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Abstract

This thesis aimed to develop optosensor using composite sensing probes
and composite adsorbents for the determination of trace organic compounds in food
and beverage samples. This thesis is composed of two parts including the optosensor
and sample preparation method, which are divided into four sub-projects.

The first part focused on the development of optosensor using
nanocomposite probes based on the fluorescence quenching of molecularly imprinted
polymer (MIP) composited with quantum dots (QDs) for the detection of organic
compounds including lomefloxacin, mafenide and sulfisoxazole. Molecularly
imprinted polymer was synthesized via a sol-gel polymerization method consisting of
template molecules (lomefloxacin, mafenide and sulfisoxazole), a functional monomer
(3-aminopropyltriethoxysilane) and a cross-linker (tetraethyl orthosilicate). After
template removal from MIP layer, the specific imprinted cavities are generated that are
complementary to the templates in terms of functional groups, shape and size. For the
first sub-project, the fabricated fluorescent probe combined the high selectivity of
molecularly imprinted polymer, excellent sensitivity of cadmium telluride quantum
dots (CdTe QDs) and high adsorption ability of polyaniline (PANI) and graphene oxide
(GOx). The nanocomposite PANI-GOx-MIP-CdTe QDs probe was successfully
fabricated and employed for the detection of lomefloxacin. The fluorescence emission
of the developed fluorescent probe was linearly reduced with increasing concentrations
of lomefloxacin from 0.10 to 50.0 pug L', and the developed probe provided a low
detection limit of 0.07 pg L*!. The developed optosensor can be utilized to detect
lomefloxacin in milk, chicken meat and egg samples, and the obtained recoveries
ranged from 81.5 to 99.6% with relative standard deviations (RSDs) below 7%. For the

second sub-project, dual magnetic composite fluorescent probes were developed and



fabricated by incorporating metal organic framework (MIL-101) with graphene
quantum dots (GQDs) or cadmium telluride quantum dots into a magnetic molecularly
imprinted polymer (MMIP) for the enrichment and simultaneous detection of mafenide
and sulfisoxazole. The dual MIL101-MMIP-GQDs and MIL101-MMIP-CdTe QDs
probes can detect mafenide and sulfisoxazole at the same time since their fluorescence
emission intensities were different at 435 and 572 nm, respectively. Under optimal
condition, the emission intensities of dual fluorescent probes were linearly decreased
with increasing mafenide and sulfisoxazole concentrations ranging from 0.10 to 25.0
ng L' with low detection limits of 0.10 ug L. The developed dual probes successfully
detected ultra-trace levels of mafenide and sulfisoxazole in milk with satisfactory
recoveries of 80.4 to 97.9% and RSDs lower than 5%. In addition, the accuracy of these
developed optosensors was confirmed by comparing with that of the high performance
liquid chromatography (HPLC) technique. The analytical results produced by the
developed optosensor not only agreed well with HPLC method but also exhibited
superior sensitivity. The developed optosensor of both sub-projects is a reliable and
effective method for the determination of trace lomefloxacin, mafenide and
sulfisoxazole in food and beverage samples. The outstanding properties of the
developed optosensor are high selectivity, good sensitivity, simple fabrication, short
analysis time, uncomplicated measurement and cost-effectiveness.

The second part focused on the development of composite adsorbents
for the simultaneous extraction and enrichment of multiple target compounds including
phthalate esters and nonsteroidal anti-inflammatory drugs (NSAIDs) coupled with
chromatographic analysis. For the third sub-project, a composite adsorbent of graphene
oxide, metal organic framework and silica-modified magnetite (Fe304-Si0,)
incorporated into alginate hydrogel fiber was fabricated and utilized as dispersive
magnetic solid-phase extraction (D-MSPE) adsorbent for the extraction, enrichment
and determination of four phthalate esters including dibutyl phthalate (DBP), bis(2-
ethylhexyl) phthalate (DEHP), benzyl butyl phthalate (BBP) and di-n-octyl phthalate
(DNOP). Alginate hydrogel was employed as a non-toxic and biodegradable supporting
material, which can be created in various shapes and readily entrap other composite
materials. GOx and MIL-101 were utilized as the primary adsorption materials to

adsorb phthalate esters through hydrogen bonding, hydrophobic and m-m interactions.
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The Fe304-Si02 nanoparticles incorporated in hydrogel fiber facilitated rapid isolation
of adsorbent from sample solution using an external magnet. The applied composite
GOx/MIL-101/Fe304-Si0> alginate hydrogel fiber for the extraction of phthalate esters
and quantitative analysis by HPLC method exhibited wide linear response in the range
of 5.0 t0 250.0 pg L' for DEHP and DNOP and 3.0 to 250.0 pg L' for BBP and DBP.
The limit of detections were achieved in the range of 3.0 to 5.0 pg L. The developed
method was successfully utilized to extract and determine phthalate esters in tea, water
and juice samples, and the acquired recoveries were satisfactory in the range of 80.7 to
89.9% with RSDs below 8%. In addition, the developed composite hydrogel adsorbent
had excellent stability which can be reused up to 16 times. The fourth sub-project was
a composite magnetic adsorbent of graphene quantum dots, silica-modified magnetite
and mesoporous carbon (MPC) embedded into a molecularly imprinted polymer for the
extraction of NSAIDs. The composite GQDs/Fe3;04-Si02/MPC/MIP adsorbent was
successfully fabricated and applied as D-MSPE adsorbent for the extraction,
enrichment and determination of three NSAIDs. The selectivity of the adsorbent can be
enhanced with MIP, which produced specific imprinted cavities for NSAIDs. In
addition, GQDs and MPC enabled increasing adsorption ability between the composite
adsorbent and NSAIDs via m-n stacking, hydrophobic interaction and hydrogen
bonding. The extracted NSAIDs were identified and determined by HPLC. Under
optimal condition, the developed method exhibited good linearity with ranges of 0.5 to
100.0 pg L! for diflunisal and mefenamic acid and 1.0 to 100 ug L' for flurbiprofen.
The limit of detections were acquired from 0.5 to 1.0 pg L. The satisfactory recoveries
of composite magnetic MIP adsorbent for NSAIDs extraction in milk samples were
achieved from 81.4 to 93.7% with RSDs lower than 7%. Furthermore, the fabricated
GQDs/Fe304-Si0o/MPC/MIP adsorbent can be effectively used to extract NSAIDs up
to 6 cycles. The distinctive advantages of the developed composite adsorbents are high
extraction efficiency, simple preparation, low solvent consumption, good
reproducibility and reusability.

In conclusion, the developed optosensor with composite fluorescent
probes and the developed D-MSPE with composite adsorbents in this thesis were

successfully applied for the determination of trace organic compounds in foods and
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beverages with good analytical performances. The developed methods have numerous
advantages including simple fabrication, good sensitivity, high selectivity, low toxicity,
ease of use and cost-effectiveness. In addition, they can be adapted as alternative
strategies for the determination of other organic compounds in a variety of complex

samples.
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The Relevance of the Research Work to Thailand

The aim of this Doctor of Philosophy Thesis in Chemistry is to develop
and increase the analytical performance of optosensor and sample preparation methods
for the determination of trace organic compounds in foods and beverages. The
developed optosensor is based on molecularly imprinted polymer composited with
quantum dots, which exhibited excellent sensitivity, good selectivity, cost-
effectiveness, ease and convenience of use. It can be employed for the determination of
lomefloxacin, mafenide and sulfisoxazole in chicken meat, milk, and egg samples. The
developed composite adsorbents used in the sample preparation procedure provided
high extraction efficiency, simple operation, environmental friendliness and cost-
effectiveness. They can be utilized for the extraction, enrichment and determination of
phthalate esters and nonsteroidal anti-inflammatory drugs in beverage samples
including mineral water, vitamin water, juice, tea and milk. Furthermore, both
developed methods can be used as alternative strategies for the determination of
multiple organic compounds in several government agencies and the private sector in

Thailand.
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1. Introduction
1.1 Background and rationale

Antibiotic drugs and nonsteroidal anti-inflammatory drugs (NSAIDs)
are dramatically attracted to use for treating diseases, preventing infections, relieving
persistent pains and promoting growth in both humans and animals (Baile et al., 2019;
Wise et al., 1999). However, the excessive use of antibiotics and NSAIDs in livestock
contributes to the residue of them in animal tissues, and they can adversely affect
consumers.

Among antibiotics, fluoroquinolones and sulfonamides have been
pervasively utilized because of their broad-spectrum activity. Lomefloxacin is an
antibiotic drug classified in the group of fluoroquinolones and popularly used to heal
respiratory tract diseases, bronchitis, and infections of skin and urinary tracts (Klimberg
etal.,1998; Lu et al., 2007; Saenz-Aguirre et al., 1992). Accumulation of lomefloxacin
in the human body can cause side effects such as headache, diarrhea, drug resistance
and carcinogenesis (Lietman, 1995; Yi et al., 2011). In addition, mafenide and
sulfisoxazole, sulfonamide antibiotic drug are widely employed as veterinary medicine
to cure bacterial infections and serve growth in animals. Both mafenide and
sulfisoxazole residuals in animal products can transfer to humans through the food
chain and may result in endocrine disorders, drug tolerance and allergic reactions (Liu
et al., 2020).

Some NSAIDs including mefenamic acid, diflunisal and flurbiprofen
are difficult degradation and low solubility in aqueous solution leading to health
problems in humans such as gastrointestinal hemorrhage, cardiovascular hazard and
kidney damage (Golzari Aqda et al., 2018; Tanwar et al., 2015). To certify food safety
and prevent consumer health, the maximum residue limits (MRLs) defined by the
European Union (EU) have been set at 100 ug kg™ for fluoroquinolones in chicken
meat and milk, at 100 pg kg for sulfonamides in animal tissues and milk, and at 0.1
ug kg™ for NSAIDs in milk (EU, 2010).

Phthalate esters (PAEs) are multipurpose reagents utilized as polymer
additives or plasticizers in plastic manufacture for improving the elasticity, softness and

durability of plastic products (Adenuga et al., 2020). However, chemical interactions



occurring between PAEs and polymer chains are unstable, and PAEs can subsequently
bind other compounds (Li et al., 2020). Furthermore, PAEs can be simply released from
plastic wares to foods or beverages, and the residue of PAEs in the human body leads
to endocrine disorders, mutagenicity, reproductive hazards and teratogenicity (Wu et
al.,2020). The United States Environmental Protection Agency (US EPA) has defined
some PAEs consisting of dibutyl phthalate (DBP), bis(2-ethylhexyl) phthalate (DEHP),
benzyl butyl phthalate (BBP) and di-n-octyl phthalate (DNOP) as priority
environmental pollutants and it has imposed the maximum contaminant level (MCL) at
6.0 ug L' for DEHP in drinking water (EPA, 2017). Therefore, it is important to
develop an efficient and credible method for monitoring antibiotics, NSAIDs and PAEs
in foods and beverages.

A variety of analytical methods have been reported for the determination
of antibiotics, NSAIDs and PAEs such as electrochemical method (Annamalai et al.,
2020; Bourais et al., 2017; Saghatforoush et al., 2012), capillary electrophoresis (Jeong
et al., 2021; Wu et al., 2019), fluorescence spectroscopy (El-Hamshary et al., 2019;
Silpcharu et al., 2020; Zhou et al., 2017) and high performance liquid chromatography
(HPLC) (El-Sheikh et al., 2019; Li et al., 2015; Urraca et al., 2014; Wu et al., 2021).

Among these techniques, fluorescence spectroscopy is an interesting
alternative method for the analysis and determination of single or two target analytes
due to its rapidity, uncomplicated measurement procedure and cost-effectiveness (Feng
etal.,2019; Xia et al., 2012). The quantitative analysis of the target analytes is usually
operated by measuring the quenching of fluorescence emission when the chemical
formation between fluorescent probes and target analytes occurs (Chullasat et al.,
2018).

For the determination of ultra-trace levels, the improvement of the
sensitivity and selectivity of fluorescence spectroscopy can be achieved using
nanocomposite fluorescent probes. Among sensing materials, quantum dot (QD)
nanoparticles have been considerably attracted due to their distinctive optical
characteristics, consisting of size-dependent emission, narrow and symmetric shape of
emission spectra, good photostability, high fluorescence intensity and good
dispersibility in aqueous solution (Wei ef al., 2016; Wu et al., 2018). Among various
types of QDs, cadmium telluride quantum dots (CdTe QDs) are extensively employed



as sensing materials owing to their easy preparation and high fluorescence response
(Choudhary et al., 2019; Tall et al., 2021). However, fluorescent probe utilizing mere
QDs still lacks selectivity. A molecularly imprinted polymer (MIP) is an outstanding
polymeric material that can generate molecular cavities with high specificity to
templates in the MIP layer (Arabi et al., 2020). The specific recognition cavities of MIP
layer are formed through sol-gel copolymerization procedure using three components
of templates (target analytes), a functional monomer and a cross-linker (Gui et al.,
2019). In the last step of the process, a suitable solvent is utilized to remove templates
from MIP layer to leave unique imprinted cavities complementary in functional groups,
shape and size to the templates (Chullasat et al., 2018). Other advantages of MIP are
good stability, simple preparation and low cost (Arabi et al., 2020). The selectivity
improvement of optical probes can be performed by incorporating QDs into the MIP.
The use of high affinity materials composited with a selective fluorescent probe can
also improve the adsorption ability between the fluorescent probe and target analytes.
Polyaniline (PANI) is a conductive polymer that has acquired significant attention to
be used as an affinity material. It has various advantages including low cost, easy
preparation, huge surface area, environmentally friendly and good chemical stability
(Sadeghi et al., 2018; Zhang et al., 2018). PANI comprises aromatic rings with amino
groups that play an important role in strong n-m interaction with aromatic compounds
and can form hydrogen bonding (Razavi et al., 2018; Sadeghi et al., 2018). To further
increase the kinetic adsorption of target analyte to a fluorescent probe, graphene oxide
(GOx) is a noticeable carbon-based material used as an additional adsorption material
due to it has a large m-conjugated structure and significant functional groups of
hydroxyl, carboxyl and epoxy (Naing et al., 2016; Wu et al., 2015). Thus, a
nanocomposite fluorescent probe consisting of PANI, GOx and CdTe QDs
incorporated into a MIP (PANI-GOx-MIP-CdTe QDs) was created and utilized to
efficiently detect lomefloxacin (Paper I). The fabricated PANI-GOx-MIP-CdTe QDs
fluorescent probe interacts with lomefloxacin through n-m interaction and hydrogen

bonding as illustrated in Figure 1.
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Figure 1 The interaction between the PANI-GOx-MIP-CdTe QDs fluorescent probe

and lomefloxacin (Orachorn et al., 2019)

To further improve sensitivity and facilitate isolation of the fluorescent
probe, the magnetization of the fluorescent probe has earned incremental attention by
compositing of magnetite (Fe3Os) nanoparticles with MIP to fabricate magnetic
molecularly imprinted polymer (MMIP) (Dinc et al., 2019; Fu et al., 2021; Lin et al.,
2016). However, bare Fe;O4 nanoparticles are not popularly utilized as a core material
in MIP due to their easy agglomeration, low stability and poor dispersibility in aqueous
solution (Arabi et al., 2020; Dinc et al., 2019). The surface of Fe3Os is generally
improved by modification with supporting materials such as silica (Si0;) (Banan et al.,
2022; Fan et al., 2015; Kaewsuwan et al., 2017), polyethylene glycol (Bagheri et al.,
2019; Mukhopadhyay et al., 2012), polydopamine (Socas-Rodriguez et al., 2015) and
dextran (Hong et al., 2008; Sakaguchi et al., 2019). Among the above supporting
materials, magnetite nanoparticles encapsulated with silica (Fe304-Si02) are a good
choice because they are not only easily prepared but also can improve the weaknesses
of bare Fe3O4 (Fan et al., 2015; Kaewsuwan et al., 2017). The improvement of the
sensitivity and selectivity of an analytical method for the simultaneous detection of two
target analytes, the composite fluorescent probe can be fabricated by incorporating two
sensing materials into MMIP. Another type of QDs called graphene quantum dots
(GQDs) is also a great sensing material that can be combined with CdTe QDs for the
determination of two analytes because they exhibit different emission wavelengths
from CdTe QDs (Chullasat ef al., 2019). In addition, GQDs have strong fluorescence

emission, low environmental toxicity and excellent stability (Mehrzad-Samarin et al.,
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2017). The adsorption ability between a magnetic composite fluorescent probe and
target analytes can be enhanced by compositing an adsorption material with a
fluorescent probe. Metal organic framework (MOF) is a class of crystalline hybrid
porous materials created by inorganic metal ions and organic ligands via coordinate
covalent bonds (Li ef al., 2022; Zheng et al., 2022). One type of MOFs called materials
of institute Lavoisier-101 (MIL-101) has received more attention as an adsorption
material constructed from chromium and terephthalic acid ligands because it has a large
surface area, adjustable pore size and good stability (Hou et al., 2020; Jia et al., 2020;
Mertsoy et al., 2021). Moreover, strong interactions of m-n and hydrophobic occur
between MIL-101 and target analytes (Huo et al., 2012). Therefore, dual magnetic
nanocomposite fluorescent probes were fabricated by incorporating MIL-101 with
GQDs or CdTe QDs into MMIP (MIL101-MMIP-GQDs and MIL101-MMIP-CdTe
QDs) for the simultaneous determination of mafenide and sulfisoxazole at ultra-trace
levels (Paper II). The possible binding of nanocomposite MIL101-MMIP-GQDs and
MIL101-MMIP-CdTe QDs probes toward mafenide and sulfisoxazole is based on
hydrogen bonding and n-m and hydrophobic interactions as demonstrated in Figure 2

