hydroxyl
groups, or N-H stretching belonging to amine groups. Further, a peak positioned at 1560 cm−1, which
occurs owing to the HN-CO bonding vibrations; a peak located at 1297 cm−1 results from the vibration
of the O=S=O group, which is a part of the SMZ molecule, and a peak at 1017 cm-1 occurs due to the
stretching vibrations of the Si-O group. The FTIR spectrum of GQDs@SMIP (after washing) contains
all the peaks belonging to GQDs@SMIP (before washing) except for the peak of the O=S=O group,
which confirms that SMZ molecules were completely extracted out of the GQDs@SMIP composite.
Therefore, after the removal of SMZ, the spectrum of GQDs@SMIP (washed) is extremely similar to
that of GQDs@SNIP.
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The XRD patterns (Figure 3B) of both GQDs@SNIP and GQDs@SMIP only show a broad peak
at ~21◦, which could be attributed to the amorphous silica phase (JCPDS No. 29-0085). This result
indicates the presence of silica polymer layer in the nanocomposites. Although the TEM image shows
a crystalline structure of GQDs (Figure 2B), their size is significantly small as compared to the size of
the silica layer; therefore, no specific peak of GQDs was observed in the XRD pattern.

The XPS profile of GQDs@SMIP (Figure 4A) presents five typical peaks at 529, 397, 282, 150,
and 106 eV, correlating with O1s, N1s, C1s, Si2s, and Si2p, respectively. The weight percentages of C,
N, O, and Si were analyzed to be 37.16%, 7.05%, 36.62%, and 19.17%, respectively. In Figure 4B, the C1s
peak can be de-convoluted into three peaks located at 284.4, 285.6, and 287.8, corresponding to C-C/C=C,
C-O/C-N/C-Si, and C=O bonds, respectively, which originate from the sp2 graphitic structure [35] and
several carboxyl, hydroxyl, amine, and Si-containing groups belonging to GQDs@SMIP which were
further confirmed by O1s, N1p, and Si2p spectra. The O1s spectrum (Figure 4C) was de-convoluted
into three characteristic peaks including those of O-C at 532.4 eV, O-Si at 532 eV, and O=C at 531.5 eV.
The N1s spectrum (Figure 4D) was de-convoluted into two specific peaks corresponding to N-H at
400.2 eV and N-Si at 398.8 eV. The Si2p spectrum (Figure 4E) was de-convoluted into a peak at 102.2 eV
assigned to the Si-N bond, and peaks located at 102.7 eV were ascribed to Si-O and Si-C bonds.
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3.2. SMZ Sensing

