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Abstract

A facile method for coating a molecularly imprinted polymer onto CdTe quantum dots
(MIP-QDs) was successfully formulated and for the first time used as a highly selective and
sensitive fluorescence probe for the determination of trace amoxicillin. The MIP-QDs was
prepared using a sol-gel process with 3-aminopropylethoxysilane as a functional monomer,
tetraethoxysilane as a cross-linker and amoxicillin as a template molecule. After removal of the
template molecule from polymer layer, MIP-QDs containing cavities specific to amoxicillin were
obtained. The hydrogen bonding between the amino group of 3-aminopropylethoxysilane and
functional groups of amoxicillin and the specific size and shape of the cavity provided good
selectivity. The fluorescence intensity of MIP-QDs was more strongly quenched by amoxicillin
compared to a non-imprinted polymer (NIP-QDs) with an imprinting factor of 43.6. Under
optimum condition, the fluorescence intensity of MIP-QDs was decreased in response to
increasing the amoxicillin concentration with good linearity in the range of 0.20 to 50.0 ug L™.
The limit of detection and the limit of quantitation were 0.14ug L™ and 0.46 ug L, respectively.
The developed method showed good repeatability and reproducibility with the relative standard
deviation being less than 6 %. This developed method was successfully applied for the
determination of amoxicillin in egg, milk and honey samples with a satisfactory recovery of 85 —

102% being achieved.
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1. Introduction

Amoxicillin is a synthetic antibiotic in the $-lactam class of antibiotics and is extensively
used to treat infectious diseases in human and animal, being active against both Gram-positive
and Gram-negative bacteria [1-3] due to its broad spectrum antibiotic activity and low cost [4].
However, the usage of antibiotic in food-producing animals leading to the presence of residues in
food and the environment[4] which can cause some side-effects such as hypersensitivity in
humans [5]. To assure the consumers safety, the European Union (EU) has set a maximum
residue limit (MRL) of amoxicillin of 50 ug kg in animal tissues and 4.0 pg kg in milk [6].
Therefore, the monitoring of amoxicillin in food products is an important application. Various
analytical methods have been developed for the determination of amoxicillin such as
chromatography [4,7,8], electrochemical methods [2,3,9], surface plasmon resonance [10] and
spectrophotometry [1,11-13]. Among these methods, fluorescence spectroscopy is an interesting
alternative method because it has a short analysis time, is relatively simple to use, low cost of
equipment, requires small sample amounts and minimal consumption of organic solvents
[12,14]. Several organic dyes have been used as a fluorescence probes to detect various target
analytes [15], however they often have some drawbacks such as broad emission bands and
mostly asymmetric spectra [16]. To overcome this problems, quantum dots (QDs) have attracted
much attention in recent years for use as fluorescence probes for the determination of ions,
molecules, proteins and cells [17-20] due to their desirable optical properties such as size-
dependent emission, narrow symmetric emission bands, long fluorescence lifetime,
photochemical stability and good water dispersibility[21,22]. To improve the selectively of this
method the surface of QDs need to be modified with some specific materials [18]. Molecularly

imprinted polymers (MIPs) are an attractive strategy to modify the surface of quantum dots. MIP



are affinity polymers and can be synthesized to be specific to a target molecule, they are easy to
prepare, inexpensive and display good stability [23]. These materials are highly cross-linked
three-dimensional network polymers, formed by polymerization between a functional monomer
and a cross-linking monomer including template molecules (target analytes) [24,25]. After the
polymerizations were complete, the template molecules were removed and the specific cavities
were obtained [26]. MIPs combined with QDs have been developed as a fluorescence probe for a
selective determination of some compounds i.e. histamine [27], malachite green [28],
chlorpyritos [29] and a-fetoprotein [30].

In this work, molecularly imprinted polymers coated on quantum dots (MIP-QDs) were
synthesized and used as a fluorescence probe for the highly sensitive and selective determination
of amoxicillin. The fluorescence properties and morphology of the synthesized MIP-QDs were
investigated and characterized. The effects of various parameters on the analytical performance
were also optimized. The developed MIP-QDs were applied for the determination of amoxicillin
in egg, milk and honey samples. The developed method was compared with a HPLC method and
the recovery from these samples was also investigated.

2. Experimental
2.1 Chemicals and reagents

All chemicals were of analytical grade, amoxicillin, 3-Aminopropyl triethoxysilane
(APTES, > 98%), tetraethyl orthosilicate (TEOS, > 99%), tellurium powder (99.8%),
thioglycolic acid (TGA) and sodium borohydride (NaBH4) were purchased form Sigma-Aldrich
(St. Louis, MO, USA). CdCl2.2H.0 was purchased from Asia Pacific Specialty Chemicals Co.
Ltd. (NSW, Australia). Tris (hydroxymethyl) aminomethane and ethanol (> 98%) were

purchased from Merck (Frankfurt, Germany). Ammonia and sodium hydroxide were purchased



from RCI Labscan(Bangkok, Thailand). Ultrapure water was from a water purification system
(18.2 MQ.cm™) (Elgastat Maxima, ELGA, UK)
2.2 Instrumental