and 3.

~~~~~
r”
-

o
- e No-d; ) Se e No-4 RS
’,1 O 3 9 !;\/\N": s\‘ ,,r‘; 5 i I\/\‘“h ~
5 "";u% N o’ N P *‘gﬂﬁ?i\ SN ™.
e APTES "% N o R g APTES S
7~ \? 5. AF T : R ", / &? pEA - S,
A = SNy R A <~ “
ll e .".”Ip"qp i ".'&& \ ,I E 1\
I MIL-101 *eulog LA O ) MIL-101 O A
i . SSNH Vi ]
! ] 1! 1
\ O SN N P, - H O H
\ 7 A PO ) Iy w00 !
\ S Mafenide L @ 7 N T 2 Y I
L (gﬁ'.-' é:;% . / \ ‘%i A%, /
I O aligs \ mce” o O o
I L o™~cn e 74 Lo e, o 4
"_{/\/_;5' * MIL-101,7 v MIL-101,7
B T > cHy -
O -~
g

-7

Remove template
—_—

Rebind template

MIL101-MMIP-GQDs

Figure 2 The interaction of the nanocomposite MIL101-MMIP-GQDs toward
mafenide (Orachorn et al., 2021)



11

Remove template
B —————

Rebind template

MIL101-MMIP-CdTe QDs

Figure 3 The interaction of the nanocomposite MIL101-MMIP-CdTe QDs toward

sulfisoxazole (Orachorn et al., 2021)

For the determination of multiple target analytes, an HPLC is
extensively utilized because it can simultaneously separate and determine multiple
target compounds using a separation column and provide high sensitivity and good
precision (Borahan et al., 2019; Magiera et al., 2013). However, concentrations of
organic compounds that remain in real samples are quite low and coexisted with several
matrix interferences (Shishov et al., 2019; Wu et al., 2021). Consequently, the sample
preparation procedure before analysis by HPLC is usually required to enrich the target
analytes and reduce matrix components (Liang et al., 2020; Wu et al., 2021). Various
sample preparation methods have been developed and used for the extraction and
enrichment of organic compounds such as liquid-liquid microextraction (LLME)
(Hassan et al., 2019; Wang et al., 2020), stir bar sorptive extraction (SBSE) (Wang et
al., 2021; Zang et al., 2021), solid-phase microextraction (SPME) (Wang et al., 2019;
Wang et al., 2020), solid-phase extraction (SPE) (Amiri ef al., 2021; Milanetti et al.,
2019) and dispersive magnetic solid-phase extraction (D-MSPE) (Baile et al., 2019;
Ferrone et al., 2018; Tong et al., 2019). Among these methods, D-MSPE has received

great attention due to its uncomplicated operation, less time to isolate the adsorbent
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from the sample solution and less amount of organic solvents (Tong et al., 2019).
Furthermore, composite adsorbents employed in D-MSPE is not only easily prepared
but also can be reused after washing with a suitable solvent (Klongklaew et al., 2020).
The most significant part of D-MSPE is an adsorbent component, which can enhance
the adsorption ability (Li et al., 2015). To create various shapes of composite
adsorbents, alginate is a good choice to be used as a supporting material that can easily
entrap other materials. It has several beneficial features including high stability, non-
toxicity, simple preparation, good biocompatibility and biodegradability (Bezbaruah et
al., 2009; Pinsrithong et al., 2018). The fabrication of composite alginate adsorbent
with a high extraction efficiency of target analytes can be performed by incorporating
other materials such as Fe304-SiO2, GOx and MIL-101 into alginate hydrogel.
Accordingly, a magnetic composite alginate hydrogel fiber was designed and fabricated
by combining Fe304-SiO2, GOx and MIL-101 (GOx/MIL-101/Fe304-Si02) within
alginate hydrogel fiber employed in the D-MSPE technique to extract and enrich PAEs
(Paper III). The interactions between fabricated composite hydrogel fiber and PAEs

are hydrogen bonding, hydrophobic and n-n interactions as depicted in Figure 4.
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Figure 4 The interaction between the magnetic composite GOx/MIL-101/Fe304-Si0:
alginate hydrogel fiber and phthalate esters (Orachorn et al., 2021)
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The selectivity of D-MSPE adsorbent can be increased with MIP and
the fabrication of adsorbent can be performed by embedding magnetic material into
MIP to create MMIP that contains numerous specific recognition cavities on the
polymer layer for the target analytes (Dinc et al., 2019). The binding ability of
adsorbent toward target analytes can be enhanced by combining high affinity materials
with MMIP. GQDs are an interesting carbon-based material with m-conjugated rings
and various functional groups of hydroxyl and carboxyl, which can adsorb NSAIDs via
n-7 interaction and hydrogen bonding (Mahmoudi-Moghaddam et al., 2019). Another
carbon-based material called mesoporous carbon (MPC) is also intriguing material to
enhance the adsorption of target compounds because of its hydrophobic feature, leading
to MPC can adsorb target analytes through hydrophobic interaction (Jeong et al., 2020).
In addition, MPC has several advantages including huge surface area, high pore
volume, low cost, and excellent chemical and thermal stability (Liu et al., 2022;
Rechotnek et al., 2022). Consequently, a magnetic composite adsorbent of Fe304-SiO»,
GQDs and MPC embedded into a MIP (GQDs/Fe304-SiO2/MPC/MIP) was created and
used in the D-MSPE technique for the extraction of NSAIDs (Paper IV). The
composite MMIP adsorbent strongly adsorbs NSAIDs through hydrogen bonding and

n-1 interaction reinforced by hydrophobic interaction as shown in Figure 5.
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Figure 5 The interaction between the composite GQDs/Fe304-Si02/MPC/MIP

adsorbent and nonsteroidal anti-inflammatory drugs (Orachorn et al., 2022)



14

1.2 Objective

The purposes of this thesis are to develop optosensor based on
nanocomposite sensing probes using molecularly imprinted polymer composited with
quantum dot nanoparticles for the determination of trace organic compounds in food
and beverage samples and to develop composite adsorbents using suitable sample
preparation techniques for the extraction and enrichment of trace organic compounds
in beverage samples. This thesis including optosensor and sample preparation method
consists of four sub-projects as follows:

Sub-project I: A nanocomposite fluorescent probe of polyaniline,
graphene oxide and cadmium telluride quantum dots incorporated into molecularly
imprinted polymer (PANI-GOx-MIP-CdTe QDs) for the determination of lomefloxacin
in milk, chicken meat and egg.

Sub-project II: Dual nanohybrid magnetic fluorescent probes
containing metal organic framework, graphene quantum dots and cadmium telluride
quantum dots incorporated into magnetic molecularly imprinted polymer (MIL101-
MMIP-GQDs and MIL101-MMIP-CdTe QDs) for the enrichment and simultaneous
detection of mafenide and sulfisoxazole in milk samples.

Sub-project III: A magnetic composite adsorbent of graphene oxide,
metal organic framework and silica-modified magnetite (GOx/MIL-101/Fe304-S10,)
incorporated into alginate hydrogel fiber as dispersive magnetic solid-phase extraction
(D-MSPE) adsorbent for the extraction and enrichment of the phthalate esters in water,
juice and tea samples.

Sub-project IV: A highly selective magnetic adsorbent of graphene
quantum dots, silica-modified magnetite and mesoporous carbon composited with
molecularly imprinted polymer (GQDs/Fe304-Si02/MPC/MIP) for the extraction and

determination of nonsteroidal anti-inflammatory drugs in milk samples.
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2. Optosensor

Optosensor is a kind of chemical sensor that applies electromagnetic
radiation to produce the analytical signal in a transducer (Jeréonimo et al., 2007). The
changing of optical response is caused by the interaction between the particular receptor
and target analytes, which is associated with the concentration of target analytes in the
sample (Aleksandra et al., 2012). Optosensor can be categorized based on the optical
properties that have been measured such as fluorescence, chemiluminescence,
phosphorescence, reflectance, absorbance and resonance (Piccirilli et al., 2009). In
addition, it can measure numerous characteristics such as lifetime, light intensity and
polarization (Jerénimo et al., 2007). The instrument commonly utilized in optosensor
are UV-Visible spectrophotometer (Elik et al., 2022; Soylak et al., 2020), infrared
spectrophotometer (Sakira et al., 2021) and fluorescence spectrometer (Li et al., 2018;
Nurerk et al., 2016; Wang et al., 2019).

Fluorescence-based optosensor has gained much attention due to its
rapid analysis time, high sensitivity, simple measurement and cost-effectiveness (Feng
et al., 2019; Xia et al., 2012). The quantitative analysis of target analytes using the
fluorescence sensor is generally performed by measuring the changing of the quenching
or enhancement of the fluorescence emission (Figure 6) (Chullasat et al., 2018; Yang
et al., 2017). Fluorescence sensors based on the measurement of fluorescence
quenching have been reported for the determination of various organic compounds such
as amoxicillin (Chullasat et al., 2018), propanil (Liu et al., 2020), ciprofloxacin
(Yuphintharakun et al., 2018), tetracycline (Khawla ef al., 2022), saxitoxin (Sun et al.,
2018), leucomalachite green (Yang et al., 2017), lomefloxacin (Paper I), mafenide and

sulfisoxazole (Paper II).
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Figure 6 The fluorescence emission spectra based on the fluorescence quenching of

PANI-GOx-MIP-CdTe QDs nanoprobe for lomefloxacin determination (A) (Reprinted

from Orachorn and coworker, 2019; copyright with permission from Elsevier)

(Orachorn et al., 2019) and the fluorescence enhancement of Ag@HNTs-Cit-Eu

nanoprobe for tetracycline determination (B) (Reprinted from Xu and coworker, 2020;

copyright with permission from Elsevier) (Xu et al., 2020)
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3. Sample preparation technique

Sample preparation is a crucial step before analysis by an analytical
instrument, which is used for the removal of matrix interferences in real sample and
preconcentration of target analytes to increase sensitivity (Wang et al., 2021;
Wojnowski et al., 2022). Currently, sample preparation has been developed and
popularly applied in the fields of food analysis (Casado et al., 2020; Hewavitharana et
al., 2020), environmental analysis (Cerutti ef al., 2019; Yahaya et al., 2022), biological
analysis (Alampanos et al., 2021; Li et al., 2021) and forensic analysis (Kabir ef al.,
2013; Manousi et al., 2021). According to recent trends, sample preparation techniques
have evolved to offer superior advantages such as ease of operation, time saving,
solvent-minimized extraction and environmental friendliness (Hussain et al., 2020;
Kabir et al., 2013). Several sample preparation methods have been reported and utilized
for the extraction and determination of organic compounds such as liquid-liquid
microextraction (LLME) (Hassan et al., 2019; Wang et al., 2020), stir bar sorptive
extraction (SBSE) (Wang et al., 2021; Zang et al., 2021), solid-phase microextraction
(SPME) (Wang et al., 2019; Wang et al., 2020), solid-phase extraction (SPE) (Amiri et
al., 2021; Huang et al., 2022; Milanetti et al., 2019) and dispersive magnetic solid-
phase extraction (D-MSPE) (Baile et al., 2019; Ferrone et al., 2018; Tong et al., 2019).
Among these methods, D-MSPE is a favored approach for analyte extraction because
of its simple operation, rapid isolation of the adsorbent from sample solution and small

volume of solvent usage (Tong et al., 2019; Kaewsuwan et al., 2017).

3.1 Dispersive magnetic solid-phase extraction

Dispersive magnetic solid-phase extraction (D-MSPE) is a sample
preparation method modified from SPE mode, which is performed by directly
dispersion of a magnetic adsorbent into sample solution (Fernandez et al., 2020). The
dispersibility of adsorbent can improve the contact surface between target compounds
and magnetic adsorbent, leading to increasing extraction efficiency (Jing et al., 2019;
Li et al., 2018). Additionally, the magnetic feature of adsorbent enables easy and fast
isolation of adsorbent from solution through an attractive force of an external magnetic

field, which can minimize the overall time of the extraction process (Jing et al., 2019;
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Manousi et al., 2020). Compared with a traditional SPE mode, D-MSPE can simplify
operations and avoid problems of cartridge clogging (Li et al., 2018; Maya et al., 2017).

The basic procedure of D-MSPE is illustrated in Figure 7. Initially, the
magnetic composite adsorbents are dispersed into sample solution under a suitable
stirring rate with adequate adsorption time to facilitate mass transfer of target
compounds from sample solution to the magnetic composite adsorbents (Jiang et al.,
2019). An external magnet is subsequently applied to isolate the magnetic composite
adsorbents with adsorbed target compounds from solution. After discarding supernatant
solution, the target analytes adsorbed on the magnetic composite adsorbents are
desorbed by adding proper organic solvent for a sufficient period. Next, the fast
isolation of the magnetic composite adsorbents from solution is performed by a magnet,
and eluent with desorbed compounds is evaporated by a rotary evaporator. After solvent
dryness, the residue is redissolved with mobile phase solution and filtered before
analysis by an analytical instrument (Li et al., 2018; Vasconcelos et al., 2017). In
addition, the used magnetic composite adsorbents can be reused to extract target
compounds for the next cycle after being washed with appropriate solvent to assure that

target compounds have not remained on the used adsorbents (Wierucka et al., 2014).
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Figure 7 The procedure of dispersive magnetic solid-phase extraction (Orachorn et al.,

2022)
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4. Materials
4.1 Quantum dots

Quantum dots (QDs) also known as colloidal semiconductor
nanocrystals are fluorescent nanomaterials that have dimensions smaller than the bulk-
exciton Bohr radius (Frigerio et al., 2012; Wu et al., 2014). QDs have excellent optical
properties including size-dependent emission, narrow and symmetric spectra in shape,
good photostability, high fluorescence intensity and good dispersibility in aqueous
solution (Wei et al., 2016; Wu et al., 2018). The distinctive optical characteristics of
QDs are based on quantum confinement influences, caused by electron and hole
restriction in all three dimensions (Hezinger et al., 2008). Generally, the diameter of
QDs is in the range of 1 to 10 nm (10 to 50 atoms), resulting in a high ratio of surface
to volume (Pouya et al., 2005; Vasudevan et al., 2015). Due to their small size, the
energy levels of QDs can be separated to the valence band (lower energy level) and
conduction band (higher energy level) (Frigerio ef al., 2012). The band gap energy
values of QDs between the valence band and conduction band directly depend on the
size of QDs (Hezinger et al., 2008). The smaller size of QDs has larger band gap energy,
which provides a shorter emission wavelength (blue shift). In contrast, the band gap
energy is reduced when the size of QDs increases, leading to a longer emission
wavelength (red shift) as illustrated in Figure 8 (Drbohlavova et al., 2009; Frigerio et
al., 2012).

Several types of QDs have been applied as fluorescent probes, which are
usually composed of elements in groups II-VI, III-V or IV-VI such as cadmium
telluride (CdTe) (Chullasat ef al., 2018; Nurerk et al., 2016; Wu et al., 2018), cadmium
sulfide (CdS) (Eskandari et al., 2017; Tayebi et al., 2016), cadmium selenide (CdSe)
(Brahim et al., 2015; Zhang et al., 2018), zinc sulfide (ZnS) (Ren et al., 2015; Wang et
al., 2018), zinc selenide (ZnSe) (Wu et al., 2014; Zhou et al., 2018), indium phosphide
(InP) (Lee et al., 2013), lead selenide (PbSe) (Yu et al., 2012) and lead sulfide (PbS)
(Pendyala et al., 2009). The emission wavelengths of QDs are ranged from visible to
near-infrared and can be adjusted by varying their physicochemical properties such as
size, core-shell component and shape (Cardoso Dos Santos et al., 2020; Hezinger et al.,

2008).
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Figure 8 The band gap energy of QDs (A), various relative particle sizes of QDs (B)
and size-dependent fluorescence emission spectra of QDs (C) (Reprinted from Samimi

and coworker, 2017; copyright with permission from Medcrave) (Samimi et al., 2017)

Among various synthesis strategies of QDs, the colloidal method has
attracted much attention for QDs preparation which provides excellent fluorescence
efficiency and narrow range of size distribution (Frigerio ef al., 2012). In addition, the
surface of QDs should be stabilized by modifying with suitable stabilizing agents to
enhance the dispersibility of QDs in aqueous solution and prevent aggregation of QDs
(Vasudevan et al., 2015). A variety of stabilizers have been utilized as capping agents
for the surface modification of QDs such as thioglycolic acid (TGA) (Chullasat et al.,
2018; Wei et al., 2015), mercaptopropionic acid (MPA) (Bunkoed et al., 2015; Wang
et al., 2019), glutathione (GSH) (Ensafi et al., 2015; Peng et al., 2018),
mercaptosuccinic acid (MSA) (Thepmanee et al., 2020; Wei et al., 2014) and
cysteamine (CA) (Ding et al., 2015; Ensafi et al., 2016). In recent years, the stabilizer
with a short-chain thiol and other functional groups (carboxyl, hydroxyl and amino

groups) has been popularly used as a capping agent because it provides high brightness
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of QDs with a flexible surface and good stability (Frigerio et al., 2012; Nurerk et al.,
2016). QDs have been applied as fluorescent probes for the detection of numerous
analytes such as cyphenothrin (Ren et al., 2015), tetracycline (Han et al., 2020),
paranitrophenol (Zhou et al., 2014), iron(III) ion (Fe*") (Tam et al., 2014), lead(II) ion
(Pb?") (Qian et al., 2015), ciprofloxacin (Yuphintharakun et al., 2018), amoxicillin
(Chullasat et al., 2018), salicylic acid (Bunkoed et al., 2015), lomefloxacin (Paper 1),

mafenide and sulfisoxazole (Paper II).

4.1.1 Cadmium telluride quantum dots

Cadmium telluride quantum dots (CdTe QDs) are semiconductor
nanocrystals in group II-IV with a band gap energy of approximately 1.5 eV (Akbari et
al., 2020). The emission wavelengths of CdTe QDs are ranged from 500 to 750 nm,
which are depended on size of QDs (Smith et al., 2006). In addition, CdTe QDs have
superior advantages over other inorganic QDs such as simple preparation under mild
conditions and high fluorescence efficiency (Choudhary et al., 2019; Tall et al., 2021).
In recent years, TGA-capped CdTe QDs have been extensively utilized as fluorescent
probes for optosensor applications and reported for the determination of a variety of
analytes such as salbutamol (Zhang ef al., 2021), dopamine (Pourghobadi et al., 2018),
chloramphenicol (Amjadi et al., 2016), amoxicillin (Chullasat et al., 2018),
sarafloxacin (Chaowana et al., 2019), kaempferol (Tan et al., 2014), lomefloxacin
(Paper I) and sulfisoxazole (Paper II). The structure of TGA-capped CdTe QDs is

represented in Figure 9.
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Figure 9 The structure of TGA-capped CdTe QDs
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4.1.2 Graphene quantum dots

Graphene quantum dots (GQDs) are carbon-based fluorescent
nanomaterials with zero-dimension, which consist of a single or few layers of graphene
(Henna et al., 2020; Lin et al., 2014). The emission wavelengths of GQDs mainly occur
in the range of 400 to 500 nm (Rocha et al., 2022). Recently, GQDs have been
significantly interested owing to their low environmental toxicity, excellent
photostability, high fluorescence response, chemical inertness and easy preparation
(Bunkoed et al., 2020; Mehrzad-Samarin et al., 2017). These unique optical properties
of GQDs are caused by quantum confinement and edge effect (Zhou et al., 2015).
GQDs have n-conjugated structures with numerous functional groups of carboxyl and
hydroxyl as illustrated in Figure 10, resulting in good dispersibility in aqueous solution.
In addition, GQDs can be used as adsorption material for target compounds because
they can produce strong m-m interaction with aromatic compounds and form hydrogen
bonding of hydroxyl or carboxyl groups with various organic compounds (Mahmoudi-

Moghaddam et al., 2019).

Figure 10 The structure of GQDs

For optosensor application, GQDs have been employed as fluorescent
probes for the detection of several compounds such as paranitrophenol (Zhou et al.,
2014), methamphetamine (Masteri-Farahani et al., 2020), norfloxacin (Bunkoed et al.,
2020), dopamine (Zhou et al., 2015), sulfamethoxazole (Le et al., 2020), ascorbic acid
(Liu et al., 2017), cephalexin (Chullasat et al., 2019), ceftazidime (Bunkoed et al.,
2020) and mafenide (Paper II).
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4.2 Molecularly imprinted polymer

A molecularly imprinted polymer (MIP) is a highly cross-linked
polymer that can form specific imprinted cavities for target compounds (Shi et al.,
2019). The construction of MIP is performed through a copolymerization process by
employing three major components of a template molecule (target compound), a
functional monomer and a cross-linker (Basak et al., 2022). Before polymerization,
there are two types of interactions for the binding between a template and a functional
monomer including non-covalent and covalent interactions (Hasanah ez al., 2021). One
of the most popular processes in the pre-polymerization step is self-assembly due to its
simple preparation, easy template removal and high-affinity binding (Bakhtiar et al.,
2019; Song et al., 2022). In this approach, non-covalent interactions such as Van der
Waals forces, hydrogen bonding, ionic and hydrophobic interactions are formed
between a monomer and a template (Hasanah ef al., 2021). Generally, the preparation
procedure of MIP is carried out following three main steps (Figure 11). Firstly,
functional monomers are bound with templates via self-assembly in the pre-
polymerization procedure. Secondly, cross-linkers are utilized to fix the template-
monomer complexes and create strong three-dimensional polymers. Finally, templates
are removed from polymer matrix using a suitable desorption solvent to generate
numerous specific imprinted cavities, which are matched in size, functional group and
shape to target compounds (Suwanwong et al., 2021; Vasapollo et al., 2011). MIP has
several beneficial features including simple fabrication, high stability, low cost and easy
surface modification with other materials (Fang ef al., 2021).

MIP has been utilized in various fields such as solid-phase extraction
(Madikizela et al., 2018), dispersive magnetic solid-phase extraction (Chang et al.,