We investigated the effect of pH, which is a vital parameter which influences the fluorescence
stability of GQDs@SMIP and the fluorescence response of GQDs@SMIP to SMZ. Figure 5A indicates
that the fluorescence intensity of GQDs@SMIP is low in strongly acidic or basic solutions. In the pH
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range of 6 to 9, the intensity reached the maximum value and remained stable. In the presence of
SMZ (Figure 5B), the intensity of GQDs@SMIP was strongly quenched at pH values between 7 and 9.
It is well-established that if the pH is excessively low or high, the imprinted silica shell can hydrolyze
and the template cavities can be destroyed [2,36,37]; this affects the stability as well as the ability of
the GQDs@SMIP template to recognize the target analyze. Based on these results, we realized that a
pH in the range of 7 to 9 is suitable for SMZ detection. In particular, the pH of 9 is optimum for the
investigation of SMZ sensing.
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The fluorescence intensities of GQDs@SNIP and GQDs@SMIP were quenched in the presence
of SMZ (Figure 6). This occurred because of hydrogen bonding interaction between SMZ molecules
and the amine groups acting as binding sites on the surfaces of GQDs@SNIP and GQDs@SMIP [18,30].
However, there was a key difference in the quenching responses of GQDs@SNIP and GQDs@SMIP to
SMZ. Clearly, the quenching degree of GQDs@SMIP was more pronounced than that of GQDs@SNIP.
Particularly, Figure 6A,B (insets) shows that the GQDs@SMIP fluorescence intensity quenched sharply
corresponding to increasing in SMZ amount from 0 to 140 µM, whereas that of GQDs@SNIP decreased
insignificantly. More precisely, in the existence of 140 µM SMZ, the intensities of GQDs@SMIP and
GQDs@SNIP at the same concentration of 5 mg/mL were quenched by 53% and 33%, respectively.
The presence of specific imprinted cavities in GQDs@SMIP to recognize SMZ led to stronger adsorption
of the SMZ template to it. Therefore, SMZ molecules were observed to bind to GQDs@SMIP more
strongly, which caused a strong fluorescence quenching effect. In addition, SMZ is known to be a good
hole or electron acceptor [38], and an electron transfer process might occur after the entry of SMZ
into the imprinted cavities; this is confirmed by a change in the zeta potential of the GQDs@SMIP
suspension from −14.75 to −9.08 mV after the addition of SMZ (140 µM). This process also contributes
to the quenching phenomenon. The calibration curve in Figure 6A (inset) clearly demonstrates the
quenching effect of SMZ on the GQDs@SMIP fluorescence intensity. The intensity decreased steadily
and significantly corresponding to the increase in SMZ concentration up to 100 µM. No notable
change occurred with further increase because all imprinted cavities might have been filled with SMZ
molecules. In the range of SMZ concentration (CM) 1 to 100 µM, a good linear relationship was found
with the equation, I/I0 = 1 − 0.00555 CM and a correlation coefficient (R2) of 0.99537. The experiment
was repeated thrice and the result is expressed as the average ± standard deviation. Moreover, the limit
of detection (LOD) was determined to be approximately 1 µM. Table 1 shows the result comparison of
our fluorescence method with other currently presented methods. It is clear to see that our simple
fluorescence approach gives the similar results to that of the others which require expensive instruments
and complicated operating process. This is a remarkable advantage of our fluorescence technique
using GQDs@SMIP for SMZ detection.
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concentrations of SMZ. The concentration of GQDs@SMIP and GQDs@SNIP is 5 mg/mL. Inset:
calibration curve for the relationship between I/I0 and the concentration of SMZ.

Table 1. Comparison of SMZ detection for different methods.

Method Linear Range LOD Reference

Electrochemical 0.2–1.4 µM 0.05 µM [39]
Electrochemical 0.8–170 µM 0.8 µM [40]
Electrochemical 2.4–23.6 µM 0.81 µM [26]
Electrochemical 10–100 µM 0.144 µM [27]

Ultrasound 0.78–19.74 µM 0.23 µM [41]
Voltammetry 0.05–70 µM 0.01 µM [42]
Our method 1–100 µM 1 µM

3.3. Selectivity

To verify the specificity of GQDs@SMIP to SMZ, the fluorescent responses of the composite in the
presence of five potentially interfering structural analogs belonging to the sulfonamide group were
investigated. The chemical structures of sulfadiazine, sulfamerazine, sulfamethazine, sulfasalazine,
and sulfapyridine are shown in Figure 7A. GQDs@SMIP contains imprinted cavities, which are specific
in shape and size to absorb the SMZ used as the template for imprinting; as other analogues could not
be embedded in these cavities, they did not produce remarkable variations in the fluorescence intensity
of GQDs@SMIP. However, further adding of SMZ makes the fluorescence of the system decreased
significantly (Figure 7B). It may be inferred that the GQDs@SMIP exhibits excellent selectivity in
SMZ detection. The experiment was repeated thrice and the result is expressed as the average ±
standard deviation.
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4. Conclusions

We produced GQDs@SMIP via a sol-gel polymerization method. Characterization using fluorometry,
TEM, SEM, FTIR, XRD and XPS confirmed that the synthesis approach was successful. Moreover,
applying SMZ as a template for the imprinting process resulted in specific absorption cavities for SMZ
in the polymeric layer. This imprinting technique combined with fluorescence detection aided us in
developing a sensor that is not only effective in SMZ detection, but also has enhanced sensitivity and
selectivity. Particularly, the obtained results show that the fluorescence of GQDs@SMIP was quenched
with an increase in SMZ concentration over a wide range with a low LOD. This quenching response was
not clearly observed with other analogs belonging to the sulfonamide group. With these remarkable
features, the GQDs@SMIP sensor can potentially be applied in biomedical systems and environments.