Fluorescence spectroscopy was performed wusing a Shimadzu RF-5301PC
spectrofluorophotometer (Kyoto, Japan). UV/Vis absorption spectra were recorded using an
Avaspec 2048 spectrometer (Avantes, Apeldoorn, Netherlands). The morphologies of MIP-QDs
and NIP-QDs were obtained using a scanning electron microscope (JSM-5200, JEOL, Tokyo,
Japan) and the FTIR spectra were recorded using FTIR spectroscopy (PerkinElmer, Waltham,
MA, USA). TEM images were obtained from a JEM-2010 transmission electron microscope
(JEOL, Japan). BET surface areas of MIP-QDs and NIP-QDs were determined using
QuantachromeAutosorb 1 system (Quantachrome Instruments, USA).
2.3 Synthesis of TGA- capped CdTe QDs

TGA-capped CdTe quantum dots were synthesized using a method modified from
previous work [17, 18]. Firstly,50 mg of tellurium powder and 40 mg of NaBH4 were dissolved
in 1.0 mL of deionized water under a nitrogen atmosphere to prepare a NaHTe solution. Also,
0.050 g of CdCl, and 25.0 uL TGA were dissolved in 100.0 mL of deionized water and adjusted
to pH 11.50 with 1.0 M NaOH. Then, this solution mixture was placed into a three-necked flask
anddeaerated by bubbling with nitrogen gas for 15 min. Under vigorous stirring, 500 uL of
NaHTe solution was rapidly injected into the solution mixture under a nitrogen atmosphere.
Then the solution was refluxed for 10 min at 90 °C. The resulting product was precipitated with
ethanol to remove excess reagents and centrifuged at 2800 RCF for 10 min. The obtained TGA-

capped CdTe QDs were dried in an oven at 40 °C for 1 hand kept in a desiccator for further use.



2.4 Synthesis of molecularly imprinted polymer coated CdTe quantum dots (MIP-QDs)

Briefly, 6.6 mgof amoxicillin (template) was dissolved in 5.0 mL of deionized water and
mixed with 30 uL APTES (functional monomer) in a brown bottle and stirred at room
temperature (25°C) for 1 h. Then, 15 mL of TGA-capped CdTe QDs (7.5x10° M), 135uL of
TEQOS (cross-linker) and 150 pL of 25% ammonia solution were added and continuously stirred
for 6 h. The resultant products were centrifuged and washed three times with 10 mL of ethanol to
remove template molecules. Finally, the MIP-QDs were dried in an oven at 40 °C for 1 h. The
non-imprinted polymer coated QDs (NIP-QDs) were also prepared through the same procedure
but without addition of the template molecule.
2.5Fluorescence measurements

Fluorescence measurements were performed using a spectra band pass of the excitation
and emission of 10 nm, an excitation wavelength of 355 nm and recording the emission in the
range of 400 — 700 nm. The measurements were carried by mixing of 150 uL of MIP-QDs or
NIP-QDs solution with 50 uL of amoxicillin solution. All measurements were performed at
room temperature (25 °C) for convenient analysis.
2.6Sample preparation of food samples

All samples were purchased from the local market in Hat Yai, Songkhla, Thailand. Milk
samples were pretreated according to the previous report [31]. Briefly, 30 mL of raw milk was
transferred to a 50 mL polypropylene centrifuge tube and centrifuged at 1680 RCF for 15 min to
precipitate fat. Then 10 mL of acetonitrile was added into the defatted milk to deproteinize it.
Subsequently, the mixture was vortexed and centrifuged at 2240 RCF for 15 min. Then, the
supernatant was collected and evaporated to dryness at 40 °C. The extract was redissolved with

2.0 mL of phosphate buffer and analysed by the developed method. For honey samples, the



sample preparation was modified from previous work [3]. Briefly, 10 mL of honey was
transferred to a 50 mL polypropylene centrifuge tube and diluted with 10 mL of distilled water.
The mixture was then vortexed for 1 min followed by centrifuging at 2240 RCF for 20 min and
the supernatant was evaporated at 60 °C. Then, 2.0 mL of phosphate buffer was added and
vigorously vortexed for 10 s before analysis. The preparation of egg sample was modified from
previous work [4], whole egg white was homogenized and 5.0 g of homogenized egg was
transferred into a 50 mL polypropylene centrifuge tube and 10 mL of acetonitrile was added. The
mixture was extracted by ultrasonification for 15 min and then centrifugation at 2240 RCF for 10
min, the supernatant was transferred to another 50 mL polypropylene centrifuge tube. Then 1.0
mL of ammonium acetate buffer was added and mixed by vortexing. 20 mL of dichloromethane
was added into the mixture and vortexed for 1 min and centrifuged at 2240 RCF for 10 min; the
supernatant was collected and evaporated at 40 °C. The extractant was redissolved with 2.0 mL
of phosphate buffer and filtered through a 0.22 um membrane filter before analysis.

3. Results and discussion

3.1 The synthesis of MIP coated on TGA-capped CdTe quantum dots (MIP-QDs)

The MIP-QDs were synthesized as shown in Fig. 1. TGA-capped CdTe QDs has a
carboxylic group which can interact with TEOS and APTES to form a sol-gel MIP coated onto
QDs. The strong non-covalent interaction between APTES and amoxicillin occurred during the
molecular imprinting process. The amino group of APTES can interact with functional groups of
amoxicillin such as the carboxylic group, amino group and hydroxyl group though hydrogen
bonding. The synthesized MIP-QDs and NIP-QDs have a symmetric emission at 545 nm when

excited at 355 nm.