2017; Jalilian et al., 2021), solid-phase microextraction (Shahhoseini et al., 2022),
optosensor (Fang et al., 2021), electrochemical sensor (Rebelo et al., 2021) and
biosensor (Nawaz et al., 2021). For optosensor application, MIP composited with QDs
has been employed as a fluorescent probe and reported for the determination of several
organic compounds such as amoxicillin (Chullasat et al., 2018), norfloxacin (Chen et
al., 2021), sulfadiazine (Shi et al., 2019), leucomalachite green (Yang et al., 2017),
tetracycline (Zhang et al., 2016), thioridazine hydrochloride (Ensafi et al., 2019),
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lomefloxacin (Paper I), mafenide and sulfisoxazole (Paper II). For the application of
dispersive magnetic solid-phase extraction, MIP has been utilized as an adsorbent in
the D-MSPE process and reported for the extraction and determination of various
organic compounds such as phenolphthalein (Jalilian ez al., 2021), polycyclic aromatic
hydrocarbons (Azizi et al., 2020), glucocorticoids (Hang et al., 2022), bisphenol A
(Chang et al.,2017), acrylamide (Baile et al., 2019) and nonsteroidal anti-inflammatory
drugs (Paper III).

Polymer matrix Cavity

Functlonal monomer
Polymerlzatlon Remove template

Rebind template

Template

Self-assembly Imprinted material

Figure 11 The preparation process of molecularly imprinted polymer
4.3 Alginate hydrogel

Alginate is a water-soluble biopolymer generated from brown algae or
seaweed, which has extraordinary properties including non-toxicity, high stability and
good biodegradability (Hu et al., 2021; Zare et al., 2016). Alginate is composed of
linear polysaccharides of B-D-mannuronic acid (M) and oa-L-guluronic acid (G),
connected through (1—>4) glycosidic linkages (Cao et al., 2020; Pasparakis et al., 2006).
Furthermore, alginate can selectively bond with divalent cations such as calcium(II) ion
(Ca*"), copper(Il) ion (Cu?") and barium(II) ion (Ba>") (Zare et al., 2016). This property
enables a basic sol-gel transition into a three-dimensional network (3D-N) through
cross-linking reaction to form a hydrogel, similar to an egg box model (Figure 12)
(Kashima et al., 2012; Zare et al., 2016). Alginate hydrogel has gained much attention
for the fabrication of adsorbents because it can be designed and created in numerous
shapes, and has distinctive properties such as simple preparation, good stability, cost-
effectiveness, good biocompatibility and biodegradability (Bezbaruah et al., 2009;
Pinsrithong et al., 2018). In addition, alginate hydrogel has a hydrophilic feature that
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can enhance the dispersibility of the adsorbents in aqueous solution, leading to
decreasing extraction time (Pinsrithong et al., 2018).

The extraction of target compounds by alginate hydrogel in the D-MSPE
process can be improved by incorporating magnetic materials and other adsorption
materials within the hydrogel. Several adsorption materials have been reported
including polypyrrole (Bunkoed et al., 2016; Pinsrithong et al., 2018), polyaniline
(Klongklaew et al., 2020), reduced graphene oxide (Pinsrithong et al., 2018),
multiwalled carbon nanotubes (Bunkoed et al., 2015), chitosan (Facchi et al., 2018),
metal organic framework (Nurerk et al., 2020; Tan et al., 2019; Paper III) and
graphene oxide (Klongklaew et al., 2020; Tasmia et al., 2020; Paper III).

Sodium alginate Calcium alginate

Figure 12 Gelation of homopolymeric blocks of a-L-guluronic acid junction with
calcium ions (Egg-box model) (Reprinted from Kashima and coworker, 2012;

copyright with permission from IntechOpen) (Kashima et al., 2012)
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4.4 Adsorption materials

Adsorption materials are an important component of both the
fluorescent probe and adsorbent because they can improve the binding ability of target
compounds. The suitable materials are selected by considering their structure and
unique properties to interact with target analytes. When the fluorescent probe or
adsorbent is composited with adsorption materials, it should have superior features to
the original components. In this thesis, polyaniline, graphene oxide, metal organic
framework, graphene quantum dots and mesoporous carbon were utilized as adsorption
materials for the fabrication of either composite fluorescent probes or composite

adsorbents.

4.4.1 Polyaniline

Polyaniline (PANI) is one of the most popular conductive polymers to
be used as an adsorption material due to its distinctive advantages such as
uncomplicated synthesis, large surface area, excellent stability and environmental
friendliness (Sadeghi et al., 2018; Zhang et al., 2018). Generally, the preparation of
PANI can be performed through an oxidation reaction of aniline or any anilinium salt
with an appropriate oxidizing agent such as ammonium persulfate under acidic
conditions (Stejskal et al., 2010). The chemical structure of PANI is composed of
benzene rings and amino groups (Figure 13), which can not only produce strong n-7
interaction with aromatic compounds but also possibly generate hydrogen bonding of
amino groups with multiple organic compounds (Razavi et al., 2018; Sadeghi et al.,

2018).
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Figure 13 The chemical structure of polyaniline

PANTI has been employed as an adsorption material in many applications
such as optosensor (Ahmed et al.,2021; Wang et al., 2015), gas sensor (Liu et al., 2021;
Wang et al., 2020), electrochemical sensor (Durai ef al., 2020; Ponnaiah ef al., 2018),
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solid-phase extraction (Jian et al., 2019; Rattanakunsong et al., 2020), magnetic solid-
phase extraction (Florez et al., 2019; He et al., 2020), solid-phase microextraction
(Sereshti et al., 2021; Sun et al., 2021) and stir bar sorptive extraction (Lei et al., 2016).
According to the advantages of PANI, it has been applied for the fabrication of
composite fluorescent probes to adsorb various organic compounds such as picric acid
(Ahmed et al., 2021), nucleic acid (Liu ef al., 2011), Malathion (Berhanu et al., 2022)

and lomefloxacin (Paper I).

4.4.2 Graphene oxide

Graphene oxide (GOx) is a carbon-based material with a two-
dimensional structure, which is an oxidized form of graphene (Pena-Pereira et al., 2021,
Tong et al., 2022). GOx contains a single layer of sp? hybridized carbon atom and a
variety of remarkable functional groups including hydroxyl, carboxyl and epoxy
(Figure 14) (Morales-Benitez et al., 2022). According to its structure, GOx can
strongly interact with various organic compounds through hydrogen bonding, n-m and
hydrophobic interactions (Naing et al., 2016). Furthermore, GOx has many
extraordinary advantages such as huge surface area, high chemical and thermal stability
and good dispersibility in aqueous solution or organic solvents (Naing et al., 2016;

Nebol'sin et al., 2020).

COOH

Figure 14 The structure of graphene oxide

In recent years, GOx has gained considerable attention as an adsorption
material in numerous applications such as optosensor (Eskandari et al., 2017; Han et
al., 2015; Li et al., 2017), electrochemical sensor (Afzali et al., 2020; Garcia et al.,
2021), gas sensor (Biranje et al., 2022), solid-phase microextraction (Gao et al., 2021),
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solid-phase extraction (Chullasat et al., 2017; Shi et al., 2015; Yu et al., 2018), matrix
solid-phase dispersion (Chatzimitakos et al., 2019), and dispersive magnetic solid-
phase extraction (Li et al., 2022; Majd et al., 2021; Manousi et al., 2020). For
optosensor application, GOx has been utilized as a composite material in the fluorescent
probes for the determination of various compounds such as virginiamycin (Li et al.,
2017), 2,4,6-trichlorophenol (Han et al., 2015), cyanoguanidine (Liu et al., 2017),
cefixime (Eskandari et al., 2017), zearalenone (Li et al.,2021) and lomefloxacin (Paper
I). The fabricated adsorbents using GOx in the D-MSPE process have been reported for
the extraction and determination of multiple compounds such as polycyclic aromatic
hydrocarbons (Majd et al., 2021; Zhang et al., 2017), triazine herbicides (Li et al.,
2022), sulfonamides (Han et al., 2022), fluoroquinolones (Klongklaew et al., 2020) and
phthalate esters (Paper III).

4.4.3 Metal organic framework

Metal organic framework (MOF) is a hybrid crystalline porous material
formed by coordinating inorganic metal ions with organic ligands (Li et al., 2022;
Zheng et al., 2022). Among a variety of MOFs, Materials of Institute Lavoisier-101
(MIL-101) is an attractive type because it has many outstanding advantages including
huge surface area, adjustable pore size and excellent stability in aqueous solution (Hou
et al.,2020; Jia et al., 2020; Mertsoy et al., 2021). MIL-101(Cr) is generally formed by
chromium and terephthalic acid ligands through coordinate covalent bonds (Figure 15),
which can effectively adsorb multiple organic compounds via hydrophobic and n-nt

interactions (Huo et al., 2012).

Figure 15 The crystal structure of MIL-101
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Currently, MIL-101 has gained increasing attention as an adsorption
material in several applications such as optosensor (Ding ef al., 2022; Liu et al., 2018),
electrochemical sensor (Cheng et al., 2020; Zhang et al., 2017), dispersive magnetic
solid-phase extraction (Huo et al., 2012; Jia et al., 2020; Liang et al., 2018), dispersive
micro-solid phase extraction (Jia et al., 2017; Li et al., 2015) and solid-phase
microextraction (Xie et al., 2015). The fabricated fluorescent probes composited with
MIL-101 for optosensor have been reported for the determination of multiple
compounds such as enrofloxacin (Ding et al., 2022), pyrraline (Liu et al., 2018), 2,4-
dinitrophenol (Yang et al., 2021), mafenide and sulfisoxazole (Paper II). For the
application of the D-MSPE, MIL-101 has been popularly utilized as an adsorption
material for the fabrication of composite adsorbent to effectively extract and determine
various compounds such as polycyclic aromatic hydrocarbons (Huo et al., 2012),
phenytoin sodium (Jia et al., 2020), triazine herbicides (Liang ef al., 2018), nonsteroidal
anti-inflammatory drugs (Wang et al., 2017) and phthalate esters (Paper III).

4.4.4 Mesoporous carbon

Mesoporous carbon (MPC) is a carbon-based material with pore
diameters in the range of 2 to 50 nm, leading to a tremendously high surface area
(Figure 16) (Holban et al., 2016; Rahman et al., 2021). According to its hydrophobic
property, MPC can strongly adsorb the target compounds via hydrophobic interaction
(Jeong et al., 2020). Furthermore, MPC has remarkable features including high pore
volume, cost-effectiveness, and good chemical and thermal stability (Jeong et al., 2020;
Liuet al.,2022). The arrangement of MPC has uniform worm-like particles with a pore

structure as displayed in Figure 17.

Figure 16 The structure of mesoporous carbon (CMK-3)
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Figure 17 TEM image of MPC at 60000X (A) and SEM image of MPC at 10000X (B)
(Reprinted from Orachorn and coworker, 2022; copyright with permission from

Springer Nature) (Orachorn et al., 2022)

According to its distinctive properties, MPC has been widely employed
as an adsorption material in numerous sample preparation methods such as dispersive
magnetic solid-phase extraction (Yang et al., 2016; Zhang et al., 2021), solid-phase
microextraction (Anbia et al., 2018; Saraji et al., 2016) and micro-solid-phase
extraction (Lashgari ef al., 2017). The magnetic adsorbents composited with MPC have
been reported for the adsorption of multiple organic compounds such as phthalate esters
(Yang et al., 2016), parabens (Zhang et al., 2021), dibenzothiophene (Farzin Nejad et
al., 2013) and nonsteroidal anti-inflammatory drugs (Paper 1V).

5. Fluorescence measurement
5.1 Fluorescence measurement of the nanocomposite fluorescent probe

The intensity of fluorescence emission is measured and performed by a
spectrofluorometer using the fabricated composite fluorescent probe as illustrated in
Figure 18. Initially, the nanocomposite fluorescent probe is dispersed in the buffer
solution at an appropriate pH value and thoroughly mixed with standard or sample
solution. The mixture solution is subsequently incubated for an adequate period to
achieve complete binding between the fluorescent probe and target compound. Then,
the resulting solution is put into a quartz cell before being measured by an instrument.
The detection of the target compound is performed by setting a suitable excitation
wavelength for the fabricated fluorescent probe and recording a wide range of emission

wavelengths to obtain the fluorescence emission intensity of the fabricated fluorescent
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probe. The excitation wavelength of the fabricated PANI-GOx-MIP-CdTe QDs for
lomefloxacin detection (Paper I) was fixed at 355 nm, and emission wavelengths were

recorded ranging from 400 to 700 nm.

PANI-GOx-MIP-CdTe QDs
in buffer solution

Incubation Detection

m

Cuvette Spectrofluorometer

@ PANI-GOx-MIP-CdTe QDs

5% Lomefloxacin

Sample solution

Figure 18 Detection procedure of target compounds using the nanocomposite

fluorescent probes (Orachorn et al., 2019)

5.2 Fluorescence measurement of the dual magnetic composite fluorescent probes

The dual magnetic composite fluorescent probes are employed to enrich
and simultaneously detect two target compounds. The procedure of fluorescence
measurement using the developed dual optosensing probes is performed as
demonstrated in Figure 19. Firstly, buffer solution with a suitable pH value is used to
disperse dual fluorescent probes before being mixed with standard or sample solution.
To accomplish full adsorption between target compounds and dual nanoprobes, the
above mixture solution is incubated under stirring for a proper time. Then, the
fluorescent probes adsorbed with target compounds are isolated by an external magnet,
and residual solution is removed. Deionized water is subsequently put into the
nanoprobes, and the obtained mixture is transferred to a quartz cuvette prior to
instrumental measurement. The fluorescence emission intensities of dual probes are
investigated and carried out by fixing a proper excitation wavelength for the fabricated
nanoprobes and measuring emission wavelengths in a wide range. For the detection of
mafenide and sulfisoxazole by the developed dual magnetic probes of MIL101-MMIP-
GQDs and MIL101-MMIP-CdTe QDs (Paper II), the excitation wavelength was set at

355 nm, and the emission wavelengths were recorded in the range of 400 to 700 nm.
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Figure 19 The fluorescence measurement of the dual magnetic composite fluorescent

probes for the detection of mafenide and sulfisoxazole (Orachorn ef al., 2021)

6. Fluorescence quenching mechanism

The fluorescence quenching of the composite fluorescent probes by
target compounds is driven by hydrogen bonding between target compounds and amino
groups (-NH>y) of the functional monomer (APTES) on the surface of the fluorescent
probes. This leads to electron transfer from the conduction band of QDs to the lowest
unoccupied molecular orbitals of target compounds, resulting in fluorescence
quenching (Figure 20) (The Huy et al., 2014).

The mechanism of fluorescence quenching can be further confirmed by
considering the UV-Vis absorption spectra of target compounds and the fluorescence
emission spectra of the fabricated fluorescent probes. As demonstrated in Figure 21,
the absorption spectrum of lomefloxacin did not overlap with the emission spectrum of
the PANI-GOx-MIP-CdTe QDs probe (Paper I). This result implied that the
fluorescence quenching of the PANI-GOx-MIP-CdTe QDs nanoprobe by lomefloxacin
was not caused by energy transfer but was based on electron transfer (Lu et al., 2017;
Zhang et al., 2016).

The fluorescence quenching efficiency of the composite fluorescent
probes by target compounds can be quantified according to the Stern-Volmer equation

as follows (Kim et al., 2016):
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% = 1+ Ksv[C]

Where FO and F are the fluorescence emission intensity of the
nanoprobes in the absence and presence of target compounds, respectively. Ksy is the
Stern-Volmer constant and [C] is the concentration of target compounds.

The sensitivity of the nanoprobes for the detection of target compounds
can be described in terms of Ksy. In addition, the imprinting factor (IF) can be utilized
to evaluate the specificity of the fabricated fluorescent probes and calculated by

comparing the Ksv of molecularly imprinted polymer (MIP) and non-imprinted

polymer (NIP) as following equation (Ding et al., 2017):

F = Ksvmip)

Ksvip)

In this thesis, the IF of the PANI-GOx-MIP-CdTe QDs probe (Paper I),
MIL101-MMIP-GQDs and MIL101-MMIP-CdTe QDs probes (Paper II) were 16.7,
5.1 and 4.4, respectively. These results indicated that the fabricated fluorescent probes

were highly specific toward the target compounds.
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Figure 20 The fluorescence quenching mechanism of the fluorescent probe in the

absence (a) and presence (b) of target compound
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Figure 21 The UV-Vis absorption spectrum of lomefloxacin (a) and the fluorescence
emission spectrum of the PANI- GOx-MIP-CdTe QDs nanoprobe (b) (Reprinted from
Orachorn and coworker, 2019; copyright with permission from Elsevier) (Orachorn et

al., 2019)
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7. Optimization of the developed methods

7.1 Optimization of the fabricated fluorescent probes and determination condition

The fluorescence quenching capability of the composite fluorescent
probes for the determination of target organic compounds depends on a variety of
factors including incubation time, pH of dispersing solution and mole ratio of template
to monomer to cross-linker. These factors are examined by considering the most
excellent sensitivity (quenching efficiency) with the fastest measurement time to be

optimal values for the determination condition.

7.1.1 Incubation time

The incubation time is the time required for the binding between specific
imprinted cavities of the fluorescent probes and target compounds prior to measuring
fluorescence to ensure complete adsorption at the fastest time. This factor was tested
and performed by measurement of quenching efficiency (FO/F), and the shortest
adsorption time that offered the best quenching efficiency was chosen as the most
appropriate period. The optimal incubation time of the fabricated PANI-GOx-MIP-
CdTe QDs probe and dual nanohybrid magnetic fluorescent probes (MIL101-MMIP-
GQDs and MIL101-MMIP-CdTe QDs) was 20 min (Paper I) and 15 min (Paper II)

for the detection of lomefloxacin and sulfonamides, respectively.

7.1.2 pH of dispersing solution

Before being bound with the target compound, the composite
fluorescent probe must be prepared in the dispersing solution at a suitable pH due to
the surrounding environment can affect the sensitivity and stability of the fluorescent
probe for the detection of the target compound. To acquire the best binding efficiency
between nanoprobe and target compound, the effect of pH is examined by dispersing
the fabricated fluorescent probe in buffer solution at various pH and considering the
sensitivity of the nanoprobe for the target compound detection. The reduced sensitivity
of the fluorescent probe can occur in both extreme acidity and basicity of dispersing
solution. The reason for lower sensitivity at low pH is the protonation of amino groups
of both the target compound and specific imprinted cavities on the polymer layer of the

nanoprobe by hydrogen ions, leading to reducing the possible interaction of hydrogen
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bonding and causing the electrostatic repulsion between the nanoprobe and target
compound. In a highly alkaline solution, sensitivity is also reduced because this
condition can damage the silica structure of the polymer layer, resulting in less stability
of the sensing probe. Considering the highest sensitivity, phosphate buffer was used as
the most suitable dispersing solution at pH 8.0 for the PANI-GOx-MIP-CdTe QDs
probe (Paper I) and pH 6.0 for the dual magnetic fluorescent probes of MIL101-
MMIP-GQDs and MIL101-MMIP-CdTe QDs (Paper II) to detect lomefloxacin and

sulfonamides (mafenide and sulfisoxazole), respectively.

7.1.3 Mole ratio of template to monomer to cross-linker

The effective fabrication of imprinted cavities of the composite
fluorescent probes relies on the appropriate quantity of the MIP composition. The main
component of the MIP probes includes a template molecule, a functional monomer and
a cross-linker. Therefore, it is crucial to examine and optimize the mole ratio of
template to monomer to cross-linker based on considering the best sensitivity of
nanoprobes for the detection of target compounds. The functional monomer is a vital
role used for binding interactions around template molecules prior to polymerization,
leading to the subsequent formation of specific imprinted cavities for the templates. In
this thesis, 3-aminopropyltriethoxysilane (APTES) was employed as a functional
monomer in the MIP process because its structure has an amino group that can strongly
interact with templates (lomefloxacin, mafenide and sulfisoxazole) via hydrogen
bonding. The use of a low quantity of monomer leads to reduced sensitivity of the
composite MIP probes because a number of generated imprinted cavities are not enough
for the target compounds. The excessive amount of monomer also enables low
sensitivity of nanoprobes since non-imprinted cavities are generated that can hinder the
binding ability between specific imprinted sites and target compounds. The cross-linker
is also an important factor to create a strong three-dimensional structure of a highly
cross-linked polymer with numerous specific imprinted cavities. In this thesis, the MIP
nanoprobes were fabricated using tetraethyl orthosilicate (TEOS) as a cross-linker. The
decreasing sensitivity of the composite probe affected by a low quantity of cross-linker
occurs due to the instability of the polymer layer. In contrast, the use of an excessive

amount of cross-linker produced an extremely thick polymer structure, resulting in the
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blockage of specific imprinted cavities and subsequent reducing sensitivity of the
sensing probe. The optimum mole ratio of template to monomer to cross-linker for the