Author Contributions: Investigation, T.H.L.; Methodology, H.J.L.; Formal analysis, J.H.K.; Writing—review &
editing, S.J.P. All authors have read and agreed to the published version of the manuscript

Funding: This research was supported by Basic Science Research Capacity Enhancement Project through Korea
Basic Science Institute (National research Facilities and Equipment Center) grant funded by the Ministry of
Education (Grant No. 2019R1A6C1010016).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mookherjee, S.; Shoen, C.; Cynamon, M. In Vitro Activity of JPC 2067 Alone and in Combination with
Sulfamethoxazole against Nocardia Species. Antimicrob. Agents Chemother. 2012, 56, 1133–1134. [CrossRef]
[PubMed]

2. Xu, W.Z.; Wang, Y.C.; Huang, W.H.; Yu, L.; Yang, Y.F.; Liu, H.; Yang, W.M. Computer-aided design and synthesis
of CdTe@SiO2 core-shell molecularly imprinted polymers as a fluorescent sensor for the selective determination
of sulfamethoxazole in milk and lake water. J. Sep. Sci. 2017, 40, 1091–1098. [CrossRef] [PubMed]

3. Dirany, A.; Sires, I.; Oturan, N.; Ozcan, A.; Oturan, M.A. Electrochemical Treatment of the Antibiotic
Sulfachloropyridazine: Kinetics, Reaction Pathways, and Toxicity Evolution. Environ. Sci. Technol. 2012, 46,
4074–4082. [CrossRef] [PubMed]

4. Hu, L.H.; Stemig, A.M.; Wammer, K.H.; Strathmann, T.J. Oxidation of Antibiotics during Water Treatment
with Potassium Permanganate: Reaction Pathways and Deactivation. Environ. Sci. Technol. 2011, 45,
3635–3642. [CrossRef]

5. Jansomboon, W.; Boontanon, S.K.; Boontanon, N.; Polprasert, C. Determination and health risk assessment
of enrofloxacin, flumequine and sulfamethoxazole in imported Pangasius catfish products in Thailand.
J. Environ. Sci. Health Part B Pestic. Contam. Agric. Wastes 2018, 53, 108–115. [CrossRef]

6. Khalaf, H.; Haidari, P.; Dikran, S.; Mohammed, P. Spectrophotometric Determination of Sulfamethoxazole
in Pure and Pharmaceutical Preparations Based on Condensation Reaction Method. J. Babylon Univ. Pure
Appl. Sci. 2017, 25, 515–524.

7. Ait Lahcen, A.; Amine, A. Electrochemical determination of sulfamethoxazole using different kinds of
electrodes. In Proceedings of the XXV Congresso Nazionale della Socetà Italiana, Arcavacata di Rendie, Italy,
7–12 September 2014.

8. Wan, J.; Jin, C.; Liu, B.; Zonglian, S.; Gao, M.; Wang, Z. Electrochemical oxidation of sulfamethoxazole using
Ti/SnO2-Sb/Co-PbO2 electrode through ANN-PSO. J. Serb. Chem. Soc. 2019, 84, 25. [CrossRef]

9. Jank, L.; Martins, M.T.; Arsand, J.B.; Ferrao, M.F.; Hoff, R.B.; Barreto, F.; Pizzolato, T.M. An LC-ESI-MS/MS
method for residues of fluoroquinolones, sulfonamides, tetracyclines and trimethoprim in feedingstuffs:
Validation and surveillance. Food Addit. Contam. Part A Chem. 2018, 35, 1975–1989. [CrossRef]

10. Amini, H.; Ahmadiani, A. Rapid and simultaneous determination of sulfamethoxazole and trimethoprim in
human plasma by high-performance liquid chromatography. J. Pharm. Biomed. Anal. 2007, 43, 1146–1150.
[CrossRef]

11. Avgerinos, A.; Athanasiou, G.; Malamataris, S. Rapid simultaneous determination of trimethoprim,
sulfamethoxazole and acetylsulfamethoxazole in human plasma and urine by high-performance
liquid-chromatography. J. Pharm. Biomed. Anal. 1991, 9, 507–510. [CrossRef]

http://dx.doi.org/10.1128/AAC.05855-11
http://www.ncbi.nlm.nih.gov/pubmed/22106219
http://dx.doi.org/10.1002/jssc.201601180
http://www.ncbi.nlm.nih.gov/pubmed/28032689
http://dx.doi.org/10.1021/es204621q
http://www.ncbi.nlm.nih.gov/pubmed/22332959
http://dx.doi.org/10.1021/es104234m
http://dx.doi.org/10.1080/03601234.2017.1388655
http://dx.doi.org/10.2298/JSC180810025W
http://dx.doi.org/10.1080/19440049.2018.1508895
http://dx.doi.org/10.1016/j.jpba.2006.09.004
http://dx.doi.org/10.1016/0731-7085(91)80254-7