The fluorescence intensity of MIP-coated QDs before the removal of templates molecules
was relatively weak (Fig. 2a). However, the fluorescence intensity of MIP-QDs was restored
dramatically after removal of template molecules(Fig. 2b). The fluorescence intensity was
restored to almost the same value as obtained with NIP-QDs (Fig. 2c). These results indicated
that the template molecules were almost completely removed from the recognition cavities in the
MIP-QDs. In addition, the fluorescence signal was sharp which indicated that the size of MIP-
QDs were homogeneous. Fig. 2d and Fig. 2e showed the fluorescence photographs of MIP-QDs
without and with amoxicillin.

3.2 Characterizations of MIP-QDs

The fluorescence spectrum and absorption spectrum of TGA-capped CdTe QDs are
shown in Fig. S1. The TGA-capped CdTe QDs showed a narrow and symmetric fluorescence
spectrum. The maximum absorption wavelength of the TGA-capped CdTe QDs at 500 nm was
used to calculate the particle size of QDs as described in previous work [18], the average
particles size was approximately 2.5 nm. The TEM images of the TGA-capped CdTe QDs and
MIP-coated CdTe QDs are shown in Fig. 3A and 3B. The TEM image exhibits the uniform size
and distribution of TGA-capped CdTe and their particles size agreed with those calculated.

The morphology of MIP-QDs was investigated by SEM. As shown in Fig. 3C, they have
a uniform spherical shape and narrow size distribution with diameters in the range of 180 - 200
nm. It is indicated that the particles diameter increased significantly after coating with MIP
compared with original TGA-capped CdTe QDs. This indicated that the MIP-QDs have a large
surface area with effective imprinting sites to bind the template molecule.

The FT-IR spectrum of TGA capped CdTe QDs (Fig. 4a) showed a characteristic peak at

1375 and 1572 cm™ which corresponded to the C=0 stretching and deformation vibration of



carboxylic group. The absorption peaks at 3400 and 1225 cm™ were attributed to the O-H
stretching and C-O stretching. The FT-IR spectrum of amoxicillin (Fig. 4b) exhibited an
absorption band at 3463 cm™ corresponding to the N-H stretching of primary amine. The
absorption band at 1777 cm™ and 1687 cm™ corresponded to the C=0 stretching of carbonyl and
carboxylic group, respectively. The absorption peak at 1590 cm™ was due to the C-C stretching
of the thiazole ring. The FT-IR spectrum of MIP-QDs before removal of the template
(amoxicillin) is shown in Fig. 4c. The absorption peak at 1065 cm™ was ascribed to Si-O-Si
asymmetric stretching. The Si-O vibrations band was shown at 460 and 784 cm™. After
removing the template the absorption peak at 1777, 1687 and 1590 cmwhich related to
amoxicillin were absent (Fig. 4d). The results indicated that the molecularly imprinted polymer
was successfully synthesized and coated on the CdTe-QDs to form MIP-QDs for selective
recognition for amoxicillin.

The photoluminescence quantum yields of the TGA-capped CdTe QDs and MIP-coated
QDs were 0.67 and 0.30, respectively.The BET surface area of MIP-QDs and NIP-QDs were
12.00 + 0.18 m? g* and 11.50 + 0.15 m? g%, respectively. The MIP-QDs showed higher surface
area than NIP-QDs, this results from the imprinted cavity of the template (amoxicillin).
3.3 Optimization of the determination conditions

To obtain the highest sensitivity and shortest analysis time, the ratio of amoxicillin
solution to MIP-QDs solution,molar ratio of template to monomer, incubation time and pH value
were investigated and optimized. The sensitivity was obtained by the determination of
amoxicillin in the concentration range of 0.20 to 50.0 pug L. All optimization parameters were
performed at room temperature (25 °C) for convenient analysis.

3.3.1 The ratio of amoxicillin solution to MIP-QDs solution
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The different ratios of amoxicillin solution to MIP-QDs solution (80 ng L) was
investigated for the determination of amoxicillin i.e.1:1, 1:2, 1:3 and 1:4. The results are shown
in Fig. 5A, the sensitivity increased when the ratio of MIP-QDs increased up to ratio of 1:3 and
after that no further increase in sensitivity at higher ratio. Therefore, the ratio of amoxicillin
solution to MIP-QDs solution of 1:3 was chosen for further studies.

3.3.2 Effect of incubation time

To ensure the completion binding between amoxicillin and the recognition site of MIP-
QDs, the effect of incubation time between amoxicillin and MIP-QDs was investigated from 0 to
60 min. As shown in Fig. 5B, the fluorescence intensity change (FO/F) of MIP-QDs increased up
to an incubation time of 30 min and above that remains almost constant. Therefore, an incubation
time of 30 min was selected for further experiments. Although, the incubation time between
MIP-QDs and amoxicillin was 30 min, however, the measurement of the fluorescence intensity
requires only 2minutes. This indicated that the developed method is capable of a high throughput
of approximately 30 samples per 1 h.