fabrication of composite probes was 1:8:20 for the PANI-GOx-MIP-CdTe QDs probe
(Paper I), 1:30:15 for the MIL101-MMIP-GQDs probe and 1:8:25 for the MIL101-
MMIP-CdTe QDs probe (Paper II).

7.2 Optimization of the fabricated adsorbents and extraction condition

Several factors affect the extraction efficiency of the composite
adsorbents for the extraction of target compounds including dosage of adsorbent,
extraction time, desorption condition, sample volume, stirring rate and sample pH.
These factors are tested and optimized by considering the best recovery coupled with

the fastest operation time and the lowest solvent consumption.

7.2.1 Dosage of adsorbent

The use of different quantities of adsorbents can impact the adsorption
capacity for the extraction of target compounds. The dosages of composite adsorbents
utilized in D-MSPE were examined and optimized to achieve the best extraction
recoveries with the least amount of adsorbents (Table 1). The most proper quantities
of adsorbents were 0.30 g for the GOx/MIL-101/Fe304-SiO; alginate hydrogel fiber
adsorbent (Paper III) and 0.10 g for the GQDs/Fe304-Si0O2/MPC/MIP adsorbent
(Paper 1IV).

Table 1 Effect of adsorbent dosage of the fabricated composite adsorbents on the

extraction recoveries of PAEs and NSAIDs

Composite Target Study range Optimal Recovery RSD References
adsorbent analytes of adsorbent adsorbent (%) (%)

dosage (g) dosage (g)

GOx/MIL-101/  PAEs 0.10-1.0 0.30 85.2-91.4 <4.0 Paper Il
Fe304-Si02

alginate hydrogel

fiber

GQDs/Fe30s- NSAIDs 0.050-0.50 0.10 80.0-92.9 <4.0 PaperIV

Si02/MPC/MIP
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7.2.2 Extraction time

In the adsorption step, the extraction time is an important factor
influencing the binding ability between target compounds and the magnetic composite
adsorbent. To acquire the best extraction efficiency with the fastest equilibrium time,
the extraction recoveries of the developed D-MSPE methods using the developed
composite adsorbents were evaluated at different times. The suitable extraction time
with the highest recovery of PAEs and NSAIDs were 20 min (Paper III) and 30 min
(Paper IV), respectively. The extraction time on the extraction recoveries of target
compounds extracted by the developed method was verified and optimized as illustrated

in Table 2.

Table 2 Effect of extraction time on the extraction recoveries of PAEs and NSAIDs

extracted by D-MSPE with the fabricated composite adsorbents

Composite Target Extraction Optimal Recovery RSD References
adsorbent analytes time range extraction (%) (%)

(min) time (min)
GOx/MIL-101/ PAEs 5-30 20 83.5-94.3 <6.0 Paper III
Fe;04-S102
alginate hydrogel
fiber
GQDs/Fe304- NSAIDs 10-50 30 85.1-93.5 <3.0 Paper 1V
Si02/MPC/MIP

7.2.3 Desorption condition

In the desorption step of D-MSPE, the elution efficiency of target
compounds from the composite adsorbents depends on several important factors,
consisting of type of desorption solvent, desorption volume and desorption time.
Different kinds of solvents with various polarities are considered and examined as
suitable desorption solvent according to the theory of like dissolves like with target
compounds (Table 3) (Ning et al., 2022). Acetonitrile offered the best extraction
recoveries of all target PAEs (Paper III), while methanol provided the highest values
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of three target NSAIDs (Paper IV). These desorption solvents can greatly break the
possible interactions occurring between the developed composite adsorbents and target
compounds. Considering the excessive solvent consumption, the varied volume of
elution solvent was optimized (Table 4). The optimal volume of acetonitrile for the
GOx/MIL-101/Fe304-S10; alginate hydrogel fiber adsorbent (Paper I1I) and methanol
for the GQDs/Fe304-Si02/MPC/MIP adsorbent (Paper 1V) were 2.0 and 4.0 mL,
respectively. To acquire the best elution efficiency with the shortest elution period,
different times during the desorption process were also investigated and optimized
(Table 5). The most appropriate times were 15 and 20 min to completely desorb PAEs
(Paper III) and NSAIDs (Paper IV) from the fabricated composite adsorbents,

respectively.

Table 3 Effect of various desorption solvents on the extraction recoveries of PAEs and

NSAIDs extracted by the developed D-MSPE

Composite Target  Type of Suitable Recovery RSD References
adsorbent analytes desorption desorption (%) (%)
solvent solvent
GOx/MIL- PAEs Toluene Acetonitrile  81.6-91.1 <7.0 Paper III
101/Fe;04- Dichloromethane
Si0; alginate Ethyl acetate
hydrogel Methanol
fiber Acetone
Acetonitrile
GQDs/Fe304- NSAIDs Methanol Methanol 80.5-89.3 <5.0 PaperlV
Si0,/MPC/ Ethanol
MIP Acetonitrile
Acetone

Ethyl acetate




40

Table 4 Effect of volume of the elution solvent on the extraction recoveries of PAEs

and NSAIDs

Composite

adsorbent

Target

analytes

Study range Optimum Recovery

(mL)

(mL)

(%)

RSD References
(%)

GOx/MIL-
101/Fe;04-
Si0; alginate
hydrogel
fiber
GQDs/Fe3z04
-Si02/MPC/
MIP

PAEs

NSAIDs

0.5-5.0

1.0-6.0

2.0

4.0

85.0-95.0

85.1-94.6

<4.0 Paper III

<3.0 Paper 1V

Table 5 Effect of desorption times on the extraction recoveries of PAEs and NSAIDs

during the elution process

Composite Target  Study range  Suitable Recovery RSD References
adsorbent analytes of desorption desorption (%) (%)

time (min) time (min)
GOx/MIL- PAEs 5-25 15 85.9-93.5 <6.0 Paper III
101/Fe304-
Si0; alginate
hydrogel
fiber
GQDs/Fe;04 NSAIDs 10-50 20 86.5-94.6 <4.0 PaperIV
-Si02/MPC/

MIP




41

7.2.4 Sample volume

Sample volume is an essential parameter affecting both the extraction
efficiency and the enrichment factor. The improvement of the enrichment of target
compounds can be performed by the increasing volume of sample. However, the
excessive volume of sample solution can cause decreasing recoveries due to the
adsorption capacity of the composite adsorbent is not enough to adsorb all target
compounds. Therefore, the effect of sample volume was optimized as demonstrated in
Table 6. According to the highest sample volume providing the best extraction
recoveries, 10.0 mL was selected as the most appropriate volume of sample solution

for the extraction of PAEs (Paper I1I) and NSAIDs (Paper 1V).

Table 6 Effect of sample volume on the extraction recoveries of PAEs and NSAIDs

extracted by D-MSPE using the fabricated composite adsorbents

Composite Target Study range Optimum Recovery RSD References
adsorbent analytes (mL) (mL) (%) (%)

GOx/MIL- PAEs 5.0-20.0 10.0 86.1-92.6 <5.0 Paper III
101/Fe30a4-

SiO> alginate

hydrogel

fiber

GQDs/Fe;04 NSAIDs 5.0-20.0 10.0 80.1-84.0 <4.0 PaperlV
-Si02/MPC/

MIP

7.2.5 Stirring rate

In the adsorption procedure of D-MSPE, one of the necessary factor is
the stirring rate affecting the dispersing ability of the magnetic composite adsorbents in
the sample solution to adsorb target analytes. The suitable stirring rate leads to
improving the mass transfer of the target compounds from solution to the composite
adsorbents. In the case of low stirring rate, the extraction recoveries are low because

the composite adsorbents cannot sufficiently disperse throughout the sample solution.
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This impacts the low mass transfer of target compounds to the composite adsorbents.
Furthermore, the low recoveries are also obtained at too high stirring speed because
there is strong and excessive contact between the composite adsorbents and the
container wall, which can not only damage the adsorbents but also decrease their
reusability. The stirring rate at 1000 rpm offered the best extraction efficiency for both
the GOx/MIL-101/Fe304-Si0; alginate hydrogel fiber adsorbent (Paper III) and the
GQDs/Fe304-Si02/MPC/MIP adsorbent (Paper IV). Thus, 1000 rpm was selected as

the optimal value in the adsorption process (Table 7).

Table 7 Effect of stirring rate on the extraction recoveries of PAEs and NSAIDs during
the adsorption step in the D-MSPE

Composite Target Study range Optimum Recovery RSD References
adsorbent analytes (rpm) (rpm) (%) (%)

GOx/MIL- PAEs 500-1500 1000 80.0-86.2 <3.0 Paper III
101/Fe30s-

SiO7 alginate

hydrogel

fiber

GQDs/Fes04 NSAIDs 500-1500 1000 80.0-82.3 <4.0 PaperlV
-Si02/MPC/

MIP

7.2.6 Sample pH

The different pH of sample solution can impact both the stability of the
composite adsorbent and the binding efficiency of the target compounds on the
composite adsorbent. For the adsorption of PAEs, the GOx/MIL-101/Fe304-SiO2
alginate hydrogel fiber adsorbent (Paper III) was employed and examined in sample
solution at pH ranged from 3.0 to 11.0. The extraction recoveries of PAEs did not
reduce in the pH range of 3.0 to 9.0, whereas the decreasing extraction efficiency
occurred at pH 11.0 because PAEs were deprotonated to anionic form leading to

reducing the possible interactions between the composite hydrogel fiber adsorbent and
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PAEs. In case of the GQDs/Fe304-SiOo/MPC/MIP adsorbent for the adsorption of
NSAIDs (Paper 1V), the effect of pH varied from 3.0 to 11.0 was investigated, and the
extraction efficiency was not significantly changed in the range of 5.0 to 9.0. Both
extreme acidity and basicity of solution led to the reducing recoveries due to the change
of chemical forms of the surface of the composite MMIP adsorbent and NSAIDs.
Target NSAIDs were protonated to cationic form at pH 3.0, while the deprotonation of
target NSAIDs occurred and the silica layer of composite MMIP adsorbent was ionized
at pH 11.0. These changing chemical structures can impact the adsorption ability of
target NSAIDs on the composite MMIP adsorbent. However, the pH of real samples
(mineral water, vitamin water, juice, tea and milk) are not either lower pH 5.0 or higher
pH 9.0. Therefore, the pH of sample was not necessary to be adjusted for both Paper
IIT and Paper IV before extracting target compounds by composite adsorbents (Table

8).

Table 8 Effect of sample pH on the recoveries of PAEs and NSAIDs using the

developed composite adsorbents

Composite Target Study range Optimum Recovery RSD References
adsorbent analytes (%) (%)

GOx/MIL- PAEs 3.0-11.0 3.0-9.0 83.3-90.6 <7.0 Paper III
101/Fe;04-

Si0; alginate

hydrogel

fiber

GQDs/Fes04 NSAIDs 3.0-11.0 5.0-9.0 86.9-95.8 <5.0 PaperlV
-Si02/MPC/

MIP
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8. Analytical performance

The performance of both the developed optosensor using the fabricated
fluorescent probes and the developed D-MSPE using the composite adsorbents were
verified under optimal conditions. Linearity, limit of detection (LOD), limit of
quantification (LOQ), sensitivity, accuracy, precision, reproducibility, reusability and

selectivity were evaluated.

8.1 Linearity

The linearity is the capability range of an analytical approach to produce
acceptable test results, which are directly proportional to target compound
concentration in real samples (APVMA, 2004). The linearity is generally examined by
plotting an ability range between average values of the analytical response (y-axis) and
the concentration of target compounds (x-axis). The evaluation of linearity is carried
out by measuring a minimum of five different concentrations of target compounds
(ICH, 2005). The acceptable linear regression is obtained by considering a coefficient
of determination (R?) greater than 0.99 (AOAC, 2013). For optosensor, linearity is
plotted between the quenching efficiency (FO/F) and the concentration of lomefloxacin
(ug L) (Paper I), mafenide and sulfisoxazole (ug L) (Paper II). For
chromatographic method, linearity is plotted between the peak area and the
concentration of phthalate esters (ug L) (Paper III) and nonsteroidal anti-
inflammatory drugs (ug L!) (Paper 1V). The linearity of all sub-projects provided
acceptable coefficient of determination (R?) which were higher than 0.99, indicating
that both the developed optosensor and chromatographic method exhibited good

linearity for the determination of target compounds (Table 9).
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Table 9 Linearity and coefficient of determination (R?) of the developed methods

Analytical Samples Analytes Linear R? Reference
method range

(ng L)
PANI-GOx-MIP-  Milk, chicken Lomefloxacin 0.10-50.0 0.9999 Paper I
CdTe QDs meat and egg
(Optosensor)
MIL101-MMIP-  Milk Mafenide and  0.10-25.0 0.9980- Paper II
GQDs and sulfisoxazole 0.9994
MIL101-MMIP-
CdTe QDs
(Optosensor)
GOx/MIL-101/ Juice, tea, PAEs 3.0-250.0  0.9980- Paper III
Fe;04-Si02 vitamin water 0.9990
alginate hydrogel = and mineral
fiber water
(HPLC-DAD)
GQDs/Fe30s- Milk NSAIDs 0.5-100.0  0.9973- Paper IV
Si02/MPC/MIP 0.9996
(HPLC-DAD)

8.2 Limit of detection and limit of quantification

The limit of detection (LOD) is assigned as the minimum concentration

of the target compound, which can be measured by a reliable analytical method under

the optimal condition (Taverniers et al., 2004). The limit of quantification (LOQ) is

specified as the minimum concentration of the target compound, which can be

quantitatively evaluated under the optimal condition with acceptable accuracy and

precision (Devreese et al., 2012). The estimation of LOD and LOQ can be performed

with numerous methods depended on the used analytical techniques. In this thesis,

LODs and LOQs were evaluated using two approaches according to the International

Conference of Harmonization (ICH) guideline (ICH, 2005).



46

For optosensor using the fabricated composite fluorescent probe to
determine lomefloxacin (Paper I), mafenide and sulfisoxazole (Paper II), LOD and
LOQ were calculated based on the standard deviation of the signal response and the

slope of the linearity as the following equation:

LOD 3Sy
m

LOQ 10Sy
m

Where Sy, is the standard deviation of the signal response of blank (n =
20) and m is the slope of the linearity (sensitivity).

For the dispersive magnetic solid-phase extraction to determine
phthalate esters (Paper III) and nonsteroidal anti-inflammatory drugs (Paper 1V),
LOD and LOQ were evaluated based on the signal to noise ratio (S/N) of 3 (S/N>3)
and 10 (S/N>10), respectively. The developed methods produced low LODs and LOQs,
indicating that these methods can be applied to determine target compounds in real

samples at ultra-trace levels (Table 10).

Table 10 LODs and LOQs of the developed methods

Analytical method Analytes LOD LOQ Reference
(mgLh) (ngL?)

PANI-GOx-MIP-CdTe QDs Lomefloxacin 0.07 0.22 Paper 1
(Optosensor)
MIL101-MMIP-GQDs and Mafenide 0.10 0.34 Paper 11
MIL101-MMIP-CdTe QDs Sulfisoxazole ~ 0.10 0.34
(Optosensor)
GOx/MIL-101/Fe304-Si0» BBP 3.0 10.0 Paper I11
alginate hydrogel fiber DBP 3.0 10.0
(HPLC-DAD)

DEHP 5.0 15.0

DNOP 5.0 15.0
GQDs/Fe304-Si02/MPC/MIP Flurbiprofen 1.0 3.0 Paper IV
(HPLC-DAD) Diflunisal 05 2.0

Mefenamic acid 0.5 2.0




47

8.3 Sensitivity

The sensitivity of an analytical method is the change in the analytical
response, which directly corresponds with the variation in the concentration of target
compounds (Taverniers et al., 2004). In this thesis, the sensitivity of the developed

methods was determined from the slope of linearity.

8.4 Accuracy

The accuracy of an analytical technique is assigned as the degree to
which the defined value of the target compound in the sample is closely correlated with
its actual value (APVMA, 2004). Recovery can be referred to the accuracy of the
developed methods, which was carried out by comparing the acquired signal responses
from the spiked sample and the standard solution at least three different concentrations
and a minimum of three replications. The relative recovery was evaluated according to

the following equation (AOAC, 2016):

Relative recovery (%) = % x 100

a

Where C; is the concentration of the target compound in spiked sample,
Cu is the concentration of the target compound in non-spiked sample and C, is the
concentration of the target compound added to the sample.

The acceptable recovery generally depends on both the concentration
level of the target compound added to the sample and the used analytical techniques.
According to the Association of Official Analytical Chemists (AOAC) guideline for
ppb level, the recommended recovery values are in the range of 80 to 110% (AOAC,
2016). In this thesis, satisfactory recoveries of target analytes in real samples were

acquired in the range of 80.4 to 99.6%, which were in the acceptable range (Table 11).
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Table 11 Recoveries of the developed methods

Analytical Samples Analytes Added Recovery Reference
method (ug L't or (%)

ngkg™)
PANI-GOx-MIP- Milk, chicken Lomefloxacin 0.5 81.5-99.6 Paper I
CdTe QDs meat and egg 1.0
(Optosensor) 10.0

50.0
MIL101-MMIP- Milk Mafenide and 1.0 80.4-97.9 Paper 11
GQDs and sulfisoxazole 5.0
MIL101-MMIP- 10.0
CdTe QDs 25.0
(Optosensor)
GOx/MIL-101/  Juice, tea, PAEs 25.0 80.7-89.9 Paper III
Fe304-Si02 vitamin water 50.0
alginate hydrogel and mineral 75.0
fiber water 100.0
(HPLC-DAD)
GQDs/Fe304- Milk NSAIDs 10.0 81.4-93.7 Paper IV
Si02/MPC/MIP 25.0
(HPLC-DAD) 50.0

8.5 Precision

The precision of an analytical technique is specified as the degree of

agreement to which the repeatability is measured under the optimal condition (Francotte

et al., 1996). The percentage of relative standard deviation (RSD) can be referred to the

precision of the developed methods, and it can be estimated using the equation as

follows (AOAC, 2016):

RSD (%) =

SD

x 100
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Where SD is the standard deviation, X is the mean of n» measurements
and n is the total number of measurements. According to the AOAC guideline, the
acceptable precision in terms of RSD is lower than 11% for ppb level (AOAC, 2016).

In this thesis, the precision of the developed optosensors for the
determination of lomefloxacin (Paper I), mafenide and sulfisoxazole (Paper IT) was
carried out by the measurement of three replications using the fabricated composite
fluorescent probes. The precision of the developed optosensors was acquired with
RSDs lower than 7%. The repeatability of the developed dispersive magnetic solid-
phase extraction for the determination of phthalate esters (Paper I1I) and nonsteroidal
anti-inflammatory drugs (Paper IV) was evaluated in terms of the inter-day and intra-
day precision. The inter-day precision was performed by evaluating RSDs of spiked
samples on different days (n=6), and the acquired RSDs of the developed methods were
less than 5%. The intra-day precision was examined by evaluating RSDs of spiked
samples within the same day (n=6), and the obtained RSDs of the developed methods
were less than 4%. The precision of all sub-projects exhibited acceptable RSDs which
were lower than 7%, indicating that the developed methods can be utilized for the

determination of target compounds with good precision.

8.6 Reproducibility

The reproducibility of an analytical approach is assigned as the degree
of agreement among the acquired results of identical materials when they are
synthesized using the same procedure under different conditions (Francotte et al.,
1996). The reproducibility is normally represented as relative standard deviation. In this
thesis, the reproducibility of the developed methods was investigated by the preparation
of six different times of the composite fluorescent probes or adsorbents on six different
days under the same experimental conditions. The RSDs for the fabrication of
composite fluorescent probes (Paper I-II) and composite adsorbents (Paper III-1V)
were lower than 3 and 5%, respectively (Table 12). These RSD values were acceptable
according to AOAC guideline (lower than 16% for ppb level) (AOAC, 2016), which
confirmed that the fabrication procedures of the developed fluorescent probes and

adsorbents have good reproducibility.
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Table 12 Reproducibility of the developed fluorescent probes and adsorbents

Developed methods Analytes Number of RSD Reference
batches (%)

PANI-GOx-MIP-CdTe QDs  Lomefloxacin 6 <2 Paper I
fluorescent probe

MIL101-MMIP-GQDs Mafenide 6 <3 Paper 11
fluorescent probe

MIL101-MMIP-CdTe QDs Sulfisoxazole 6 <3

fluorescent probe

GOx/MIL-101/Fe304-Si02 PAEs 6 <1 Paper 111
alginate hydrogel fiber

adsorbent

GQDs/Fe304-Si02/MPC/MIP  NSAIDs 6 <5 Paper IV

adsorbent

8.7 Reusability

The reusability of an adsorbent is an important factor to examine the
stability of the adsorbent. If the adsorbents can be reused, the fabrication time and
analysis cost can be reduced. In this thesis, the reusability of the developed adsorbents
was investigated by repeating the D-MSPE process. After the adsorption and desorption
of target compounds from the first cycle, the used adsorbents were thoroughly washed
with suitable desorption solvent and water before use for the next extraction cycles to
prevent any carry-over effect from target compounds. Considering the recoveries better
than 80%, the composite GOx/MIL-101/Fe304-S10; alginate hydrogel fiber (Paper I1I)
and the composite GQDs/Fe304-Si0O2/MPC/MIP adsorbent (Paper IV) can be reused
up to 16 and 6 times, respectively. These results implied that the developed adsorbents

have good stability during the extraction process.
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8.8 Selectivity

The selectivity of an analytical method is specified as the extent to which
the developed method can be utilized to determine specific analytes in the complex
mixture without matrix interferences from other constituents (APVMA, 2004). The
selectivity of optosensor is examined with other compounds that have similar structures
of target analytes (Taverniers et al., 2004). In this thesis, the selectivity of the developed
optosensors was tested by comparing the sensitivity of the fabricated composite
fluorescent probes after interaction with target analytes and other analog structures. The
PANI-GOx-MIP-CdTe QDs probe (Paper I) and the dual magnetic probes of MIL101-
MMIP-GQDs and MIL101-MMIP-CdTe QDs (Paper II) exhibited much higher
sensitivity toward target analytes than their analog structures. These results indicated
that the generated imprinted cavities in the polymer layer of the fabricated probes are

high specificity for target analytes.

9. Concluding remarks

The optosensor and sample preparation methods were successfully
developed in this thesis. The nanocomposite fluorescent probes based optosensor were
effectively created and used for the determination of trace lomefloxacin, mafenide and
sulfisoxazole in food and beverage samples. The composite magnetic adsorbents based
dispersive magnetic solid-phase extraction were successfully fabricated and employed
for the extraction and enrichment and coupled with high performance liquid