Materials 2020, 13, 2521 10 of 11

12. Mogolodi Dimpe, K.; Mpupa, A.; Nomngongo, P.N. Microwave assisted solid phase extraction for separation
preconcentration sulfamethoxazole in wastewater using tyre based activated carbon as solid phase material
prior to spectrophotometric determination. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 188,
341–348. [CrossRef] [PubMed]

13. Issac, S.; Kumar, K.G. Voltammetric determination of sulfamethoxazole at a multiwalled carbon nanotube
modified glassy carbon sensor and its application studies. Drug Test. Anal. 2009, 1, 350–354. [CrossRef]
[PubMed]

14. Kim, J.S.; Kim, H.J.; Kim, H.M.; Kim, S.H.; Lee, J.W.; Kim, S.K.; Cho, B.R. Metal ion sensing novel calix 4
crown fluoroionophore with a two-photon absorption property. J. Org. Chem. 2006, 71, 8016–8022. [CrossRef]
[PubMed]

15. Ko, K.C.; Wu, J.S.; Kim, H.J.; Kwon, P.S.; Kim, J.W.; Bartsch, R.A.; Lee, J.Y.; Kim, J.S. Rationally designed
fluorescence ‘turn-on’ sensor for Cu2+. Chem. Commun. 2011, 47, 3165–3167. [CrossRef]

16. Lin, L.X.; Zhang, S.W. Creating high yield water soluble luminescent graphene quantum dots via exfoliating
and disintegrating carbon nanotubes and graphite flakes. Chem. Commun. 2012, 48, 10177–10179. [CrossRef]

17. Liu, X.T.; Na, W.D.; Liu, H.; Sue, X.G. Fluorescence turn-off-on probe based on polypyrrole/graphene quantum
composites for selective and sensitive detection of paracetamol and ascorbic acid. Biosens. Bioelectron. 2017,
98, 222–226. [CrossRef]

18. Mehrzad-Samarin, M.; Faridbod, F.; Dezfuli, A.S.; Ganjali, M.R. A novel metronidazole fluorescent nanosensor
based on graphene quantum dots embedded silica molecularly imprinted polymer. Biosens. Bioelectron. 2017,
92, 618–623. [CrossRef]

19. Amjadi, M.; Jalili, R. Molecularly imprinted polymer-capped nitrogen-doped graphene quantum dots as a
novel chemiluminescence sensor for selective and sensitive determination of doxorubicin. RSC Adv. 2016, 6,
86736–86743. [CrossRef]

20. Kazemifard, N.; Ensafi, A.A.; Rezaei, B. Green synthesized carbon dots embedded in silica molecularly
imprinted polymers, characterization and application as a rapid and selective fluorimetric sensor for
determination of thiabendazole in juices. Food Chem. 2020, 310, 9. [CrossRef]

21. Liu, H.C.; Ding, J.; Zhang, K.; Ding, L. Fabrication of carbon dots@restricted access molecularly imprinted
polymers for selective detection of metronidazole in serum. Talanta 2020, 209, 10. [CrossRef]

22. Chen, L.; Wang, X.; Lu, W.; Wu, X.; Li, J. Molecular imprinting: Perspectives and applications. Chem. Soc. Rev.
2016, 45, 2137–2211. [CrossRef] [PubMed]

23. Wei, F.; Wu, Y.; Xu, G.; Gao, Y.; Yang, J.; Liu, L.; Zhou, P.; Hu, Q. Molecularly imprinted polymer based on
CdTe@SiO2 quantum dots as a fluorescent sensor for the recognition of norepinephrine. Analyst 2014, 139,
5785–5792. [CrossRef] [PubMed]

24. Hu, Y.; Li, X.; Liu, J.; Wu, M.; Li, M.; Zang, X. One-pot synthesis of a fluorescent molecularly imprinted
nanosensor for highly selective detection of sulfapyridine in water. Anal. Methods 2018, 10, 884–890.
[CrossRef]

25. Huamin, Q.; Lulu, F.; Li, X.; Li, L.; Min, S.; Chuannan, L. Determination sulfamethoxazole based
chemiluminescence and chitosan/graphene oxide-molecularly imprinted polymers. Carbohydr. Polym.
2013, 92, 394–399. [CrossRef] [PubMed]