3.3.3 Ratio of template to monomer

To obtain the highest the sensitivity of MIP-QDs for the determination of amoxicillin, the
effect of molar ratio of template to monomer was investigated and the results are shown in Fig.
5C.The highest sensitivity was obtained at the molar ratio of 1:8. The molar ratio of template to
monomer of 1:6 provided lower sensitivity due to its low number of recognition sites for the
target analytes. While, the sensitivity was also decreased at the molar ratio of 1:10 due to the
non-forming excess monomer might inhibit the binding of recognition sites and the target

analytes. It resulted in the decreasing of sensitivity.
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3.3.4 Effect of pH

MIP-QDs are sensitive to their surrounding environment and the pH value had a
significant effect on the fluorescence intensity of MIP-QDs [32]. Extremes of pH value both high
and low will affect the binding efficiency of MIP-QDs and target analytes [33]. Therefore, the
influence of the pH of buffer solution (Tris-HCI) used to prepare MIP-QDs solution in the range
of 6.0-10.0 were investigated. The results are showed in Fig. 5D, the pH value had a significant
influence on the fluorescence quenching of MIP-QDs with the highest sensitivity being obtained
at pH 8.0. The sensitivity decreased at lower pH due to hydrogen ion in the solution affecting the
hydrogen bonding between MIP-QDs and amoxicillin [34] and the resulting of the protonation of
theamine groups of amoxicillin.At a pH higher than 8.0, the sensitivity was also decreased,
possibly because of degradation of the template molecule [34, 35]. The pKa value of amoxicillin
was 2.4, 7.4 and 9.6 [36]. In addition, the silica shell was ionized under highly alkaline
condition which can cause damage to the structure of the binding site.As a result, a Tris-HCI
buffer solution pH of 8.0 was selected as an optimum value and used for the further experiment.
3.4 Comparison between MIP-QDs and NIP-QDs for the determination of amoxicillin

To investigate the recognition ability of the MIP-QDs compared to NIP-QDs, the
fluorescence intensity of MIP-QDs and NIP-QDs with different concentration of amoxicillin
were investigated. As shown in Fig. 6A,the fluorescence intensity of MIP-QDs clearly decreased
with increasing concentration of amoxicillin whereas the fluorescence intensity of NIP-QDs does
not significantly change (Fig. 6B).It can be seen in Fig. 6C; the fluorescence intensity is
proportionally quenched much more for MIP-QDs than for NIP-QDs. The higher quenching

efficiency or better sensitivity of MIP-QDs results from their specific binding affinity towards
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amoxicillin due to the cavities in MIP-QDs. These results indicated the synthesized MIP-QDs
could be used as a facile and effective method to detect amoxicillin.
The fluorescence quenching of the procedure could be described by the Stern-Volmer
equation[27-30]:
Fo/F = 1+ K«[C] 1)
Where Fo and F are the fluorescence intensity of MIP-QDs in the absence and presence of a
given concentration of amoxicillin, respectively. Ksy is the Stern-Volmer constant and [C] is the
concentration of quencher (amoxicillin). The equation was used to quantify quenching constant
of the MIPs and NIPs. The imprinting factor (IF), which is the ratio of Ksy of the MIP-QDs and
NIP-QDs (IF = Ksv,MIP/Ks,NIP) was used to evaluate the selectivity of sensing materials. Under
optimum conditions, the imprinting factor was calculated to be 43.6which indicates the specific
cavities of MIP are capable of selective adsorption of amoxicillin leading as demonstrated by

greatly increased fluorescence quenching efficiency.

3.5 Selectivity of MIP-QDs for the determination of amoxicillin

The selectivity of the developed MIP-QDs was investigated by comparing the
fluorescence intensity of MIP-QDs after interaction with the target analyte (amoxicillin) and
other antibiotics. The potential interferent antibiotics used were ampicillin (AMP), cephalexin
(CEP), penicillin G (PEG), chloramphenicol (CRP) and thiamphenicol (TAP).The fluorescence
intensity of MIP-QDs showed a high response to amoxicillin and a much lower signal for other
antibiotics. The Stern-Volmer constant (Ksy) values of amoxicillin interaction with MIP-QDs
were higher than other antibiotics as shown in Fig. 7. These results indicated the MIP-QDs have

a good selectivity for amoxicillin detection. This can be explained by the synthesis process of
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MIP-QDs producing many specific recognition sites with respect to the amoxicillin on the
surface of MIP-QDs, the analyte therefore could be bound strongly to the MIP-QDs leading to
quenching of the fluorescence intensity.
3.6 Stability of MIP-QDs

The stability of the synthesized MIP-QDs in a Tris-HCI buffer solution (pH 8.0) was
investigated at room temperature (25 °C) by the repeated measurement of the fluorescence
intensity over time. As shown in Fig. S2, the fluorescence intensity decreased less than 1.0 %
after 12 h. The stability of the solid powder of MIP-QDs was also investigated by keeping it in a
desiccator at 25 °C and the fluorescence intensity showed no significant changes after 3 months
(Fig. S3). These results indicated that MIP-QDs had good stability since coating the CdTe QDs
with an MIP outside layer helps to improve the QDs photo stability.
3.7 Analytical performance of MIP-QDs for the determination of amoxicillin

The analytical performance of the developed method was evaluated including linearity,
limit of detection (LOD), limit of quantification (LOQ), repeatability and reproducibility. The
MIP-QDs exhibited linear fluorescence quenching for amoxicillin detection in the concentration
range from 0.20 to 50.0ug L with a coefficient of determination (R?) of 0.9994 as shown inFig.
8. The LOD and LOQ were 0.14 pg L™ and 0.46 pg L2, respectively, based on IUPAC criteria,
3o/k and 10c/k, respectively., where o is the standard deviation of the blank measurement (n =
20) and k is the slope of the calibration curve.