chromatography for the separation, identification and determination of multiple organic
compounds including phthalate esters and nonsteroidal anti-inflammatory drugs in
beverage samples.

In the first part, the quantitative analysis of target compounds using
optosensor was based on the fluorescence quenching of molecularly imprinted polymer
composited with quantum dots when the target analytes bind to the specific imprinted
cavities of composite fluorescent probes. The first sub-project was a highly selective
and sensitive nanocomposite fluorescent probe of cadmium telluride quantum dots,
polyaniline and graphene oxide incorporated into a molecularly imprinted polymer
(PANI-GOx-MIP-CdTe QDs) for the lomefloxacin determination. This developed

nanoprobe was effectively utilized to detect trace lomefloxacin in milk, chicken meat
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and egg samples. It provided satisfactory recoveries in the range of 81.5 to 99.6%,
RSDs lower than 7% and a very low detection limit of 0.07 pg L' for lomefloxacin
(Paper I). The second sub-project was dual nanohybrid magnetic composite probes of
metal organic framework, graphene quantum dots and cadmium telluride quantum dots
incorporated into a magnetic molecularly imprinted polymer (MIL101-MMIP-GQDs
and MIL101-MMIP-CdTe QDs). These nanoprobes were utilized in an optosensing
system for the simultaneous detection of mafenide and sulfisoxazole at ultra-trace
levels. The integration of MIP, Fe304-Si0,, GQDs, CdTe QDs and MIL-101 exhibited
excellent selectivity, high sensitivity and good adsorption ability. The dual magnetic
composite probes provided superior benefits over conventional fluorescent probes,
including improved enrichment, easy separation of probes from the solution and ability
of two target analytes to be detected simultaneously. The satisfactory recoveries of dual
nanoprobes for the detection of ultra-trace mafenide and sulfisoxazole in milk samples
were achieved from 80.4 to 97.9% with RSDs lower than 5%. The detection limits were
0.10 ng L for mafenide and sulfisoxazole (Paper II). The analytical results acquired
from these developed optosensors not only agreed well with the analytical results
obtained from conventional high performance liquid chromatography but also offered
greater sensitivity. The unique properties of these developed optosensors are easy
preparation, rapid and convenient detection, excellent selectivity, high sensitivity and
cost-effectiveness.

In another part, the fabricated composite adsorbents were employed as
dispersive magnetic solid-phase extraction adsorbents to pre-concentrate the target
analytes and reduce other interferences prior to high performance liquid
chromatography analysis. The third sub-project was a composite adsorbent of graphene
oxide, metal organic framework and silica-modified magnetite (GOx/MIL-101/Fe30s-
Si0;) embedded into alginate hydrogel fiber for the extraction and enrichment of
phthalate esters. The combination of graphene oxide and metal organic framework
improved the adsorption efficiency of phthalate esters via hydrogen bonding,
hydrophobic and m-m interactions. The magnetic property of the composite hydrogel
fiber encouraged rapid and convenient isolation of adsorbent from solution. The
GOx/MIL-101/Fe304-Si10; alginate hydrogel fiber was applied to determine phthalate

esters in tea, water and juice samples with recoveries higher than 80%, RSDs below 8%
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and low limit of detections (3.0 to 5.0 pg L). The developed composite hydrogel
adsorbent can be used to extract phthalate esters up to 16 cycles (Paper III). The fourth
sub-project was graphene quantum dots, silica-modified magnetite and mesoporous
carbon embedded into a molecularly imprinted polymer (GQDs/Fe3Os-
SiO2/MPC/MIP) for the extraction and pre-concentration of nonsteroidal anti-
inflammatory drugs (NSAIDs). The fabricated adsorbent exhibited a highly specific
binding toward diflunisal, flurbiprofen and mefenamic acid. The combination of
graphene quantum dots and mesoporous carbon with a magnetic molecularly imprinted
polymer enhanced the extraction efficiency of NSAIDs through hydrophobic
interaction, ©-7 stacking and hydrogen bonding. This applied composite GQDs/Fe3Os-
SiO2/MPC/MIP adsorbent for the extraction of NSAIDs in milk samples not only
provided high extraction efficiency with recoveries higher than 81%, good precision
with RSDs below 7% and low detection limits (0.5 to 1.0 pg L") but also can be reused
up to 6 times (Paper IV). These developed methods have numerous outstanding
properties including high extraction efficiency, low detection limits, good accuracy and
precision. Furthermore, the benefits of these composite magnetic adsorbents are simple
fabrication, convenience to use, low solvent consumption, good stability and
reproducibility.

These developed strategies of optosensor and sample preparation
techniques were successfully developed and employed for the determination of trace
organic compounds in food and beverage samples, including chicken meat, egg, milk,
vitamin water, mineral water, juice and tea, with good analytical performances.
Moreover, they can be modified for the future determination of other trace organic

compounds in various matrix samples.
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A nanocomposite fluorescent probe based on fluorescence quenching was fabricated and utilized for the de-
tection of lomefloxacin. The fabricated probe integrated the high sensitivity of quantum dots, the excellent
selectivity of molecularly imprinted polymer and the high adsorption affinity of graphene oxide and polyaniline.
The probe exhibited good sensitivity, high specificity, and rapidity for lomefloxacin monitoring. Fluorescence
emission was reduced linearly by lomefloxacin from 0.10 to 50.0 ug L~ " and the probe exhibited a low limit of
detection of 0.07 pg L™ *. The nanoop y detected lomefl in milk, chicken meat and egg
samples. Recoveries were obtained in the range of 81.5-99.6% and the RSDs were below 7%. The results of this
method agreed well with results of HPLC but provided higher sensitivity. This easily fabricated nanocomposite
probe could be developed into a highly sensitive and selective optosensor to detect other organic compounds in

Keywords:
Quantum dots

Lomefloxacin

Polyaniline

Graphene oxide

Molecularly imprinted polymer

various complex samples.

1. Introduction

Lomefloxacin is a fluoroquinolone (FQs) antibiotic drug extensively
used in human and animal patients to treat respiratory tract diseases,
skin and urinary tract infections, and bronchitis [1,2]. If misused it can
leave residues in animal products and can cause side effects such as
nausea, diarrhea and headache in humans [3]. Accumulated in the
human body after long-term consumption of animal products with re-
sidual contamination, lomefloxacin may lead to carcinogenesis, muta-
genesis and drug tolerance [4]. The development of a reliable method
of detecting lomefloxacin in food samples is, therefore, necessary.
Several methods have been applied for the determination of lome-
floxacin. These methods have included high performance liquid chro-
matography [5,6], capillary electrophoresis [7] and voltammetry [8,9].
Although these methods are highly sensitive, selective and precise, most
of them have limitations. They can be time-consuming, and require
complicated pretreatment and expensive equipment. Spectro-
fluorimetry is an interesting alternative method that avoids these
drawbacks due to its simple measurement procedure, short analysis
time and cost-effectiveness [10-12]. The sensitivity and selectivity of
spectrofluorimetry can be improved using nanocomposite fluorescent
probes. To further improve sensitivity, the fluorescent probe can be
composited with quantum dot (QD) nanoparticles. QDs have good

* Corresponding author.

E-mail addresses: opas.b@psu.ac.th, opaslbunkoed@hotmail.com (O. Bunkoed).

https://doi.org/10.1016/j.talanta.2019.05.082

optical properties, such as symmetric and narrow emission spectra [13]
and good photostability [14]. To enhance the selectivity of composite
fluorescent probes, molecularly imprinted polymer (MIP) is an inter-
esting material which provides high specificity for target analytes. MIPs
are normally prepared by a sol-gel process in the presence of template
molecules (target analytes), a functional monomer and a cross-linker
[15]. After complete polymerization, the template is removed from the
polymer layer to leave specific recognition cavities complementary in
shape, size and functional groups to the template [16]. In addition to
their low cost and good stability, MIPs can be easily prepared. More-
over, the affinity binding between lomefloxacin and the fluorescent
probe can be improved by compositing QDs and MIP with graphene
oxide (GOx), which has a large surface area. GOx contains r structures,
hydroxyl groups, epoxide groups and carboxyl groups. GOx can adsorb
target analytes via st interactions and hydrogen bonding with a strong
affinity [17,18]. Furthermore, the adsorption of lomefloxacin can also
be improved with polyaniline (PANI). PANI is a conductive polymer
that contains 5 structures and amine groups to contribute strong s-nt
interactions and hydrogen bonding with target analytes [19]. In addi-
tion, PANI is easy to prepare, has a large surface area and good che-
mical stability [20].

In this work, nanprobes containing GOx, PANI and CdTe QDs in-
corporated into MIP were synthesized and used for lomefloxacin
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detection. The quantitative analysis of lomefloxacin was based on the
quenching of fluorescence intensity due to rebinding of lomefloxacin
with specific recognition sites on the surface of the nanocomposite
fluorescent probe. The developed fluorescent probe was applied for
detection of lomefloxacin in milk, chicken meat and egg samples. The
accuracy of the nanooptosensor was evaluated by analysis of lome-
floxacin in spiked samples and also by comparing the experimental
results with results from a HPLC method.

2. Experimental
2.1. Chemicals and reagents

Lomefloxacin hydrochloride (> 98.0), Tellurium (99.8), 3-amino-
propyltriethoxysilane (APTES, =98%), thioglycolic acid (TGA), sodium
borohydride (NaBH,), tetraethyl orthosilicate (TEOS, =99%) and gra-
phene oxide were from Sigma-Aldrich (MO, USA). Cadmium chloride
(CdCl,-5H,0), sodium dihydrogen orthophosphate (NaH,PO,4-2H,0)
and di-sodium hydrogen orthophosphate dodecahydrate
(Nap,HPO4-12H,0) were from Univar. Sodium hydroxide, ammonia
solution (25% NHj-H,0) and ethanol were from RCI Labscan (Bangkok,
Thailand).

2.2. Instrumental

Fluorescence measurement was carried out with an RF5301PC
spectrofluorophotometer (Shimadzu, Tokyo, Japan). UV-Vis absorption
spectra were recorded with an AvaSpec-2048 spectrometer (Apeldoorn,
the Netherlands). Fourier transform infrared (FTIR) spectra were re-
corded using a BX FTIR spectroscope (PerkinElmer, Ma, USA). Scanning
electron microscope (SEM) images of nanocomposite PANI-GOx-MIP-
QDs were acquired using a JSM-5200 scanning electron microscope
(JEOL, Tokyo, Japan). Transmission electron microscope (TEM) images
were obtained on a Philips TECNAI 20 (Eindhoven, the Netherlands).

2.3. Synthesis of TGA-capped CdTe QDs

The synthesis method of CdTe QDs was modified from a previous
work [21]. Briefly, 45.0 mg of CdCl, was dissolved in deionized water
(100 mL), 30 uL of TGA was added to the solution and pH was adjusted
to 11.5 with NaOH (1.0 M). The solution was purged with N, gas for
15 min. After purging, 0.50 mL of NaHTe solution, prepared by reacting
51 mg of Te with 45 mg of NaBH, in 2.0 mL of deionized water, was
injected into the solution with stirring. The solution was heated at
90 °C for 10 min. Synthesized CdTe QD nanoparticles were precipitated
from the solution with ethanol and centrifuged at 5000 rpm for 15 min.
The synthesized CdTe QD nanoparticles were stored in a desiccator
before use.

2.4. Synthesis of polyaniline

Polyaniline was synthesized by the oxidation reaction of aniline and
ammonium persulfate [22]. First, 150 uL of aniline monomer was dis-
solved in 5.0mL of 1.0 M HCI in darkness and 93 mg of ammonium
persulfate was dissolved in 5.0 mL of 1.0 M HCL. Both solutions were
then mixed in darkness for 1h. The color of the solution mixture
changed to dark green.

2.5. Synthesis of PANI-GOx-MIP-QDs nanocomposite probe

The PANI-GOx-MIP-QDs nanocomposite probe was synthesized by a
sol-gel process (Fig. 1). First, 0.5 mg of graphene oxide was dispersed in
deionized water (5.0 mL) and 9.7 mg of lomefloxacin hydrochloride and
47.8 pL of APTES were added to the solution and stirred for 1 h. Next,
5.0 mL of CdTe QDs were added and stirred for 1 h. Then, 112.8 uL of
TEOS (cross-linker), 150.0 uL of 25% ammonia solution and 40.0 pL of
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polyaniline solution were added and the mixture was stirred for 6 h.
The template molecules were removed from the nanocomposite probe
by washing three times with 30 mL of ethanol. The PANI-GOx-MIP-QDs
nanocomposite probe was collected by centrifugation at 5000 rpm for
10 min and dried at 60 °C. The non-imprinted polymer probe (PANI-
GOx-NIP-QDs) was prepared by the same method without the addition
of lomefloxacin.

2.6. Fluorescence measurement

The PANI-GOx-MIP-QDs or PANI-GOx-NIP-QDs nanoprobe were
dispersed in 10 mM phosphate buffer (pH 8.0) and 30 puL was mixed
with 100 pL of lomefloxacin standard or sample solution. The mixture
solution was incubated for 20 min at 25 °C and transferred into a quartz
cell for measurement. Detection was performed by fixing the excitation
wavelength at 355nm and recording the fluorescence emission at
400-700 nm.

2.7. Pretreatment of food samples

Milk, chicken meat and egg samples were obtained from super-
markets in Hat Yai, Thailand. The extraction method of lomefloxacin
from milk samples was modified from a previous report [23]. A 10.0 g
sample of milk was centrifuged at 5000 rpm for 20 min to remove fat.
To precipitate proteins, 15.0 mL of acetonitrile was added into the de-
fatted milk, vortexed for 1 min and then centrifuged at 5000 rpm for
10 min. The supernatant was collected and evaporated at 50 °C and re-
dissolved with deionized water (10.0 mL) before analysis with the na-
noprobes.

The lomefloxacin was extracted from chicken meat samples ac-
cording to a previous report [24] in which 1.0 g of chicken meat was
extracted with 2.0mL of ethanol by sonication for 10 min and then
centrifuged at 5000 rpm for 10 min. The supernatant was collected and
defatted with 2.0 mL of hexane by centrifugation at 5000 rpm for 5 min.
The ethanol phase was evaporated at 50°C and re-dissolved with
deionized water (10.0 mL) before analysis.

The extraction procedure of lomefloxacin in egg samples was
adapted from a previous report [25]. Briefly, 5.0 g of homogenized
whole egg samples was extracted with 10.0mL of acetonitrile using
sonication for 15 min and then centrifuged at 5000 rpm for 10 min. The
supernatant was collected in a 50 mL polypropylene tube and defatted
by vortexing for 1 min with 2 mL of hexane followed by centrifugation
at 5000 rpm for 10 min. The supernatant was separated and evaporated
at 50 °C and re-dissolved with deionized water (10.0 mL) before ana-
lysis.

2.8. Analysis of lomefloxacin by HPLC method

HPLC analysis was performed using the Hewlett-Packard 1100
series HPLC system (Agilent Technologies, Germany). The data were
acquired and evaluated using ChemStation software. The column was a
Fortis Cig (5pum, 4.6mm X 15cm). The mobile phase consisted of
25 mM of phosphoric acid (80%) and acetonitrile (20%) at a flow rate
of 0.9 mLmin~'. Lomefloxacin was detected with a fluorescence de-
tector (FLD) at excitation and emission wavelengths of 280 and 450 nm,
respectively.

3. Results and discussions
3.1. Characterization of nanocomposite fluorescence probe

The TGA-capped CdTe QDs showed maximum absorption at about
500 nm and maximum fluorescence emission at about 545 nm (Fig. S1).
The synthesized TGA-capped CdTe QDs exhibited fluorescence emission
of high intensity in a symmetric spectrum indicative of a highly sensi-
tive optosensor. The particle size of CdTe QDs was estimated from the
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Fig. 2. TEM image of TGA-CdTe QDs (A) and SEM image of PANI-GOx-MIP-QDs fluorescent nanoprobe (B).

maximum absorption to be 2.34nm [21]. The estimated particle size
was agreed well with the TEM image as showed in Fig. 2A and the
particle size distribution histogram is shown in Fig. S2. The morphology
of the nanocomposite probe was investigated by SEM (Fig. 2B). The
surface of the PANI-GOx-MIP-QDs nanocomposite fluorescent probe
was rough and the average particle size was around 100 nm. The
morphology indicates the presence of specific recognition cavities on
the surface of the composite probe.

In the FT-IR spectrum of the synthesized TGA-capped CdTe QDs
(Fig. S3a), the peaks at 1388 and 1600 cm™! correspond to symmetric
and asymmetric stretching of the carboxylate group. The characteristic
peaks at 3450 and 1230 cm ™! correspond to O-H and C-O stretching of
carboxylic groups. In the FT-IR spectrum of the PANI-GOx-MIP-QDs
nanocomposite probe (Fig. S3b), the absorption peaks at 1062 and
765 cm ™! are due to Si-O-Si asymmetric stretching and Si-O vibration
of the silica layer. The absorption peak at 1475cm ™! is assigned to
C=C stretching of the benzenoid ring of PANI. The absorption peak at
approximately 1725cm ™" is attributed to the C=O stretching of the
carbonyl group of GOx. These results confirmed that GOx and PANI
were successfully composited with the MIP. The quantum yield (QY) of
CdTe QDs, MIP-QDs and PANI-GO-MIP-QDs were 0.91, 0.64 and 0.53,
respectively, using Rhodamine 6G as the fluorescence standard.

The nanocomposite PANI-GOx-MIP-QDs probe in the presence of
the template (lomefloxacin) exhibited a low fluorescence emission
(Fig. 3). After the template was removed, the emission signal was re-
stored almost to the same level as the emission signal of the non-im-
printed polymer probe. This result implied that the template had been
successfully removed from the nanocomposite probe and that the probe
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Fig. 3. Fluorescence spectra of PANI-GOX-MIP-QDs before (a) and after tem-
plate removal (b) and PANI-GOX-NIP-QDs nanoprobe (c).

could rebind with template molecules.

3.2. Sensitivity of different nanoprobes

Different nanoprobes were evaluated for their sensitivity of detec-
tion of lomefloxacin. These nanoprobes comprised NIP-QDs, MIP-QDs,
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Fig. 4. The sensitivity of different nanoprobes for the detection of lomefloxacin.

GOx-MIP-QDs and PANI-GOx-MIP-QDs. PANI-GOx-MIP-QDs exhibited
the highest sensitivity for the detection of lomefloxacin (Fig. 4). The
high level of sensitivity of this nanoprobe was due to the presence of
recognition cavities in the MIP and the presence of the functional
groups of graphene oxide and polyaniline which interacted with lo-
mefloxacin through hydrogen bonding and s-7 interaction.
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3.3. Optimization of experimental condition

3.3.1. Incubation time

To obtain the highest quenching efficiency at the shortest analysis
time, we investigated the adsorption equilibrium time between the
recognition cavities of the nanocomposite probe and lomefloxacin.
Quenching efficiency increased with increasing incubation time up to
20min and then it remained constant (Fig. 5A). Thus, the incubation
time of 20 min was selected as the optimum value for lomefloxacin
detection.

3.3.2. Ratio of template to monomer and cross-linker

The properties of the recognition sites of nanocomposite probes
depend on the composition of the MIP. Factors that affect the properties
include the amounts of template, functional monomer and cross-linker
used to fabricate the MIP. Therefore, the influence of the ratio of
template to monomer to cross-linker was investigated. The ratio of
template to monomer of 1:6 gave the highest sensitivity (Fig. 5B). Low
sensitivity was obtained at low amounts of monomer due to the smaller
number of functional groups (-NHy) present on the surface of the na-
nocomposite probe. Sensitivity was also low when too large a propor-
tion of monomer was used in fabricating the probe. In this case, the
thickness of the MIP layer inhibited binding between lomefloxacin and
the specific recognition cavities. The ratio of template to cross-linker of
1:20 produced the highest sensitivity (Fig. 5C). Sensitivity decreased at
low amounts of cross-linker due to the weak structure of the obtained
MIP layer. On the other hand, at too high an amount of cross-linker, the
MIP structure was too dense which impaired the formation of re-
cognition sites. Therefore, for further investigation, the MIP was fab-
ricated using the ratio of 1:6:20 of lomefloxacin to APTES to TEOS.
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Fig. 5. The effect of incubation time (A), ratio of p to (B), ratio of plate to cross-linker (C) and pH of fluorescent probe solution (D).
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3.3.3. Effect of pH

The PANI-GOx-MIP-QDs nanoprobes were dispersed in phosphate
buffer at pH 5, 6, 7, 8 and 9 before being mixed with lomefloxacin. The
nanocomposite probe exhibited the highest sensitivity at pH 8 (Fig. 5D).
At pH below 8, sensitivity was low due to reduced hydrogen bonding
between lomefloxacin and binding sites. The reduction in hydrogen
bonding was caused by the lack of hydrogen ions under the acidic
condition [26]. Sensitivity was also reduced at pH above 8 because the
silica structure of the MIP layer was not stable under the alkaline
condition. Therefore, for the detection of lomefloxacin, the nano-
composite PANI-GOx-MIP-QDs nanoprobes were dispersed in
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phosphate buffer at pH 8.0.

3.4. Analytical performance for the analysis of lomefloxacin and
fluorescence quenching mechanism

To evaluate the potential of the nanocomposite fluorescent probe in
real samples, analytical performance was investigated under the opti-
mized condition. The fluorescence intensity of the PANI-GOx-MIP-QDs
probe decreased linearly with increasing lomefloxacin concentration
(Fig. 6A) and the emission intensity of PANI-GOx-NIP-QDs decreased
only slightly (Fig. 6B). The PANI-GOx-MIP-QDs fluorescence probe
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Table 1
The determination of lomefloxacin in milk, chicken meat and egg samples.