26. Liu, B.; Liu, G.; Xiao, B.; Yan, J. Molecularly imprinted electrochemical sensor for the determination of
sulfamethoxazole. J. New Mat. Electrochem. Syst. 2018, 21, 77–80. [CrossRef]

27. Khanfar, M.F.; Abu-Nameh, E.S.M.; Saket, M.M.; Al Khateeb, L.T.; Al Ahmad, A.; Asaad, Z.; Salem, Z.;
Alnuman, N. Detection of Hydrochlorothiazide, Sulfamethoxazole, and Trimethoprim at Metal Oxide
Modified Glassy Carbon Electrodes. Int. J. Electrochem. Sci. 2020, 15, 1771–1787. [CrossRef]

28. Liu, X.; Liu, J.; Huang, Y.; Zhao, R.; Liu, G.; Chen, Y. Determination of methotrexate in human serum by
high-performance liquid chromatography combined with pseudo template molecularly imprinted polymer.
J. Chromatogr. A 2009, 1216, 7533–7538. [CrossRef]

29. Balasubramanian, P.; Settu, R.; Chen, S.M.; Chen, T.W. Voltammetric sensing of sulfamethoxazole using
a glassy carbon electrode modified with a graphitic carbon nitride and zinc oxide nanocomposite.
Microchim. Acta 2018, 185, 9. [CrossRef]

30. Hou, J.; Li, H.Y.; Wang, L.; Zhang, P.; Zhou, T.Y.; Ding, H.; Ding, L. Rapid microwave-assisted synthesis of
molecularly imprinted polymers on carbon quantum dots for fluorescent sensing of tetracycline in milk.
Talanta 2016, 146, 34–40. [CrossRef]

http://dx.doi.org/10.1016/j.saa.2017.07.039
http://www.ncbi.nlm.nih.gov/pubmed/28756255
http://dx.doi.org/10.1002/dta.69
http://www.ncbi.nlm.nih.gov/pubmed/20355213
http://dx.doi.org/10.1021/jo0610098
http://www.ncbi.nlm.nih.gov/pubmed/17025289
http://dx.doi.org/10.1039/c0cc05421f
http://dx.doi.org/10.1039/c2cc35559k
http://dx.doi.org/10.1016/j.bios.2017.06.044
http://dx.doi.org/10.1016/j.bios.2016.10.047
http://dx.doi.org/10.1039/C6RA18184H
http://dx.doi.org/10.1016/j.foodchem.2019.125812
http://dx.doi.org/10.1016/j.talanta.2019.120508
http://dx.doi.org/10.1039/C6CS00061D
http://www.ncbi.nlm.nih.gov/pubmed/26936282
http://dx.doi.org/10.1039/C4AN00951G
http://www.ncbi.nlm.nih.gov/pubmed/25148475
http://dx.doi.org/10.1039/C7AY02872E
http://dx.doi.org/10.1016/j.carbpol.2012.09.092
http://www.ncbi.nlm.nih.gov/pubmed/23218311
http://dx.doi.org/10.14447/jnmes.v21i2.492
http://dx.doi.org/10.20964/2020.02.35
http://dx.doi.org/10.1016/j.chroma.2009.06.018
http://dx.doi.org/10.1007/s00604-018-2934-z
http://dx.doi.org/10.1016/j.talanta.2015.08.024


Materials 2020, 13, 2521 11 of 11

31. Chao, M.R.; Hu, C.W.; Chen, J.L. Comparative syntheses of tetracycline-imprinted polymeric silicate and
acrylate on CdTe quantum dots as fluorescent sensors. Biosens. Bioelectron. 2014, 61, 471–477. [CrossRef]

32. Zhou, Y.; Qu, Z.B.; Zeng, Y.; Zhou, T.; Shi, G. A novel composite of graphene quantum dots and molecularly
imprinted polymer for fluorescent detection of paranitrophenol. Biosens. Bioelectron. 2014, 52, 317–323.
[CrossRef] [PubMed]

33. Lu, W.B.; Qin, X.Y.; Liu, S.; Chang, G.H.; Zhang, Y.W.; Luo, Y.L.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X.P.
Economical, Green Synthesis of Fluorescent Carbon Nanoparticles and Their Use as Probes for Sensitive and
Selective Detection of Mercury(II) Ions. Anal. Chem. 2012, 84, 5351–5357. [CrossRef] [PubMed]