Five replicate measurements of amoxicillin (50 pug L) were performed to evaluate the
precision of the MIP-QDs measurement. Under the optimum conditions, the relative standard

deviation was 2.7 %, indicating good measurement repeatability.
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The reproducibility of synthesized MIP-QDs was investigated by preparing six different
batches of MIP-QDs under identical conditions. The synthesized MIP-QDs were used to
determine amoxicillin at a concentration of 50 pg L*under optimum condition. The relative

standard deviation (RSD) was 5.0 %, indicating good MIP-QDs preparation reproducibility.

3.8 Application of MIP-QDs for the determination of amoxicillin in food samples

The developed method using MIP-QDs as fluorescence probes was applied to determine
amoxicillin in a range of food samples i.e. egg, milk and honey. The concentration of amoxicillin
was found in milk sample as supplied at a concentration of 0.50 pug L. The accuracy of the
developed method was also investigated by spiking the food samples with amoxicillin at four
different concentrations (1.0, 10, 20, 50 pg L™).The samples preparation was described in
section 2.5. The amoxicillin recovery values of spiked samples were obtained in the range of
85.3 to 102.0% with a relative standard deviation less than 6 % (Table 1). The result showed that
MIP-QDs can be used in the determination of amoxicillin in food samples with good accuracy
and precision.

The developed MIP-QDs method was compared with a HPLC method. The three
different samples (egg, milk, honey) were spiked with the four different concentrations of
amoxicillin. The extracted sample solutions were analyzed using both MIP-QDs and HPLC
method. The typical HPLC chromatogram of spiked egg samples as shown in Fig. 9A. The
correlation between both methods was very good as shown in Fig. 9B, the coefficient of
determination (R2) was 0.9939. The result indicated that the developed method agrees well with
the HPLC method and can be used for the determination of trace amoxicillin in food samples.

3.9 Comparison of the developed MIP-QDs method with other methods
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The analytical performances of the developed MIP-QDs was compared with other works
for the determination of amoxicillin and summarized in Table 2. The developed method
provided a wide linear range and the limit of detection was much lower than other methods
[3,13,37-42], while the recovery and precision of this method were comparable or better than
other methods. Moreover, when compared this method with chromatographic methods [37-39],
the fluorescence measurement is simpler, faster, cost-effective and did not require any organic
solvents such as normally used in the HPLC mobile phase. In addition, the selectivity of this
work was improved with the use of MIPs and sensitivity was improved with quantum dots.
Therefore, the developed MIP-QDs method can be used as an effective method for a simple,
rapid, cost-effective, sensitive and selective determination of amoxicillin in food samples.

4. Conclusion

The facile synthesis of a molecularly imprinted polymer coated onto CdTe quantum dots
was successfully achieved and the resultant composite used as a highly sensitive and selective
fluorescence probe for the determination of amoxicillin. The detection is based on the
fluorescence quenching of the MIP-QDs after the binding of amoxicillin into the specific cavities
of MIP-QDs. The MIP-QDs fluorescence probe combined the advantages of the high sensitivity
of QDs and good selectivity of the MIP, demonstrating highly sensitivity allowing detection of
amoxicillin at trace levels and good selectivity to amoxicillin based on shape, size and functional
group interactions. The developed MIP coated CdTe QDs was successfully applied to the
determination of amoxicillin in various complex sample matrices i.e. eggs, milk and honey. The
advantages of this method include simplicity, rapidity, high sensitivity, good selectivity and cost

efficiency.



16

Acknowledgements

This work was supported by the budget revenue of Prince of Songkla University
(SC1600559S),the Thailand Research Fund, Office of the Higher Education Commission, Center
for Innovation in Chemistry (PERCH-CIC), Trace Analysis and Biosensor Research Center,
Faculty of Science, Prince of Songkla University, Hat Yai, Thailand. Kochaporn Chullasat was
supported by Scholarship Awards Thai Ph.D. students under Thailand’s Education Hub for
Southern Region of ASEAN Countries.

References

[1] K.A.M. Attia, M.W.I. Nassar, M.B. El-Zeiny, A. Serag, Different spectrophotometric
methods applied for the analysis of binary mixture of flucloxacillin and amoxicillin: A
comparative study, Spectrochim. Acta Part A, 161 (2016) 64-69.

[2] L.-H. Shen, H.-N. Wang, P.-J. Chen, C.-X. Yu, Y.-D. Liang, C.-X. Zhang, The analytical
determination and electrochemiluminescence behavior of amoxicillin, J. Food Drug Anal. 24
(2016) 199-205.