Sample Concentration of lomefloxacin (ug Recovery (%) RSD (%)
kg™
Added Found
Milk 1 0.00 n.d. - -
0.5 0.48 96.0 13
1.0 0.96 96.0 0.8
10.0 8.78 87.8 11
50.0 48.91 97.8 0.5
Milk 2 0.00 n.d. - =
0.5 0.47 94.0 0.6
1.0 0.95 95.0 22
10.0 9.35 93.5 0.6
50.0 49.79 99.6 0.3
Milk 3 0.00 nd. - -
0.5 0.44 88.9 1.9
1.0 0.86 85.8 29
10.0 8.78 87.8 1.2
50.0 47.76 95.5 0.4
Milk 4 0.00 nd. - -
0.5 0.44 88.7 1.7
1.0 0.85 84.9 27
10.0 8.49 84.9 1.0
50.0 48.19 96.4 0.4
Chicken meat 1 0.00 nd - -
0.5 0.43 85.9 3.9
1.0 0.89 88.8 6.5
10.0 8.92 89.2 3.7
50.0 48.90 97.8 0.3
Chicken meat I 0.00 0.83 - -
0.5 1.26 86.2 55
1.0 1.69 85.8 5.4
10.0 9.17 83.5 3.0
50.0 48.58 95.5 18
Chicken meat 0.00 n.d. - -
I 0.5 0.43 86.5 3.3
1.0 0.86 85.9 6.5
10.0 8.15 81.5 1.4
50.0 47.39 94.8 1.9
Egg I 0.00 1.24 s =
0.5 1.69 89.2 5.6
1.0 213 88.3 4.8
10.0 9.55 83.1 11
50.0 49.15 95.8 2.6
Egg Il 0.00 1.39 = =
0.5 1.83 88.1 3.6
1.0 222 83.2 26
10.0 10.59 92.0 1.0
50.0 48.38 94.0 3.7
Egg III 0.00 nd. - -
0.5 0.45 90.9 4.6
1.0 0.94 94.0 26
10.0 9.10 91.0 3.8
50.0 47.37 94.7 1.6

exhibited a good linearity in the range of 0.1-50.0 gL~} y =
(0.1504 + 0.0005)x + (1.430 =+ 0.012), with a determination
coefficient (R?) of 0.9999 (Fig. 6C). A photograph of PANI-GOx-MIP-
QDs in solution with and without lomefloxacin is shown in Fig. 6D.
Calculated based on the 3SD/slope and 10SD/slope, the developed
optosensor provided a limit of detection (LOD) of 0.07ugL ™! and a
limit of quantification (LOQ), of 0.22ugL~'. The very low LOD and
LOQ implied that the nanocomposite probe has a high sensitivity which
can detect lomefloxacin even at very low concentrations.

The quenching mechanism of the PANI-GOx-MIP-QDs by lome-
floxacin was described according to the Stern-Volmer equation as fol-
lows:

FO/F = 1 + KSVI[C],

where FO and F are the fluorescence emission of the PANI-GOx-MIP-
QDs nanoprobe in the absence and presence of lomefloxacin,
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respectively, Ksy is the Stern-Volmer constant, and [C] is the lome-
floxacin concentration. From the ratio of the Kgy of MIP and NIP (IF =
Ksvove)/Ksvnipy), the imprinting factor (IF) of the nanocomposite
probe was calculated to be 16.7. This imprinting factor indicated that
the fabricated nanocomposite probe produced large specific recognition
sites for binding with lomefloxacin. Consequently, this highly specific
fluorescent probe can detect lomefloxacin in complex samples.

The emission spectrum of the PANI-GOx-MIP-QDs nanoprobe was in
the range of 475-625 nm, which does not overlap with the absorption
spectrum of lomefloxacin (Fig. S4). This result implied that the
quenching mechanism of the PANI-GOx-MIP-QDs nanoprobe by lome-
floxacin is not due to energy resonance transfer but is based on photo-
induced electron transfer.

3.5. The selectivity of nanocomposite fluorescence probe

The selectivity of the PANI-GOx-MIP-QDs nanoprobe for the de-
termination of lomefloxacin was investigated by comparing the sensi-
tivity of the probe towards other analog structures. These analogs were
sarafloxacin, danofloxacin, ciprofloxacin, flumequine and oxolinic acid.
The PANI-GOx-MIP-QDs nanoprobe exhibited much higher sensitivity
towards lomeflocxacin than towards the other analog structures
(Fig. 7A). The PANI-GOx-NIP-QDs nanoprobe, on the other hand,
showed no significant difference in sensitivity towards lomefloxacin
and the other analog structure molecules. Competitive binding was
studied by measuring the fluorescence change in the nanocomposite
PANI-GOx-MIP-QDs probe in the presence of different ratios of lome-
floxacin to sarafloxacin. As shown in Fig. 7B, fluorescence quenching
was not significantly different at higher sarafloxacin concentrations.
This result confirmed that the generated recognition cavities are highly
specific for lomefloxacin.

3.6. The stability and reproducibility of PANI-GOx-MIP-QDs nanoprobe

The stability of the fabricated PANI-GOx-MIP-QDs nanoprobe was
evaluated by measuring fluorescence intensity every 30 min.
Fluorescence intensity did not significantly change over 5h (> 95%)
(Fig. S5). This result implied that the MIP layer helped enhance the
photostability of the QDs, which increased the stability of the fluor-
escent probe.

The synthesis reproducibility of the nanoprobe was also investigated
based on lot-to-lot preparation. Six different lots of the nanoprobe were
synthesized under the same experimental condition. The RSD of sensi-
tivity was 2% (Fig. S6) which indicated that the fabrication procedure
has a good reproducibility.

3.7. Andlysis of lomefloxacin in real samples

The nanooptosensor was utilized for the determination of lome-
floxacin in milk, chicken meat and egg samples. Before analysis by the
developed nanooptosensor, all samples were pretreated as described in
section 2.7. Low concentrations of lomefloxacin were found in some
milk, chicken and egg samples. However, the found concentrations
were much lower than the MRL value. The accuracy of the nanoopto-
sensor was also evaluated by measuring lomefloxacin concentration in
milk, chicken meat and egg samples spiked at different concentrations
(0.5, 1.0, 10.0, 50.0 ug kg’l). Recoveries were obtained in the range of
81.5-99.6% with an RSD lower than 7% (Table 1). These results im-
plied that the developed nanooptosensor has a good accuracy and can
therefore provide a reliable method of detecting lomefloxacin in real
samples containing various matrix interferences.

3.8. Comparison between the nanooptosensor and HPLC technique

The results obtained with the nanooptosensor were compared with
results from detection by HPLC. Spiked milk samples were analyzed
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Table 2

Comparison of the nanooptosensor using PANI-GOx-MIP-QDs nanoprobes and other methods for lomefloxacin detection.
Analytical method Samples Linear range (ug L™ orpg  LOD (ugL™' orpg  Recovery (%) RSD (%) References

g~ kg™")
SPE-enhanced Spectrofluorimetry Plasma and Urine 50-450 15 93.0-99.0 <31 101
UA-DLLME- HPLC-UV Pharmaceutical wastewater 10-2000 0.37 90.9-104.8  2.5-41 [6]
Colorimetric Urine 70-1760 35 102.1-103.9  1-3 271
HPLC-UV Pharmaceutical tablet 400-24000 520 96.9-103.6 <10 [28]
Differential pulse adsorptive stripping Urine and Serum 1.0-10.0 0.3 95.7-103.0  0.8-38  [8]
voltammetry
Differential pulse stripping voltammetry Milk, Honey and Egg 10-80 1.60 63.0-99.0 - [91
CE-electrochemists- luminescence Urine 200-80000 60 94.5-96.5 4.3-4.9 71
Spectrofluorimetry Pure powder and Pharmaceutical 77-1552 23 99.3-101.3 0.7-0.9 [11]
tablets

Spectrofluorimetry Pharmaceutical formulations 10-3000 8.0 99.1-103.0 0.4-2.1 [29]
HPLC-FLD Chicken 10-500 12.2 68.0-76.0 3.0-80 [5]
PANI-GOX-MIP-QDs Spectrofluorimetry Milk, chicken meat and egg 0.1-50.0 0.07 81.5-99.6 <7.0  This work

using both methods. The HPLC chromatogram of lomefloxacin in spiked
milk samples at different concentrations are shown in Fig. 8A. As can be
seen in Fig. 8B, the results produced by the nanooptosensor agreed well
with the results from HPLC with a correlation coefficient of 0.9985.
This result implied that the nanooptosensor can be an effective and
reliable alternative method for lomefloxacin detection in food samples.
Moreover, comparison with other previous works showed that the de-
veloped nanooptosensor provided a wider linear range and much lower
detection limit than other methods (Table 2). Meanwhile, accuracy in
terms of recovery and precision is comparable with previous works. The
comparison can confirm that the developed optosensor using PANI-
GOx-MIP-QDs probe is highly sensitive for lomefloxacin detection.
Moreover, this method is shorter analysis time, simpler to operate and
had a cheaper analysis cost than chromatographic methods which re-
quire expensive instrument and use large amounts of organic solvents
as mobile phase. In addition, the selectivity of this optosensor was
improved with the use of MIPs, without requiring complicated se-
paration procedures crucial for other methods.

4. Conclusion

A highly sensitive and selective nanocomposite fluorescent probe
was successfully fabricated with good affinity for lomefloxacin detec-
tion. The quantitative analysis was based on the quenching of emission
intensity when the target compounds bound to the specific recognition
cavities of the nanocomposite probe. This nanooptosensor was used to
analyze trace lomefloxacin in milk, chicken meat and egg samples. It
showed a good recovery (81.5-99.6%) and provided a very low limit of
detection. The nanoprobe fabrication procedure can be modified for the
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determination of other compounds. The results of this method agreed
well with results of a conventional HPLC method but the fabricated
probe had a higher sensitivity which detected target analytes at very
low concentration. The others advantages of this nanosensor include
rapid and convenient detection, accuracy and cost-effectiveness.
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Nanohybrid magnetic optosensing probes were designed and fabricated to enrich and detect ultra-trace levels of
mafenide and sulfisoxazole simultaneously. The probes combined the high affinity of MIL-101 and the sensitivity
of graphene quantum dots (GQDs) and cadmium telluride quantum dots (CdTe QDs) with the selectivity and

stf:::j:zole rapid separation provided by a magnetic molecularly imprinted polymer (MMIP). Since the MIL101-MMIP-GQD
MIL 101 and MIL101-MMIP-CdTe QD probes produced high fluorescence emission intensities at 435 and 572 nm,
Fluorescence respectively, mafenide and sul le could be ly detected. Quantitative analysis was based on

fluorescence quenching produced by binding between target molecules and imprinted recognition cavities. In the
optimal experimental condition, emission intensity was quenched linearly with increasing analyte concentration
from 0.10 to 25.0 pg L™'. Limit of detection was 0.10 pg L™" for mafenide and sulfisoxazole. The developed
optosensor was applied to detect ultra-trace amounts of mafenide and sulfisoxazole in bovine milk. Recoveries of
mafenide and sulfisoxazole in spiked bovine milk ranged from 80.4 to 97.9% with RSDs <5% and the analysis
results agreed well with HPLC analysis. The proposed probes provided excellent sensitivity, selectivity, ease and

convenience of use.

1. Introduction

Mafenide and sulfisoxazole are sulfonamide antibiotics, used in
veterinary medicine almost everywhere to heal bacterial infections and
promote growth in livestock. However, the overuse of mafenide and
sulfisoxazole can leave residual traces of the drugs in animal products.
Transmitted to humans through the food chain, these residuals are
potentially carcinogenic in nature and can induce health problems such
as hypersensitive allergic reaction, drug resistance, and endocrine dis-
orders [1]. To protect public health, the EU has established MRL of 100
ng kg’1 for sulfonamides in animal tissue and milk. Therefore, the
development of a reliable and accurate method for the simultaneous
detection of mafenide and sulfisoxazole is essential.

Several analytical methods have been reported for the measurement
of mafenide and sulfisoxazole such as high performance liquid chro-
matography (HPLC) [2], capillary electrophoresis (CE) [3], electro-
chemical detection [4] and fluorescence spectroscopy [5]. HPLC is the
most extensively used method for the determination of mafenide and
sulfisoxazole. Although the technique provides good separation and
precision [6], it requires expensive equipment, complicated sample

* Corresponding author.
E-mail address: opas.b@psu.ac.th (O. Bunkoed).
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pretreatment and large volumes of solvent as the mobile phase. It is also
time-consuming. Fluorescence spectroscopy is an attractive alternative
method that avoids these limitations [7]. Measurement is simple and
analysis is quick and cost-effective [8]. However, for ultra-trace level
analysis of complex sample matrices, the sensitivity and selectivity of
the method need to be improved.

Improvements to the sensitivity of the analytical method can be
realized with quantum dots (QDs), which are an interesting sensing
material. They present good optical properties such as size-dependent
fluorescence emission, symmetrical and narrow emission spectra, high
fluorescence intensity and excellent photo-stability [9]. Cadmium
telluride quantum dots (CdTe QDs) are widely used as a sensing material
because of their high fluorescence intensity [10]. They are also easily
synthesized under mild conditions. Graphene quantum dots (GQDs) are
also a good choice due to their low toxicity and robust chemical inert-
ness [11,12]. To enhance the selectivity of the analytical method, QD
nanoparticles can be composited with molecularly imprinted polymer
(MIP) [13].

MIP has attracted much attention because of its high specificity for
target analytes [14]. MIP has usually been prepared using a functional
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monomer and a cross-linker in the presence of template molecules of the
target analyte [15]. After removal of the template from the polymer
layer, specific recognition cavities are obtained that are complementary
in size, shape and functional group to the template [16,17]. To further
improve sensitivity for ultra-trace analysis, an enrichment function can
be included by incorporating magnetite nanoparticles (Fe3O4) into the
MIP layer to create a magnetic molecularly imprinted polymer (MMIP).
Generally, the surface of Fe304 has been modified with silica (SiO2) to
prevent aggregation and improve chemical stability [18]. Binding af-
finity between target analytes and a magnetic composite fluorescent
probe can also be improved by including high affinity materials in the
composite probe. MIL-101 is a type of metal organic framework (MOF)
which has been used as an affinity material due to its large surface area,
tunable pore size and good stability [19,20]. MIL-101 is constructed by
coordinating chromium with terephthalic acid ligands, which can
adsorb mafenide and sulfisoxazole through strong n-n interaction and
hydrogen bonding.

In this work, nanohybrid magnetic composite fluorescent probes
were fabricated consisting of MIL-101 with GQDs or CdTe QDs
composited with MMIP. The MIL101-MMIP-GQD and MIL101-MMIP-
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CdTe QD fluorescent probes were designed for the detection of mafe-
nide and sulfisoxazole. A nanocomposite magnetic fluorescence probes
can enrich or preconcentrate the target analytes which can be detected
at ultra-trace level. The probes exhibited a strong emission intensity at
different wavelengths, which enabled simultaneous detection of the
target molecules. The nanohybrid magnetic composite fluorescent
probes were applied to determine ultra-trace levels of mafenide and
sulfisoxazole in bovine milk samples. The accuracy of the probes was
evaluated by comparing their performance with an HPLC method.

2. Experimental
2.1. Chemicals and instrumentals

Details of the used chemicals and instruments are given in the Sup-
plementary Information.

2.2. Synthesis of MIL101

MIL101 was synthesized via a hydrothermal method [21]. The detail

MIL101-MMIP-GQDs

@ Rebind template s

MIL101-MMIP-CdTe QDs

Detection

Spectrofluorometer
Cuvette

Fig. 1. The illustration shows the fabrication procedures of nanohybrid magnetic composite MIL101-MMIP-GQD (A) and MIL101-MMIP-CdTe QD probes (B) for
mafenide and sulfisoxazole detection and the detection procedure using the nanohybrid optosensing probes (C).
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for the synthesis of MIL101 is provided in the Supplementary
Information.
2.3. Synth

is of silica dified nanoparticles (SiO2/Fe304)

Fe304 nanoparticles were synthesized via co-precipitation [22]. The
protocols for the synthesis of silica modified magnetite nanoparticles
can be found in the Supplementary Information.

2.4. Synthesis of GQDs and nanohybrid magnetic MIL101-MMIP-GQD
optosensing probe

GQDs were prepared by pyrolysis of citric acid [23]. First, 2.0 g of
citric acid were heated to 200 °C, when they became a pale yellow
liquid. Then, the liquid citric acid was added into 100 mL of 0.25 M
NaOH and the mixture was stirred for 30 min. The acquired solution was
dialyzed for 24 h using a dialysis membrane and then stored at 4 °C.

The nanohybrid magnetic composite MIL101-MMIP-GQD probes
were synthesized by a sol-gel copolymerization process as illustrated in
Fig. 1A. First, a 20 mL solution of GQDs was heated to 40 °C and 1.5 mL
of APTES was then added under vigorous stirring for 30 min to produce
APTES-coated GQDs. To imprint the template molecules, 5.0 mL of 45
mM mafenide was mixed with 1.6 mL of APTES and stirred for 30 min.
Then, 10 mg of SiO,/Fe304, 10 mg of MIL101, 0.8 mL of TEOS, 5.0 mL of
the APTES-coated GQDs and 5.0 mL of a 25% w/v NH3 were added and
the whole was stirred for 30 min to allow polymerization. After poly-
merization, the template molecules of mafenide were removed from the
polymer layer by washing with 20 mL of ethanol (three times). Lastly,
the nanohybrid magnetic composite MIL101-MMIP-GQD probes were
collected and dried at 50 °C. Nanohybrid magnetic composite non-
imprinted polymer GQD (MIL101-MNIP-GQD) probes were also pre-
pared using the identical procedure without the addition of template
molecules.

2.5. Synthesis of TGA-capped CdTe QDs

The TGA-capped CdTe QDs were synthesized following a reported
method [24]. The details for the synthesis can be found in the Supple-
mentary Information.

2.6. Synthesis of nanohybrid magnetic composite MIL101-MMIP-CdTe
QD optosensing probe

Nanohybrid magnetic composite MIL101-MMIP-CdTe QD probes
were prepared via a sol-gel method as illustrated in Fig. 1B. First, 6.7 mg
of sulfisoxazole (template molecule) were dissolved in 5.0 mL of DI
water and mixed with 48 pL of APTES. After stirring for 1 h, 5.0 mL of
the synthesized TGA-capped CdTe QDs were added and stirred for 1 h.
After stirring, 10 mg of SiO3/Fe304, 10 mg of MIL101, 145 pL of TEOS
and 150 pL of 25% w/v NH3 were added and the mixture was stirred for
4 h. Synthesized nanohybrid probes were then collected and washed
with 20 mL of ethanol (three times) to remove template (sulfisoxazole).
Finally, the nanohybrid magnetic composite cadmium telluride quan-
tum dot (MIL101-MMIP-CdTe QD) probes were dried at 50 °C. Nano-
hybrid magnetic non-imprinted polymer cadmium telluride quantum
dot (MIL101-MNIP-CdTe QD) probes were also fabricated using the
same method without adding template molecules of sulfisoxazole.

2.7. Fluorescence measurement

The fluorescence measurement procedure was illustrated in Fig. 1C.
The MIL101-MMIP-GQD and MIL101-MMIP-CdTe QD probes (1.0 mg
mL™1) were dispersed in 10 mM of phosphate buffer at pH 6.0. Then, 1.0
mL of nanoprobes in buffer was mixed with 2.0 mL of either sulfisox-
azole or mafenide standard or sample and stirred for 15 min to enable
binding. The nanoprobes, now bound with the target analyte, were
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separated using a magnet and the remaining solution was discarded. The
separated nanoprobes were dispersed in 200 pL of DI water and the
mixture was transferred into a quartz cell to measure the intensity of the
fluorescence emission. Fluorescence was induced at an excitation
wavelength of 355 nm and emissions were measured from 400 to 700
nm.

2.8. Sample pretreatment of bovine milk samples

The extraction procedure of mafenide and sulfisoxazole from bovine
milk was adapted from a previous work [25]. Briefly, a 10.0 mL aliquot
of bovine milk was transferred into a 50 mL polypropylene tube and
defatted using centrifugation at 5000 rpm for 20 min. The defatted milk
was then mixed with 15.0 mL of acetonitrile to precipitate proteins. The
mixture solution was then vortexed for 1 min and centrifuged at 5000
rpm for 10 min to separate the phases. The acetonitrile phase was
separated and evaporated at 50 °C. Finally, the dry extract was
re-dissolved with DI water and analyzed by the developed optosensor.

2.9. Determination of mafenide and sulfisoxazole by HPLC

HPLC analysis of mafenide and sulfisoxazole was carried out using
the Hewlett-Packard 1100 series (Agilent Technologies, Waldbronn,
Germany). The analytical column was a Fortis C18 (4.6 mm x 15 cm, 5
pm). The mobile phase was a mixture of 0.2% acetic acid and acetoni-
trile (50:50, v/v) flowing at a constant 1.0 mL min~!. Mafenide and
sulfisoxazole were detected with a diode array detector (DAD) at 270
nm.

3. Results and discussion

3.1. Characterization of nanohybrid i p
probes

The synthesized components of the composite probes and the fabri-
cated composite probes were characterized using FT-IR spectroscopy.
The spectrum of synthesized MIL-101 (Fig. S1Aa and S1Bg) showed
characteristic peaks at 1625, 1408 and 593 cm™! due to the C = O
stretching, O-C-O symmetric stretching and COO- bending of the
dicarboxylate linker, respectively. The peak at 1510 cm ™~ was due to the
C=C stretching of benzene. The peaks at 1018 and 749 cm ™' were
attributed to the deformation vibration of C-H in benzene. In the
spectrum of 8iOz/Fe304 (Fig. S1Ab and Bh), the peaks at 1083 and 586
em™! corresponded to the Si-O-Si stretching of silica and Fe-O-Fe
stretching of magnetite, respectively. The spectrum of GQDs (Fig. S1Ac)
showed a broad band around 3416 cm ! due to O-H stretching. The
peaks at 2913 and 1388 cm ! were attributed to G-H stretching. The
band at 1588 cm ™! was due to the C=C stretching of the aromatic ring.
In the spectrum of mafenide (Fig. S1Ad), the peak at 3206 em™! indi-
cated N-H stretching. The absorption peak at about 1503 cm ! was due
to G=C stretching in the aromatic ring. The peaks at 1339 and 1210
em ™! were attributed to asymmetric and symmetric stretching of the
S=—O0 group, respectively. The bands at 1157 and 583 cm ™' indicated
C-N and C-S stretching, respectively. In the spectrum of MIL101-MMIP-
GQDs before the removal of mafenide (Fig. S1Ae), peaks at 1076 and
779 ecm ™! corresponded to the Si-O-Si asymmetric stretching vibration
and the Si-O vibration band of the silica layer. The other characteristic
peaks appeared at the same wavenumbers they appeared at in the
spectrum of mafenide. After removal of the mafenide template, the
peaks of mafenide were no longer present (Fig. S1Af). The peaks at 461
and 780 cm ! were due to Si-O vibration, while the peak at 588 cm ™
indicated the Fe-O-Fe stretching of magnetite.

The spectrum of TGA-capped CdTe QDs (Fig. S1Bi) showed peaks at
3442 and 1230 cm ™! that were attributed to O-H and C-O stretching of
the carboxylic group, respectively. The peaks at 1594 and 1386 cm™*