34. Qu, D.; Sun, Z.C.; Zheng, M.; Li, J.; Zhang, Y.Q.; Zhang, G.Q.; Zhao, H.F.; Liu, X.Y.; Xie, Z.G. Three Colors
Emission from S,N Co-doped Graphene Quantum Dots for Visible Light H-2 Production and Bioimaging.
Adv. Opt. Mater. 2015, 3, 360–367. [CrossRef]

35. Xu, Q.; Li, B.F.; Ye, Y.C.; Cai, W.; Li, W.J.; Yang, C.Y.; Chen, Y.S.; Xu, M.; Li, N.; Zheng, X.S.; et al. Synthesis,
mechanical investigation, and application of nitrogen and phosphorus co-doped carbon dots with a high
photoluminescent quantum yield. Nano Res. 2018, 11, 3691–3701. [CrossRef]

36. Wu, S.-H.; Mou, C.-Y.; Lin, H.-P. Synthesis of Mesoporous Silica Nanoparticles. Chem. Soc. Rev. 2013, 42,
3862–3875. [CrossRef]

37. Robert, W.; Zuhl, Z.A. Solution Chemistry Impact on Silica Polymerization by Inhibitors; Mineral Scales in
Biological and Industrial Systems; Amjad, Z., Ed.; CRC Press/Taylor & Francis Group: Boca Raton, FL,
USA, 2013.

38. Lan, Y.K.; Chen, T.C.; Tsai, H.J.; Wu, H.C.; Lin, J.H.; Lin, I.K.; Lee, J.F.; Chen, C.S. Adsorption Behavior and
Mechanism of Antibiotic Sulfamethoxazole on Carboxylic-Functionalized Carbon Nanofibers-Encapsulated
Ni Magnetic Nanoparticles. Langmuir 2016, 32, 9530–9539. [CrossRef]

39. Zhang, H.M.; Gui, Y.Q.; Cao, Y.; Wang, M.; Liu, B.Z. Molecularly Imprinted Sensor based on o-phenylenediamine
for Electrochemical Detection of Sulfamethoxazole. Int. J. Electrochem. Sci. 2019, 14, 11630–11640. [CrossRef]

40. Turco, A.; Corvaglia, S.; Mazzotta, E.; Pompa, P.P.; Malitesta, C. Preparation and characterization of
molecularly imprinted mussel inspired film as antifouling and selective layer for electrochemical detection
of sulfamethoxazole. Sens. Actuators B Chem. 2018, 255, 3374–3383. [CrossRef]

41. Lamaoui, A.; Lahcen, A.A.; García-Guzmán, J.J.; Palacios-Santander, J.M.; Cubillana-Aguilera, L.; Amine, A.
Study of solvent effect on the synthesis of magnetic molecularly imprinted polymers based on ultrasound
probe: Application for sulfonamide detection. Ultrason. Sonochem. 2019, 58, 104670. [CrossRef]

42. Yari, A.; Shams, A. Silver-filled MWCNT nanocomposite as a sensing element for voltammetric determination
of sulfamethoxazole. Anal. Chim. Acta 2018, 1039, 51–58. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bios.2014.05.058
http://dx.doi.org/10.1016/j.bios.2013.09.022
http://www.ncbi.nlm.nih.gov/pubmed/24080211
http://dx.doi.org/10.1021/ac3007939
http://www.ncbi.nlm.nih.gov/pubmed/22681704
http://dx.doi.org/10.1002/adom.201400549
http://dx.doi.org/10.1007/s12274-017-1937-0
http://dx.doi.org/10.1039/c3cs35405a
http://dx.doi.org/10.1021/acs.langmuir.6b02904
http://dx.doi.org/10.20964/2019.12.57
http://dx.doi.org/10.1016/j.snb.2017.09.164
http://dx.doi.org/10.1016/j.ultsonch.2019.104670
http://dx.doi.org/10.1016/j.aca.2018.07.061
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Details 
	Materials 
	Instruments and Measurements 
	Synthesis of GQDs and APTES-Modified GQDs 
	Synthesis of GQDs@SMIP and silica non-molecularly imprinted polymer (GQDs@SNIP) 
	SMZ detection 
	Selectivity 

	Results and Discussion 
	Characterization of GQDs@SMIP 
	SMZ Sensing 
	Selectivity 

	Conclusions 
	References