[3] G. Yang, F. Zhao, Molecularly imprinted polymer grown on multiwalled carbon nanotube
surface for the sensitive electrochemical determination of amoxicillin, Electrochim. Acta, 174
(2015) 33-40.

[4] L. Sun, L. Jia, X. Xie, K. Xie, J. Wang, J. Liu, L. Cui, G. Zhang, G. Dai, J. Wang,
Quantitative analysis of amoxicillin, its major metabolites and ampicillin in eggs by liquid
chromatography combined with electrospray ionization tandem mass spectrometry, Food Chem.

192 (2016) 313-318.



17

[5] N. Kumar, Rosy, R.N. Goyal, Gold-palladium nanoparticles aided electrochemically reduced
graphene oxide sensor for the simultaneous estimation of lomefloxacin and amoxicillin,
Sens.Actuators B 243 (2017) 658-668.

[6] EuropeanCommission, Commission regulation No. (37/2010/EC), of 22 December 2009E.,
Official Journal of the EuropeanCommunities, (2010) L15/12.

[7]1 H. Li, X. Xia, Y. Xue, S. Tang, X. Xiao, J. Li, J. Shen, Simultaneous determination of
amoxicillin and prednisolone in bovine milk using ultra-high performance liquid
chromatography tandem mass spectrometry, J. Chromatogr. B 900 (2012) 59-63.

[8] Y. Liu, K. Zhu, J. Wang, X. Huang, G. Wang, C. Li, J. Cao, S. Ding, Simultaneous detection
and comparative pharmacokinetics of amoxicillin, clavulanic acid and prednisolone in cows’
milk by UPLC-MS/MS, J. Chromatogr. B 1008 (2016) 74-80.

[9] N. Thapliyal, R.V. Karpoormath, R.N. Goyal, Electroanalysis of antitubercular drugs in
pharmaceutical dosage forms and biological fluids, Anal. Chim. Acta 853 (2015) 59-76.

[10] M.L. Yola, T. Eren, N. Atar, Molecular imprinted nanosensor based on surface plasmon
resonance: Application to the sensitive determination of amoxicillin, Sens. Actuators B 195
(2014) 28-35.

[11] H. Fazelirad, M. Ranjbar, M.A. Taher, G. Sargazi, Preparation of magnetic multi-walled
carbon nanotubes for an efficient adsorption and spectrophotometric determination of
amoxicillin, J. Ind. Eng. Chem. 21 (2015) 889-892.

[12] A. Saini, J. Singh, R. Kaur, N. Singh, N. Kaur, Fluoremetric determination of amoxicillin
drug in agueous medium using hybrid framework of organic—inorganic nanoparticles, Sens.

Actuators B 209 (2015) 524-529.



18

[13] M.Q. Al-Abachi, H. Haddi, A.M. Al-Abachi, Spectrophotometric determination of
amoxicillin by reaction with N,N-dimethyl-p-phenylenediamine and potassium
hexacyanoferrate(l11), Anal.Chim. Acta 554 (2005) 184-189.

[14] K.A.M. Attia, M.W.I. Nassar, M.B. El-Zeiny, A. Serag, Different spectrophotometric
methods applied for the analysis of binary mixture of flucloxacillin and amoxicillin: A
comparative study, Spectrochim. Acta. Part A 161 (2016) 64-609.

[15] M.H. Sorouraddin, M. Iranifam, A. Imani-Nabiyyi, Study of the enhancement of a new
chemiluminescence reaction and its application to determination of B-lactam antibiotics,
Luminescence 24 (2009) 102-107.

[16] U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot, R. Nitschke, T. Nann, Quantum dots
versus organic dyes as fluorescent labels, Nat. Methods 5 (2008) 763-775.

[17] O. Bunkoed, P. Kanatharana, Mercaptopropionic acid—capped CdTe quantum dots as
fluorescence probe for the determination of salicylic acid in pharmaceutical products,
Luminescence 30 (2015) 1083-1089.

[18] P. Nurerk, P. Kanatharana, O. Bunkoed, A selective determination of copper ions in water
samples based on the fluorescence quenching of thiol-capped CdTe quantum dots, Luminescence
31 (2016) 515-522.

[19] T.L. Rocha, S.M.T. Sabdia-Morais, M.J. Bebianno, Histopathological assessment and
inflammatory response in the digestive gland of marine mussel Mytilus galloprovincialis
exposed to cadmium-based quantum dots, Aquat. Toxicol.177 (2016) 306-315.

[20] A.R. Montoro Bustos, M. Garcia-Cortes, H. Gonzalez-Iglesias, J. Ruiz Encinar, J.M. Costa-
Fernandez, M. Coca-Prados, A. Sanz-Medel, Sensitive targeted multiple protein quantification

based on elemental detection of Quantum Dots, Anal. Chim. Acta 879 (2015) 77-84.



19

[21] A.F.E. Hezinger, J. Tellmar, A. Gopferich, Polymer coating of quantum dots — A powerful
tool toward diagnostics and sensorics, Eur. J. Pharm. Biopharm. 68 (2008) 138-152.