indicated asymmetric and symmetric stretching of the carboxylate
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group. The spectrum of sulfisoxazole (Fig. S1Bj) exhibited strong ab-
sorption peaks at 3486 and 3382 em™ which corresponded to N-H
stretching. The peaks at around 1597 and 1345 cm ™! were respectively
attributed to C=N stretching and S=O asymmetric stretching. The
peaks at 1163, 1092 and 575 em™! indicated C-N, C-O and C-S
stretching, respectively. The spectrum of MIL101-MMIP-CdTe QDs
before removal of the sulfisoxazole (Fig. S1Bk) presented a peak at 1630
cm ™! that was due to C=0 stretching. The bands at 1062 and 748 cm ™t
corresponded to Si-O-Si asymmetric vibration and Si-O vibration. The
other peaks were present at the same wavenumbers they were present at
in the spectrum of sulfisoxazole. After the removal of sulfisoxazole from
MIL101-MMIP-CdTe QDs, the peaks related to sulfisoxazole were no
longer present (Fig. S1B1). The bands at 457 and 749 cm ™! were due to
Si-O vibration and the peak at 592 cm ! indicated Fe-O-Fe stretching of
magnetite. These results confirmed that the magnetic nanocomposite
MIL101-MMIP-GQDs and MIL101-MMIP-CdTe QDs were successfully
synthesized and contained specific cavities for binding to mafenide and
sulfisoxazole. No significant difference was observed between the FT-IR
spectra of MMIP after removal of template and MNIP due to their similar
compositions. FT-IR spectra of MIL101-MNIP-GQDs and MIL101-MNIP-
CdTe QDs are shown in Fig. S2A and B.

In the UV-Vis absorption spectra of synthesized GQDs and CdTe QDs,
the maximum absorption wavelengths were approximately 359 and 528
nm, respectively (Fig. S3 A and B). The average particle size of GQDs was
estimated from a TEM image (Fig. 2A) to be approximately 2.50 nm. The
particle size of the CdTe QDs was calculated using the absorption peak of
CdTe QDs substituted in an equation previously reported [24]. The
estimated particle size of CdTe QDs was around 2.95 nm, which was in
agreement with the TEM image (Fig. 2B). The surface morphologies of
SiOy/Fe304, MIL101, MIL101-MMIP-GQDs and MIL101-MMIP-CdTe
QDs were characterized using SEM. The SEM images of SiO2/Fe304
and MIL101 are shown in Fig S4A and B and their particles size were
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about 100 and 200 nm, respectively (Fig. S4C and D). The SEM images of
both MIL101-MMIP-GQDs (Fig. 2C) and MIL101-MMIP-CdTe QDs
(Fig. 2D) revealed uniformly spherical particles with slightly rough
surfaces. The TEM images of MIL101-MMIP-GQDs and
MIL101-MMIP-CdTe QDs nanocomposite probes exhibited spherical
nanoparticles (Fig. S5A and B). Estimated from the TEM images, the
average diameters of MIL101-MMIP-GQDs and MIL101-MMIP-CdTe
QDs were 401 + 20 and 421 + 35 nm, respectively.

The fluorescence emission spectrum of MIL101-MMIP-GQDs before
the removal of mafenide template molecules indicated fluorescence
emission of relatively low intensity (Fig. 3A(a)). Emission intensity was
48.0% that of the non-imprinted MIL101-MNIP-GQDs. Meanwhile,
before sulfisoxazole template removal, the intensity of MIL101-MMIP-
CdTe QDs was 50.5% that of the non-imprinted MIL101-MNIP-CdTe
QDs. After the removal of the templates, the intensity of fluorescence
emission from both MIL101-MMIP-QD probes (Fig. 3A(b)) increased
almost to the same level as MIL101-MNIP-QD probes (Fig. 3A(c)). This
result implied that template molecules of both mafenide and sulfisox-
azole were successfully removed from the MMIP layer. Therefore, the
nanohybrid magnetic composite probes could be used to detect mafe-
nide and sulfisoxazole at the same time. The MIL101-MMIP-GQD
(Fig. 3B) and MIL101-MMIP-CdTe QD (Fig. 3C) probes in DI water
were photographed under UV light before (right) and after (left) the
removal of template molecules.

3.2. D ion of ide and sul
nanoprobes

le by different types of

Different types of magnetic nanocomposite fluorescent probes were
evaluated by comparing their sensitivity for the detection of mafenide
and sulfisoxazole. MNIP-GQDs, MMIP-GQDs and MIL101-MMIP-GQDs
were used to determine mafenide (Fig. 4A) and MNIP-CdTe QDs,

Fig. 2. TEM images are of GQD nanoparticles (A) and CdTe QD nanoparticles (B). SEM images are of MIL101-MMIP-GQDs (C) and MIL101-MMIP-CdTe QDs (D).

103



104

N. Orachorn and O. Bunkoed

Talanta 228 (2021) 122237

1000

MIL101-MMIP-GQDs
800 A 3

600
400 -

200 A

Fluorescence intensity (a.u.)

MIL101-MMIP-CdTe QDs
¥

0 T T
400 450 500

550

Wavelength (nm)

Fig. 3. (A) The fluorescence spectra were produced by nanohybrid magnetic composite MMIP fluorescent probes before (a), and after (b) the removal of template
molecules and by a nanohybrid magnetic composite MNIP probe (). The photographs show DI water containing MIL101-MMIP-GQDs (B) before (right) and after
(left) template molecule removal and MIL101-MMIP-CdTe QDs (C) before (right) and after (left) template removal.
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Fig. 4. The sensitivity of different nanoprobes for the detection of mafenide (A) and sulfisoxazole (B).

MMIP-CdTe QDs and MIL101-MMIP-CdTe QDs were used to detect
sulfisoxazole (Fig. 4B). The MIL101-MMIP-GQDs and MIL101-MMIP-
CdTe QDs exhibited the highest sensitivity toward mafenide and sulfi-
soxazole, respectively. The high sensitivity of these probes was due to
the high adsorption affinity of MIL-101 with the target analytes and the
imprinted recognition cavities for mafenide and sulfisoxazole. MIL-101
increased quenching efficiency since it can adsorb analytes via n-n
interaction and hydrogen bonding. The MNIP-GQDs and MNIP-CdTe
QDs demonstrated the lowest sensitivity toward mafenide and sulfi-
soxazole detection, respectively. The low sensitivity of these magnetic

non-imprinted polymer probes was due to the absence of imprinted
recognition cavities for binding the analytes. These results confirmed
that incorporating MIL-101 into the nanohybrid magnetic probes
improved their sensitivity toward their target molecules.

3.3. Optimization

The incubation time, the pH of the dispersion solution and the mole
ratio of template to monomer to cross-linker are important parameters
that affected the detection of mafenide and sulfisoxazole. These
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parameters were investigated to determine the optimum values that
provided the highest quenching efficiency and the shortest analysis
time.

3.3.1. Effect of incubation time

Before measuring fluorescence, enough time must elapse for binding
to be completed between the target analytes and the specific recognition
cavities of the probe. In this study, the incubation time for binding be-
tween the nanohybrid magnetic composite probes and target analytes
was varied from O to 40 min. Complete binding had occurred after 15
min (Fig. 5A). This was the first time point that produced the highest
quenching efficiency (FO/F), and was therefore selected as the most
suitable incubation time.

3.3.2. pH of dispersion solution

The solution condition affected quenching of the nanohybrid mag-
netic composite probes by the target analytes. To investigate the effect of
pH value on the sensitivity of the nanohybrid probes, MIL101-MMIP-
GQDs and MIL101-MMIP-CdTe QDs were dispersed in citrate-
phosphate or phosphate buffer solutions in pH ranges from 4.0 to 8.0
and applied to determine mafenide and sulfisoxazole. The sensitivity
was achieved from the target analytes in the concentration range of
0.10-25.0 pg L' The sensitivity of both probes was highest in a
dispersion solution at pH 6 (Fig. 5B). At pH lower than 6, both MIL101-
MMIP-GQDs and MIL101-MMIP-CdTe QDs exhibited decreased sensi-
tivity because the amino groups of the functional monomers on the
surface of the nanoprobes were protonated. As a result, binding between
the probes and their respective targets, mafenide and sulfisoxazole, was
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reduced. Sensitivity was also low above pH 6 because of the deproto-
nation of target analytes, and the ionization of the silica layer, which
made the magnetic polymer less stable. Thus, phosphate buffers at pH 6
were considered the optimum pH condition of dispersion solutions for
the determination of mafenide and sulfisoxazole by the respective
probes.
3.3.3. Mole ratio of template to to cross-link

The formation of imprinted polymers depends upon the quantity of
polymerization precursor. These include the template molecule (TM),
monomer (MN) and cross-linker (CL). In this study, the mole ratio of TM:
MN: CL was investigated to optimize the fabrication of the MIL101-
MMIP-GQDs and MIL101-MMIP-CdTe QDs. The most appropriate mole
proportion (TM: MN: CL) for the synthesis of MIL101-MMIP-GQDs was
1:30:15 (Fig. 5C) and for the fabrication of MIL101-MMIP-CdTe QDs, the
most suitable mole ratio was 1:8:25 (Fig. 5D). When the quantity of MN
used was low, the sensitivity of the nanohybrid magnetic probes
decreased because not enough imprinted recognition cavities were
formed to bind with the available target analytes. Sensitivity was also
low when higher quantities of MN were used because non-imprinted
sites were formed that could block the formation of binding sites dur-
ing polymerization. The quantity of CL used was also a major factor in
the synthesis of the nanohybrid magnetic composite probes. The use of
low amounts of CL led to low sensitivity due to the physical instability of
the probes. High quantities of CL also produced probes of low sensitivity
because the generated polymer layer was too thick. The resultant inhi-
bition of binding between template molecules and APTES monomer
impaired the production of imprinted recognition cavities.
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Fig. 5. Effect of incubation time (A) on fluorescence quenching of nanocomposite probes (concentration of target analytes of 5.0 pg L"), pH of dispersion solution on
sensitivity (B), mole ratio of template to monomer to cross-linker on the sensitivity of nanohybrid magnetic MIL101-MMIP-GQDs (C) and MIL101-MMIP-CdTe QDs

probes (D).
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3.4. Analytical performance

The analytical performances of the MIL101-MMIP-GQD and MIL101-
MMIP-CdTe QD probes were validated in the optimal condition. Line-
arity, and limits of detection (LOD) and quantification (LOQ) were
determined. The intensity of fluorescence emissions of both probes was
significantly quenched by increasing concentrations of mafenide and
sulfisoxazole (Fig. 6A). While, the emission intensities of the MIL101-
MNIP-GQD and MIL101-MNIP-CdTe QD probes were only slightly
quenched (Fig. 6B). The linear ranges of the MIL101-MMIP-GQD and
MIL101-MMIP-CdTe QD probes were from 0.10 to 25.0 pg L™! with
coefficients of determination (Rz) of 0.9980 and 0.9994, respectively
(Fig. 6C and D). LOD, based on the 3SDpjank/slope of mafenide and
sulfisoxazole, was 0.10 pg L 1. The LOQ, based on 10SDpjank/slope of
mafenide and sulfisoxazole was 0.34 pug L1, These results implied that
the nanohybrid magnetic composite probes can be used to simulta-
neously detect mafenide and sulfisoxazole at ultra-trace levels. As
demonstrated in Fig. S6A and B, additional different concentration of
mafenide into dual nanocomposite probe solution, the fluorescence in-
tensity of MIL101-MMIP-GQDs decreased while the emission intensity of
MIL101-MMIP-CdTe QDs is not affected. Whereas, the fluorescence in-
tensity of MIL101-MMIP-CdTe QDs decreased in the present of sulfi-
soxazole and the fluorescence intensity of MIL101-MMIP-GQDs is not
effected.
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3.5. Quenching mechanism

Fluorescence quenching was driven by hydrogen bonding between
mafenide and sulfisoxazole and amino groups (-NHj) of the functional
monomer (APTES) on the surface of the nanohybrid magnetic probes.
Electron transfer occurred from the high energy band of orbitals in the
conduction band of QDs to the lowest unoccupied molecular orbitals of
the target analytes (mafenide and sulfisoxazole) [26]. In addition,
binding between the analytes and nanohybrid probes improved due to
the affinity between the analytes and MIL-101. The quenching mecha-
nism was confirmed by the UV-Vis absorption spectra of target analytes
(mafenide and sulfisoxazole) and fluorescence emission spectra of
nanoprobes. In these spectra, there were no overlap between the ab-
sorption spectra of analytes and emission spectra of the nanoprobes.
These results indicated that fluorescence quenching did not occur from
energy transfer (Fig. S7) [27,28].

The fluorescence quenching efficiency of mafenide and sulfisoxazole
could be quantified according to the Stern-Volmer equation,

FO/F =1+ Kw|[C],

where FO and F are the fluorescence emission intensity of the nano-
hybrid magnetic probes in the absence and presence of the quenching
target analytes. Kgy is the Stern-Volmer constant and [C] is the con-
centration of quenching target analytes. The sensitivity of the
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nanocomposite probe for detection of mafenide and sulfisoxazole can be
described by Ksv. A high value of Ksv indicates high sensitivity. The
imprinting factor (IF) of the nanohybrid magnetic probes was calculated
by comparing the Kgy of MMIP and MNIP. The IF values of MIL101-
MMIP-GQDs and MIL101-MMIP-CdTe QDs for mafenide and sulfisox-
azole detection were 5.11 and 4.37, respectively. The nanohybrid
magnetic probes were, therefore, highly specific toward the target
analytes.

3.6. Selectivity and competitive study

To evaluate the selectivity of the MIL101-MMIP-GQD and MIL101-
MMIP-CdTe QD probes toward mafenide and sulfisoxazole, the sensi-
tivity of the probes was compared after interaction with analog chemical
structures of mafenide and sulfisoxazole. The analog structures used
included sulfathiazole, sulfamerazine and sulfamonomethoxine. The
probes demonstrated higher sensitivity toward mafenide and sulfisox-
azole than their analog structures (Fig. 7). The non-imprinted MIL101-
MNIP-GQD and MIL101-MNIP-CdTe QD probes exhibited low sensitivity
toward mafenide, sulfisoxazole and the analog structures because they
did not have recognition cavities in their polymer layers.

To ensure the selectivity of the nanohybrid magnetic composite
probes, competitive binding was tested by measuring the quenching
efficiency (FO/F) of an optosensor in the presence of various ratios of
mafenide and sulfisoxazole to sulfathiazole. The quenching of the
nanohybrid probes was not noticeably changed in the presence of high
concentrations of sulfathiazole (Fig. S8). The generated recognition
cavities in the imprinted polymer layer of the MIL101-MMIP-GQD and
MIL101-MMIP-CdTe QD probes were highly specific for mafenide and
sulfisoxazole in terms of size, shape and functionality.

3.7. Stability and reproducibility

The stability of the nanohybrid magnetic composite probes was
investigated by measuring the fluorescence intensity of nanoprobes
dispersed in phosphate buffer at pH 6.0. The fluorescence intensities of
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MIL101-MMIP-GQDs and MIL101-MMIP-CdTe QDs were measured
every 30 min and no significant change was observed over 300 min
(Fig. S9). In addition, the stability of MIL101-MMIP-GQDs and MIL101-
MMIP-CdTe QDs in powder form was also investigated after storage in a
desiccator over time. The intensity of the emissions produced by the
nanohybrid probes was not significantly changed after 6 months of
storage. These results indicated the good stability of the synthesized
nanohybrid magnetic composite probes.

The reproducibility of the fabricated probes was determined by
means of six different batches of nanohybrid probes prepared at
different times. The RSDs of the six lots of MIL101-MMIP-GQDs and
MIL101-MMIP-CdTe QDs were 2.5 and 2.7%, respectively (Fig. $10).
This result indicated the good reproducibility of the synthesized nano-
hybrid magnetic probes.

3.8. Analysis of milk samples

To evaluate the viability of the nanohybrid magnetic composite
probes in real-world application, the MIL101-MMIP-GQDs and MIL101-
MMIP-CdTe QDs were applied to simultaneously detect mafenide and
sulfisoxazole in bovine milk. The pretreatment procedure of milk sam-
ples for analysis with the nanooptosensor was described in section 2.8.
As displayed in Table 1, low concentrations of mafenide (0.36-0.45 pg
L71) were found in some milk samples. A recovery test was also carried
out to evaluate the accuracy of the developed nano-optosensor by
spiking standard solutions of mafenide and sulfisoxazole in milk at 1.0,
5.0, 10.0 and 25.0 pg L1, The obtained recoveries were in the range of
80.4-97.9% with RSDs <5%. Additionally, the results obtained with the
developed optosensor from the detection of mafenide and sulfisoxazole
in milk samples were compared with HPLC method. The HPLC chro-
matograms of mafenide and sulfisoxazole spiked in milk samples at
various concentrations are shown in Fig. 8. The results obtained with the
nanooptosensor were not only in good agreement with the HPLC results,
with a R? better than 0.99, but also demonstrated the superior sensitivity
of the developed sensor toward these analytes in real samples. The
developed nanohybrid optosensor produced accurate and reliable
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Fig. 7. The chart illustrates the selectivity of the nanohybrid magnetic composite MIL101-MMIP-GQD and MIL101-MMIP-CdTe QD probes toward mafenide and

sulfisoxazole.
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Table 1
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The determination of mafenide and sulfisoxazole in milk using nanohybrid magnetic composite probes of MIL101-MMIP-GQDs and MIL101-MMIP-CdTe QDs and

HPLC method.

Samples  Added (ng Optosensor HPLC
-1
L Mafenide Sulfisoxazole Mafenide Sulfisoxazole
Found (ng Recovery + RSD Found (pg Recovery  Found (pg Recovery + RSD Found (pg Recovery + RSD
L (%) LY 4RSD (%) L) (%) LY (%)
Milk 1 0.0 0.36 - nd. - 0.35 - nd. -
1.0 117 80.9 £ 0.5 0.82 82.14+1.1 1.15 84.0 £ 4.3 0.84 84.0 £3.2
5.0 4.94 91.7 £ 0.4 4.70 94.0+28 501 932429 4.81 96.2 £ 3.5
10.0 9.70 934 +1.1 9.68 96.84+3.3 9.87 952+ 4.5 9.43 94.3 £3.1
25.0 24.66 97.2+£0.3 23.98 95.94+ 0.4 24.80 97.8 £ 1.5 24.1 96.4 £ 2.1
Milk 2 0.0 n.d. - n.d. - n.d. - n.d. -
1.0 0.92 92.0 £3.5 0.95 95.0+2.6 0.89 89.0 £2.1 0.97 97.0 £3.6
5.0 4.84 96.8 £ 2.1 4.81 96.2+46  4.89 97.8 £3.6 4.80 96.0 £ 1.6
10.0 9.46 94.6 + 2.6 9.65 96.5+1.6 9.23 92.3 + 4.1 9.61 96.1 +1.8
25.0 24.08 96.3 +1.5 24.06 96.2+25 239 95.6 + 2.8 24.1 96.4 + 3.9
Milk 3 0.0 0.45 - n.d. - 0.42 - n.d. -
1.0 1.26 80.4 £0.3 0.87 87.0+3.8 1.30 88.0+ 1.8 0.90 90.0 £2.9
5.0 4.82 87.4+1.6 4.36 87.3+24 491 89.8 +£ 4.8 4.40 88.0 £4.9
10.0 9.57 91.2+1.3 9.51 95.14+2.0 9.98 95.6 + 2.6 9.43 94.3 £2.1
25.0 24.42 95.9 + 0.4 2210 88.4+1.4 2439 95.9 + 2.8 23.9 95.6 + 1.7
Milk 4 0.0 n.d. - n.d. - n.d. - n.d. -
1.0 0.98 97.9+0.3 0.90 90.4+27 094 94.0 + 1.0 0.87 87.0 £ 2.8
5.0 4.76 95.3 £ 1.0 4.81 96.2+1.2 4.80 96.0 £+ 1.6 4.82 96.4 £ 3.9
10.0 9.34 93.4 £ 2.0 9.70 97.04+2.0 9.35 935+ 1.9 9.80 98.0 £ 4.0
25.0 24.41 97.7 £1.4 24.36 97.4+03 2440 97.6 £ 3.0 24.30 97.2 £ 4.1
25
. Mafenide Sulfisoxazole
» =0.9858x+ 0.0161 ¢
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Fig. 8. HPLC chromatograms (A) were produced by mafenide and sulfisoxazole in spiked milk samples at 1.0 pg L™" (a), 5.0 pg L' (b), 10.0 pg L™" (¢) and 25.0 pg
L' (d). Plots show the correlation between results from the proposed sensor and HPLC for the detection of mafenide (B) and sulfisoxazole (C).

results that can enable the simultaneous detection of ultra-trace levels of
mafenide and sulfisoxazole in milk samples. Other advantages of the
developed optosensor included a rapid and simple procedure, require
cost-effective instrument and environmentally friendly.

The performance of an optosensor was compared with performances
of other methods from previous works (Table 2). LODs were much lower

Table 2

than other previous works and the obtained recoveries and RSDs of this
method were comparable to those in previous reports. This comparison
demonstrated that the nanohybrid magnetic composite probes using
MIL101-MMIP-GQDs and MIL101-MMIP-CdTe QDs were highly sensi-
tive devices for the simultaneous determination of ultra-trace levels of
mafenide and sulfisoxazole in real samples. Meanwhile, the developed

The analytical performances of the developed nanooptosensor using MIL101-MMIP-GQD and MIL101-MMIP-CdTe QD probes and other methods of detection of

mafenide and sulfisoxazole.

Analytical method Analyte Sample Linear range (pg L™ or yg LOD (ug L™* or pg Recovery RSD Reference
& 57" (%) (%)
HPLC-DAD Sulfisoxazole  Milk 30-800 10 81.9-115.0 <10 1291
LC-MS/MS Sulfisoxazole  Chicken meat 1-10 0.2 72.7-116.7 <10 [301
CZE-UV Sulfisoxazole  Chicken meat 50-1000 7.86 96.3-104 <13 [311
Electrochemical Sulfisoxazole  Milk, river and tap water  500-10,000 10 96.4-102.6 <6 [321
HPLC-UV Sulfisoxazole  Milk 50-2000 2.23 67.0-105.7 <9 [33
UPLC-ECD Sulfisoxazole ~ Shrimp 10-10,000 3.29 81.1-108.9 <5 [341
HPLC-MS/MS Sulfisoxazole  Milk, pork and fish meat 51000 0.55 80.1-107.1 <10 [351
HPLC-UV Mafenide Pharmaceutical 2000-100,000 490 94.8-101.8 <5 [36]
formulation
UPLCMS/MS Mafenide Poultry feather 1-100 0.5 89-115 <20 1371
Spectrofluorimetry Mafenide Milk 0.10-25.0 0.10 80.4-97.9 <4 ‘This work
MIL101-MMIP-GQDs
and MIL101-MMIP-CdTe Sulfisoxazole  Milk 0.10-25.0 0.10 82.1-97.4 <5 This work

QDs




N. Orachorn and O. Bunkoed

dual optosensor achieved good selectivity using MMIP layers, without
the requirement of an HPLC column or complicated separation process.
The advantages of the proposed nanoprobes are shorter analysis time,
ease of separation, improved enrichment, and rapid and convenient
detection. The cost of equipment is lower than required by chromato-
graphic techniques, which also use a large volume of organic solvents as
the mobile phase. Therefore, the nanohybrid magnetic probes can be
used as an efficient method with obvious advantages for the ultra-trace
detection of mafenide and sulfisoxazole in complex samples.

4. Conclusion

Nanohybrid magnetic composite probes were successfully fabricated
based on MIL-101, GQDs and CdTe QDs incorporated into MMIP. The
probes were used in a nano-optosensing system for the simultaneous
detection of ultra-trace levels of mafenide and sulfisoxazole. The com-
bination of MIL-101, GQDs, CdTe QDs, SiO»/Fe304 and molecularly
imprinted polymer demonstrated its suitability for trace or ultra-trace
analysis through good adsorption, high sensitivity and excellent selec-
tivity. The quantitative analysis was based on the electron-transfer