[22] X. Wei, T. Hao, Y. Xu, K. Lu, H. Li, Y. Yan, Z. Zhou, Facile polymerizable surfactant
inspired synthesis of fluorescent molecularly imprinted composite sensor via aqueous CdTe
quantum dots for highly selective detection of A-cyhalothrin, Sens. Actuators B 224 (2016) 315-
324.

[23] S. Piletsky, S. Piletsky, 1. Chianella, MIP-based Sensors, in: Molecularly Imprinted Sensors,
Elsevier, Amsterdam, 2012, pp. 339-354.

[24] A. Beltran, F. Borrull, R.M. Marcé, P.A.G. Cormack, Molecularly-imprinted polymers:
useful sorbents for selective extractions, TrAC Trends Anal. Chem. 29 (2010) 1363-1375.

[25] E. Turiel, A. Martin-Esteban, Molecularly imprinted polymers for sample preparation, Anal.
Chim. Acta 668 (2010) 87-99.

[26] M.R. Chao, C.W. Hu, J.L. Chen, Glass substrates crosslinked with tetracycline-imprinted
polymeric silicate and CdTe quantum dots as fluorescent sensors, Anal. Chim. Acta 925 (2016)
61-69.

[27] Y. Kim, J.Y. Chang, Fabrication of a fluorescent sensor by organogelation: CdSe/ZnS
quantum dots embedded molecularly imprinted organogel nanofibers, Sens. Actuators B 234
(2016) 122-129.

[28] L. Wu, Z.Z. Lin, H.P. Zhong, X.M. Chen, Z.Y. Huang, Rapid determination of malachite
green in water and fish using a fluorescent probe based on CdTe quantum dots coated with

molecularly imprinted polymer, Sens Actuators B 239 (2017) 69-75.



20

[29] X. Ren, H. Liu, L. Chen, Fluorescent detection of chlorpyrifos using Mn(l1)-doped ZnS
quantum dots coated with a molecularly imprinted polymer, Microchim. Acta 182 (2015) 193-
200.

[30] L. Tan, K. Chen, C. Huang, R. Peng, X. Luo, R. Yang, Y. Cheng, Y. Tang, A fluorescent
turn-on detection scheme for a-fetoprotein using quantum dots placed in a boronate-modified
molecularly imprinted polymer with high affinity for glycoproteins, Microchim. Acta 182 (2015)
2615-2622.

[31] A. Muhammad, N.A. Yusof, R. Hajian, J. Abdullah, Construction of an Electrochemical
Sensor Based on Carbon Nanotubes/Gold Nanoparticles for Trace Determination of Amoxicillin
in Bovine Milk, Sensors 16 (2016).

[32] Z. Zhou, T. Li, W. Xu, W. Huang, N. Wang, W. Yang, Synthesis and characterization of
fluorescence molecularly imprinted polymers as sensor for highly sensitive detection of dibutyl
phthalate from tap water samples, Sens. Actuators B 240 (2017) 1114-1122.

[33] Y.J. Yan, X.W. He, W.Y. Li, Y.K. Zhang, Nitrogen-doped graphene quantum dots-labeled
epitope imprinted polymer with double templates via the metal chelation for specific recognition
of cytochrome c, Biosens. Bioelectron. 91 (2017) 253-261.

[34] X. Ren, L. Chen, Preparation of molecularly imprinted polymer coated quantum dots to
detect nicosulfuron in water samples, Anal. Bioanal. Chem. 407 (2015) 8087-8095.

[35] J. Hou, H. Li, L. Wang, P. Zhang, T. Zhou, H. Ding, L. Ding, Rapid microwave-assisted
synthesis of molecularly imprinted polymers on carbon quantum dots for fluorescent sensing of

tetracycline in milk, Talantal46 (2016) 34-40.



21

[36] E. S. EImolla, M. Chaudhuri, Degradation of amoxicillin, ampicillin and cloxacillin
antibiotics in aqueous solution by the UV/ZnO photocatalytic process, J. Hazard. Mater. 173
(2010) 445-449.

[37] B. Buszewski, M. Szultka, P. Olszowy, S. Bocian, T. Ligor, A novel approach to the rapid
determination of amoxicillin in human plasma by solid phase microextraction and liquid
chromatography, Analyst 136 (2011) 2635-2642.

[38] W.C. Dong, Z.L. Hou, X.H. Jiang, Y. Jiang, A simple sample preparation method for
measuring amoxicillin in human plasma by hollow fiber centrifugal ultrafiltration, J.
Chromatogr. Sci. 51 (2013) 181-186.

[39] Y. Zhang, H. Liu, X. Zhang, H. Lei, L. Bai, G. Yang, On-line solid phase extraction using
organic-inorganic hybrid monolithic columns for the determination of trace beta-lactam
antibiotics in milk and water samples, Talanta 104 (2013) 17-21.

[40] D.P. Santos, M.F. Bergamini, M.V.B. Zanoni, Voltammetric sensor for amoxicillin
determination in human urine using polyglutamic acid/glutaraldehyde film, Sens. Actuators
B133 (2008) 398-403.

[41] M. Ahmadi, T. Madrakian, A. Afkhami, Solid phase extraction of amoxicillin using
dibenzo-18-crown-6 modified magnetic-multiwalled carbon nanotubes prior to its
spectrophotometric determination, Talanta 148 (2016) 122-128.

[42] M. Akhond, G. Absalan, H. Ershadifar, Highly sensitive colorimetric determination of
amoxicillin in pharmaceutical formulations based on induced aggregation of gold nanoparticles,

Spectrochim. Acta. Part A 143 (2015) 223-229.



22

Table 1. Application of MIP-QDs and analytical results for the determination of amoxicillin in

food samples (n=3)

Amoxicillin (ug L)

Samples Recovery (%) RSD
A mount added Amount found
Egg 1 0.0 n.d. - -
1.0 0.86 86.0 1.3
10.0 8.79 87.9 3.6
20.0 18.79 94.0 3.1
50.0 45.81 91.6 1.3
Egg 2 0.0 n.d. - -
1.0 0.85 85.3 3.3
10.0 8.63 86.3 4.6
20.0 18.81 94.1 35
50.0 46.75 935 2.0
Milk 1 0.0 n.d. - -
1.0 1.02 102.0 2.7
10.0 9.75 97.4 2.2
20.0 19.53 97.7 4.6
50.0 46.12 92.2 1.8
Milk 2 0.0 0.50 - 2.0
1.0 1.48 97.8 5.7
10.0 9.97 94.7 3.9
20.0 19.62 95.6 2.4
50.0 47.0 93.0 2.3
Honey 1 0.0 n.d. - -
1.0 0.86 86.0 1.7
10.0 8.91 89.1 3.7
20.0 18.41 921 2.2
50.0 43.57 87.1 3.6
Honey 2 0.0 n.d. - -
1.0 0.99 98.5 3.1
10.0 8.72 87.2 3.5
20.0 18.12 90.6 4.2
50.0 48.43 96.9 4.8

n.d. is not detectable
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Table 2 Comparison of the developed MIP-QDs method with other methods for the

determination of amoxicillin

: . Linear range  LOD Recovery  RSD
Detection technique Samples References
| P (gL (uglh) () (%)
MIP grown on Milkand Honey ~ 36521900 325 8896 1838  [3]
MWCNTs/electrochemical ' ' ' -
SPME/HPLC-UV Plasma 1,000-50,000 1210 - 5.9 [37]
HFCU/HPLC/UV Human Plasma 100-20,000 25 83.1-86.8 3.1 [38]
SPE/HPLC-UV Milk and river 2-500 15 93-103 11 [39]
water
Polyglutamic acid modified Human
glassy carbon electrode/ urine 730.8-9135.0 336.2  96.2-106.7 1.4-25 [40]
electrochemical
Pharmaceutical
SPE/spectrophotometric formulations, 5-1000 3.0 96.2-102.1 0.7-1.3 [41]
human urine
Pharmaceutical
FIA/spectrophotometric preparation 2,000-40,000 637 97-102 0.4-15 [13]
samples
Colorimetric Capsules and 110-1644 54.8 - 2.1 [42]
oral suspension
MIP-QDs Egg, Milk, 0.2-50 0.14 85-102  1.3-5.7  This work
Honey

SPME=Solid phase microextraction

SPE=Solid phase extraction

HFCU=Hollow fiber centrifugal ultrafiltration

MIP=Molecularly imprinted polymer

MWCNTs=Multiwalled carbon nanotubes

FIA=Flow injection analysis
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Figure Captions

Fig. 1 The synthesis process of MIP-QDs for the recognition of amoxicillin.

Fig. 2 Fluorescence spectra of MIP-CdTe QDs before removal of template molecules (a) and
after removal of template molecules (b), NIP-CdTe QDs (c). The fluorescence photographs of
MIP-CdTe QDs (d) and MIP-CdTe QDs + amoxicillin(e).

Fig. 3 TEM images of TGA-capped CdTe QDs (A), MIP-QDs (B) and SEM image of MIP-QDs
(©).

Fig. 4 FTIR spectra of (a) TGA capped CdTe QDs, (b) amoxicillin, (¢c) MIP-QDs before removal
of the template and (d) MIP-QDs after removal of the template.

Fig. 5 (A) The effect of ratio of amoxicillin solution to MIP-QDs solution, (B) incubation time,
(C) molar ratio of template to monomer and (D) pH value on the fluorescence quenching of MIP-
QDs for the determination of amoxicillin.

Fig. 6Fluorescence spectra of MIP-QDs (A), NIP-QDs (B) and the calibration curve (C) in the
presence of amoxicillin in the concentration range of 0.0 to 50.0 pug L™

Fig. 7 Selectivity of MIP-QDs, Stern-Volmer constant for fluorescence quenching of MIP-QDs

for amoxicillin and other antibiotics (results are mean of three replicates).

Fig. 8Fluorescence spectra of MIP-QDs at different concentration of amoxicillin and (inset)
calibration curve, (results are mean of three replicates).

Fig.9 (A) HPLC chromatogram of spiked egg sample at different concentration of amoxicillin;
(a) 0.10 mg L%, (b) 1.0 mg L, (c) 2.0 mg L*and (d) 5.0 mg L*,(B) Correlation between MIP-

QDs and HPLC methods for the determination of amoxicillin in food samples
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