driven quenching of fluorescence emission intensity when mafenide
and sulfisoxazole bound with recognition cavities imprinted in the sur-
face polymer layer of the nanohybrid composite probes. The other
benefits of the nanohybrid optosensor included simple measurement,
ease of separation, improved enrichment, rapidity and inexpensive
equipment. Accuracy, based on recoveries achieved, was in a satisfac-
tory range from 80.4 to 97.9% with RSDs below 5%. The detection limits
of mafenide and sulfisoxazole at their specific sensors were 0.10 pg L
The results obtained from the dual optosensor were not only in good
agreement with the results of detection by conventional high perfor-
mance liquid chromatography but also exhibited the superior sensitivity
of the developed optosensor toward the target analytes in real samples.
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2.1. Chemicals and instrumentals

Sulfisoxazole, mafenide, thioglycolic acid (TGA), citric acid, terephthalic acid, sodium
borohydride (NaBHi), 3-aminopropyltriethoxysilane (APTES, >98%) and tetraethyl
orthosilicate (TEOS, >97%) were purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo,
Japan). Tellurium powder (99.8%), sodium acetate, CloFe-4H>O and ClsFe-6H2O were
purchased from Sigma-Aldrich (MO, USA). Cadmium chloride (CdClz-2.5H:0),
NaH2PO4-2H>0 and Na;HPOs-12H20 were purchased from Univar. Chromium (III) nitrate
nonahydrate (CrN3O09-9H20) was from HiMedia Laboratories Pvt. Ltd (Mumbai, India).
Sodium hydroxide (NaOH), ethanol and ammonia solution (25% NH3-H20) were from RCI
Labscan (Bangkok, Thailand). Dialysis membrane was obtained from Spectrum Laboratories,
Inc. (Rancho Dominguez, CA, USA).

Fluorescence was measured using a RF-5301 spectrofluorometer (Shimadzu, Tokyo,
Japan). UV-Vis absorption was measured with an AvaSpec-2048 spectrometer (Apeldoorn, the
Netherlands). Fourier transform infrared (FTIR) spectra were recorded using a BX FTIR
spectroscope (PerkinElmer, Ma, USA). Scanning electron microscope (SEM) images were
acquired using the JSM-5200 scanning electron microscope (JEOL, Tokyo, Japan).
Transmission electron microscope (TEM) images were obtained using the Philips TECNAI 20
(Eindhoven, the Netherlands).

2.2 Synthesis of MIL-101

MIL-101 was synthesized via a hydrothermal method. First, 6.0 g of chromium nitrate
nonahydrate, 2.5 g of terephthalic acid and 0.3 g of sodium acetate were added to 75 mL of DI
water, mixed to homogeneity and transferred to a Teflon-lined stainless steel vessel. The vessel
was then sealed and heated at 200 °C for 12 h. The resultant fine, green crystals of MIL-101
were washed with 100 mL DI water and 20 mL of dimethylformamide. The primary product

of MIL-101 was then further purified in the Teflon-lined stainless steel vessel by heating for



10 h at 100 °C in 75 mL of ethanol. The obtained final product of MIL-101 was washed with
20 mL of ethanol and DI water, and dried in an oven at 80 °C for 24 h.
2.3 Synthesis of silica modified magnetite nanoparticles (SiO2/Fe304)

First, Fe;O4 nanoparticles were synthesized via co-precipitation. Briefly, 9.0 g of
FeCl3-6H20 and 3.0 g of FeCl2-4H>O were dissolved in 160 mL of DI water in a three-necked
flask. The mixture solution was heated until the temperature was 80 °C and then 20 mL of
ammonium hydroxide was rapidly added. The solution was continuously stirred for 1 h. Fe;O4
nanoparticles were separated from the solution using an external magnet, washed three times
with 50 mL of DI water and dried at 80 °C for 6 h.

In a sol-gel process, Si02/Fe3;O4 was prepared by adding 2.0 g of Fe3O4 into a solution
containing 100 mL of ethanol, 50 mL of DI water and 2.0 mL of NH4OH (30 %v/v). The
solution mixture was stirred at 40 °C for 15 min and then 2.0 mL of TEOS was added to the
solution and stirring was maintained for 12 h. The synthesized SiO2/Fe3O4 nanoparticles were
washed with 20 mL of ethanol and DI water and dried at 60 °C for 4 h.

2.5 Synthesis of TGA-capped CdTe QDs

Briefly, 50 mg of Te powder and 45 mg of sodium borohydride were dissolved in 2.0
mL of DI water and stirred for 10 min to obtain a purple solution of NaHTe. Meanwhile, 45
mg of CdClz and 30 pL. of TGA were dissolved in 100 mL of DI water and adjusted to pH 11.5
with 1.0 M sodium hydroxide. This second mixture solution was placed into a three-necked
flask and purged with N2 gas for 20 min. After purging, the solution was heated to 90 °C and
0.50 mL of the prepared NaHTe was rapidly injected into the solution. An orange solution of
TGA-capped CdTe QDs was obtained, which was continuously heated for 1 h. The TGA-
capped CdTe QDs were precipitated with ethanol to eliminate excess reagents and centrifuged
at 4000 rpm for 10 min. The resulting TGA-capped CdTe QDs were kept in a desiccator until

used.
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Fig. S1 FT-IR spectra are of the individual components and the fabricated composite probes of
MIL101-MMIP-GQDs for the detection of mafenide (A) and MIL101-MMIP-CdTe QDs for
sulfisoxazole detection (B). Spectra a and g are both of MIL-101, spectra b and h are both of
Si02/Fe304, spectrum ¢ is of GQDs, spectrum d is of mafenide, spectrum e is of the MIL101-
MMIP-GQDs before the removal of mafenide, and spectrum f is of MIL101-MMIP-GQDs
after the removal of mafenide. Spectrum i is of TGA-capped CdTe QDs, spectrum j is of
sulfisoxazole, spectrum k is of MIL101-MMIP-CdTe QDs before the removal of sulfisoxazole

and spectrum 1 is of MIL101-MMIP-CdTe QDs after the removal of sulfisoxazole.
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emission spectrum is of MIL101-MMIP-GQDs (red line) and (B) the UV-Vis absorption
spectrum is of sulfisoxazole (blue line) and the fluorescence emission spectrum is of MIL101-

MMIP-CdTe QDs (red line)
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A composite alginate hydrogel magnetic fiber adsorbent was developed for the extraction and enrichment of
phthalate esters. The adsorbent was fabricated by integrating graphene oxide (GOx), a metal organic framework
(MOF) and magnetite nanoparticles (Fe304) into alginate hydrogel fiber. The developed composite hydrogel fiber
adsorbent was characterized. The fabrication procedure and extraction condition included the amount of GOx
and MOF in the composite fiber, the dosage of composite hydrogel fiber adsorbent, the extraction time,
desorption condition, sample volume, stirring rate and sample pH were optimized. The composite hydrogel fiber
ed for the extraction and coupled with high performance liquid chromatography for the sep-
aration, identification and determination of phthalate esters in water, juice and tea. Applied composite adsorbent
for the extraction of phthalate esters and quantitative analysis with HPLC technique provided good linearity in
the ranges of 3.0-250.0 pg L™! for benzyl butyl phthalate and dibutyl phthalate, and 5.0-250.0 pg L™ for bis(2-
ethylhexyl) phthalate and di-n-octyl phthalate. The coefficients of determination were >0.998. The limits of
detection and limits of quantification were achieved in the range of 3.0-5.0 pg L' and 10.0-15.0 pg L2,
respectively. The developed method was successfully applied to determine phthalate esters in water, juice and
tea with satisfactory recoveries from 80.7 to 89.9 % with RSDs lower than 8 %. The developed composite alginate
hydrogel fiber adsorbent showed good accuracy, precision, and reproducibility and could be reused 16 times. The

adsorbent was

extraction procedure was simple and convenient.

1. Introduction

Phthalate esters (PAEs) are versatile chemical reagents. They are
extensively applied in the plastics industry as plasticizers or polymer
additives and to enhance the softness, elasticity, durability and work-
ability of consumer products [1]. However, the chemical interactions
between PAEs and polymer chains are not stable and PAEs can physi-
cally bond to other compounds [2]. At elevated temperatures, PAEs can
easily be released and migrate into food where their degradation prod-
ucts can present human health hazards such as reproductive toxicity,
teratogenicity, mutagenicity and endocrine system disorders [3]. Some
PAEs include benzyl butyl phthalate (BBP), bis (2-ethylhexyl) phthalate
(DEHP), di-n-octyl phthalate (DNOP) and dibutyl phthalate (DBP) have
been listed as priority environmental pollutants by the United States
Environmental Protection Agency (US EPA). In addition, the maximum
contaminant level (MCL) of DEHP in drinking water has been estab-
lished at 6.0 pg L~! [4]. In the interests of human health, therefore, it is
important to develop an effective method of monitoring PAEs, which are

* Corresponding author.
E-mail address: opas.b@psu.ac.th (O. Bunkoed).
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typically determined by high performance liquid chromatography
(HPLC). Although this method is reliable and can simultaneously
determine several PAEs using a separation column [5], the concentra-
tion of PAEs in real samples is rather low and coexists with various
matrix components. Consequently, sample preparation is required to
pretreat and concentrate PAEs before analysis with the HPLC system and
several methods have been reported to enrich analytes and remove in-
terferences. These methods have included liquid-liquid micro-extraction
(LLME) [6], solid phase extraction (SPE) [7], solid phase micro-
extraction (SPME) [8], magnetic solid phase extraction (MSPE) [9] and
stir-bar sorptive extraction (SBSE) [10].

Among these pretreatment methods, an MSPE technique based on
hydrogel fiber has attracted attention because the fiber-type adsorbents
are quickly prepared, easy to isolate from the sample solution and
exhibit faster adsorption kinetics owing to the large surface area of the
long, thin fibers. Alginate is an interesting material for hydrogel
adsorbent fabrication because it can be designed and produced in
various shapes, and has essential properties such as non-toxicity, good
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stability, biodegradability and biocompatibility. Moreover, alginate can
selectively bond with multivalent cations such as Ca®". This property
enables a basic sol-gel transition into a three-dimensional network (3D-
N) in a calcium chloride solution without the use of harsh organic
chemicals [11]. A commonly used magnetic material for MPSE is
magnetite nanoparticles (Fe3O4) [12,13]. Nevertheless, naked Fe3O4
nanoparticles have poor stability, and aggregate and oxidize easily.
Silica coated magnetite nanoparticles (Fe304-SiO3) are a better choice
because they improve the dispersibility and stability of Fe;04 nano-
particles and facilitate their modification with other materials.

The extraction of target PAEs by hydrogel fiber can be improved by
incorporating other materials within the alginate hydrogel. Graphene
oxide (GOx) is a carbon-based hydrophobic material with a large surface
area and excellent adsorption ability [14]. The GOx structure comprises
n-conjugated and numerous functional groups of carboxyl, hydroxyl and
epoxy, which can efficiently adsorb organic compounds through n-n
stacking and hydrogen bonding [15]. The fabricated adsorbents using
Fe30,4 nanoparticles combined with GOx have been reported for the
adsorption of various compounds such as phthalate esters [16], sulfon-
amides [17], pesticides [18], fluoroquinolones [19] and cephalosporins
[20]. Additionally, metal organic framework (MOF) also offers large
surface areas and highly porous structures of size-tunable pores [21].
They are prepared from metal ions and organic ligands. Among various
type of MOF, Materials of Institute Lavoisier (MIL-101) is an attractive,
cost-effective MOF structure because it is completely stable in the
aqueous phase, has good chemical stability, large surface area and
comprises abundant multifunctional groups. For the extraction of PAEs,
which contain an aromatic ring and a hydrophobic part, they can adsorb
MIL-101 via n-m and hydrophobic interactions.

In the present work, a magnetic composite of GOx, MIL-101 and
silica coated Fe304 nanoparticles was incorporated in alginate hydrogel
fiber (GOx/MIL-101/Fe304-SiO; alginate hydrogel fiber) to extract PAEs
by MSPE. The fiber was used to adsorb PAEs via n-m interaction and
hydrogen bonding reinforced by the hydrophobic effect. Four PAEs,
including benzyl butyl phthalate (BBP), dibutyl phthalate (DBP), bis(2-
ethylhexyl) phthalate (DEHP) and di-n-octyl phthalate (DNOP), were
extracted using the proposed composite hydrogel fiber adsorbent and
simultaneously separated using C18 column and detected with HPLC-
DAD. In order to evaluate the extraction performance of the GOx/MIL-
101/Fe304-Si0; alginate hydrogel fibers, the system was applied to
extract target PAEs at low concentration levels in real samples of com-
plex matrices that included water, juice and tea.

2. Experimental
2.1. Chemical and reagents

Iron (II) chloride tetrahydrate (FeCly-4H20), calcium chloride pow-
der, sodium acetate anhydrous and hydrochloric acid were from Merck
KGaA, Darmstadt, Germany. Iron (III) chloride hexahydrate
(FeCl3-6H20), graphene oxide powder and alginic acid sodium salt were
from Sigma-Aldrich, Steinheim, Germany. Sodium hydroxide pellets and
chromium (III) nitrate nonahydrate were from Loba Chemie and
HiMedia Laboratories Pvt. Ltd., Mumbai, India. Acetonitrile, ethanol,
methanol and dimethylformamide were from RCI Labscan Limited.,
Bangkok, Thailand. Ammonium hydroxide was from J.T.Baker Chemical
Company, United States, USA. Terephthalic acid, tetraethyl orthosilicate
(TEOS), benzyl butyl phthalate (BBP), bis (2-ethylhexyl) phthalate
(DEHP), di-n-octyl phthalate (DNOP), dibutyl phthalate (DBP) were
from Tokyo Chemical Industry, Japan.

2.2. Instrumental
The target PAEs were determined by HPLC coupled with a DAD de-

tector (1100 series, Agilent Technologies Inc., USA) after separation in a
C18 column (150 mm ID. x 4.6 mm x5 ym of particles size, Fortis

Microchemical Journal 171 (2021) 106827

Technologies Ltd., United Kingdom). To obtain good separation peaks
and a short analysis time, the mobile phase was ultrapure water (line A)
and acetonitrile (line B) pumped at 1.0 mL min~! using the following
gradient mode: 80 %B at 0—4 min, 90 %B at 4-8 min, 100 %B at 8-13
min and 80 %B at 13-15 min. The wavelength of detection was fixed at
226 nm for all PAEs. The functional groups of composite alginate fiber
were investigated by FT-IR spectroscope (PerkinElmer Inc., USA).
Brunauer-Emmett-Teller (BET) analysis (TriStar I 3020 series) was used
to investigate the surface area of the composite alginate fiber and
scanning electron microscopy (SEM-JSM 5200) was used to inspect the
morphology of the adsorbent surface. X-ray diffraction (XRD) patterns
were acquired using the Empyrean X-ray diffractometer (PANalytical,
Netherlands). Thermal stability of the composite alginate fiber was
examined through the thermal gravimetric analysis (TGA) using
STA8000 (PerkinElmer Inc., USA).

2.3. Synthesis of MIL-101

A hydrothermal process was used to synthesize MIL-101 and the
preparation procedure was adapted from previous work [22]. The
mixture solution, containing chromium nitrate nonahydrate (8.0 %w/
v), terephthalic acid (3.0 %w/v) and sodium acetate (0.4 %w/v), was
loaded into a Teflon-lined hydrothermal autoclave, and the reaction
proceeded at 200 °C for 12 h. Unreacted precursors were removed by
washing the product five times with 30 mL of deionized (DI) water and
then once with 20 mL of dimethylformamide. To further purify the
synthesized MIL-101 particles, the washed particles were placed in a
Teflon-lined hydrothermal autoclave with 75 mL of ethanol and heated
at 100 °C for 10 h. The final product of MIL-101 was washed with 50 mL
of DI water and dried at 90 °C for 12 h.

2.4. Synthesis of silica coated magnetite nanoparticles

Magnetite nanoparticles (Fe304) were synthesized by a co-
precipitation method [12]. Firstly, 8.8 g of FeCl3-6H20 and 3.2 g of
FeCl,-4H,0 were put into a three-necked flask containing 150 mL of DI
water, and the reaction temperature was raised to 80 °C. Then, 18 mL of
30 %v/v NH4OH was added and continuously refluxed for 1 h. Then, the
obtained Fe304 nanoparticles were isolated using a magnet, washed
three times with 50 mL of DI water, and then dried at 85 °C for 6 h.

To coat the Fe3O4 nanoparticles with silica, 4.0 g of the synthesized
Fe304 nanoparticles was placed in a mixture solution of 100 mL of DI
‘water, 200 mL of ethanol and 4 mL of NH,OH. The mixture solution was
stirred at 40 °C for 20 min and 4.0 mL of tetraethyl orthosilicate was
then injected into the solution. After stirring for 12 h, the obtained
product was collected with a magnet and purified by washing three
times with 50 mL of ethanol and DI water. Finally, the cleaned Fe3O4-
SiO; nanoparticles were dried at 70 °C for 5 h.

2.5. Preparation of composite hydrogel fiber adsorbent

The preparation procedure of the composite GOx/MIL-101/Fe304-
SiO, alginate hydrogel fibers is represented in Fig. 1A. First, 2.0 g of
alginic acid powder were dissolved in 100 mL of DI water under stirring.
Then, 0.10 g of GOx, 0.50 g of MIL-101 and 0.10 g of Fe304-SiO5 were
added together to the alginic acid solution. After the solution was
thoroughly mixed, a glass syringe was filled with 5 mL of the solution,
which then carefully injected into calcium chloride solution (5 %w/v)
through a needle to form a single fiber of magnetic composite alginate
hydrogel. The syringe was hanged above the CaCl; solution with the end
of the needle over the surface of solution about 1.0 ecm. The composite
hydrogel fiber rapidly formed when the mixture solution came into
contact with CaCl, solution and the composite fiber was further incu-
bated in CaCly solution for 2 h to complete Ca-alginate hydrogel for-
mation. Finally, the fibers was separated from the solution by magnet
and washed with DI water two times to remove free CaCl, from the
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Fig. 1. The illustrations present the preparation procedure of magnetic composite GOx/MIL-101/Fe304-SiO, alginate hydrogel fibers (A) and the dispersive magnetic
solid phase extraction procedure for the determination of PAEs using the developed hydrogel fiber sorbent (B).

hydrogel fiber surface.

2.6. Dispersive magnetic solid phase extraction procedure of phthalate
esters

The fabricated composite GOx/MIL-101/Fe304-SiOy alginate
hydrogel fibers were added and dispersed into DI water spiked with
standard solution or real sample solution and stirred at 1000 rpm for 20
min to completely adsorb target PAEs. The composite magnetic alginate
hydrogel fibers adsorbent with adsorbed PAEs were separated from the
aqueous solution using a neodymium (NdFeB) permanent magnet. To
desorb target PAEs from the composite magnetic alginate hydrogel fiber,
2.0 mL of acetonitrile were added into the extraction bottle and stirred
for 15 min. After desorption, the composite magnetic hydrogel fiber
adsorbents were isolated using external magnet and the elution solvent
(acetonitrile) containing desorbed analytes was evaporated until dry at
50 °C. The residue was dissolved in 1.0 mL of acetonitrile: DI water at
the ratio of 60:40 and filtered with a nylon syringe filter (13 mm, pore
size 0.22 pm) before being transferred to a 2.0 mL amber vial for analysis

by HPLC. The used GOx/MIL-101/Fe304-SiO; alginate hydrogel fibers
‘were washed with 2.0 mL of acetonitrile to prevent any carry over effect
from the analytes and soaked in DI water for 5 min before reuse. The
dispersive magnetic solid phase extraction (d-MSPE) process using GOx/
MIL-101/Fe304-SiO; alginate hydrogel fibers was illustrated in Fig. 1B.

2.7. Extraction procedure of commercial C18 SPE sorbent

The detail of extraction procedure using C18 sorbent for PAEs can be
found in the Supporting Information.

2.8. Sample pretreatment of mineral water, vitamin water, juice and tea
samples

The details of sample pretreatment of mineral water, vitamin water,
juice and tea samples are given in the Supporting Information.
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3. Results and discussion
3.1. Characterization of nanocomposite hydrogel fiber

The functional groups in the alginate, Fe304-SiO, GOx, MIL-101,
composite GOx/MIL-101/Fe304-SiO, alginate hydrogel, composite
GOx/Fe304-SiO; alginate hydrogel and composite MIL-101/Fe304-SiO2
alginate hydrogel were investigated by FTIR spectroscopy. The peaks at
1626, 1406 and 1029 cm ™! in the alginate spectrum (Fig. Sla) were
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attributed to O—C—O asymmetric stretching, O—C—O symmetric
stretching and C—O stretching, respectively. The Fe304-SiOy spectrum
(Fig. S1b) exhibited adsorption peaks at 1086 and 586 em™! from the
stretching of Si—O—Si and Fe—O—Fe, respectively. In the spectrum of
GOx (Fig. S1c), the adsorption peaks at 3448, 1630 and 1410 cm *
originated from O—H and C=O stretching and C—H bending in GOx.
The synthesized MIL-101 spectrum (Fig. S1d) demonstrated character-
istic bands at 1627, 1406 and 592 cm ™}, corresponding to C=0 and
0O—C—O stretching and COO— bending, respectively. The band at 1548

— 10 pm ——

F

-4

-6

-20000 -10000 0 10000 20000
H (Oe)

Fig. 2. SEM images are of alginate hydrogel (A), the MIL-101 (B), graphene oxide (C), and the composite GOx/MIL-101/Fe304-SiO, alginate hydrogel (D). The N,
adsorption-desorption isotherm (E) and VSM curve (F) are of the composite GOx/MIL-101/Fe304-SiO, alginate hydrogel. The inset photograph shows the simple
isolation of the composite magnetic hydrogel fiber adsorbent from solution using a magnet (F).
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cm ! was attributed to the C=C stretching of the benzene ring. The
other peaks at 1018 and 749 cm ™! were due to the deformation vibra-
tion from C—H in the benzene ring. The spectrum of the composite GOx/
MIL-101/Fe304-SiO; alginate hydrogel fiber (Fig. Sle) confirmed that
Fe304-Si0y, GOx and the MIL-101 were successfully composited in the
hydrogel fiber. In the spectrum of GOx/Fe304-SiO2 (Fig. S1f), the ab-
sorption peaks at 3448, 1630 and 1410 cm ™! appeared at the same
wavenumbers in the GOx spectrum. The other peaks at 1086 and 586
em ™! corresponded to peaks in the spectrum of Fe30,4-SiO,. In the MIL-
101/Fe304-Si03 spectrum (Fig. S1g), the characteristic peak at 1627,
1548, 1406, 1018, 749 and 592 cm ™! presented at the same wave-
numbers in the MIL-101 spectrum and the absorption peak at 1086 em™!
related to the Fe304-SiOy spectrum. These results insisted that the GOx/
Fe304-SiO, and MIL-101/Fe304-SiO; alginate hydrogel sorbents were
successfully prepared.

The crystalline structure of composite GOx/MIL-101/Fe304-SiO2
alginate fiber adsorbent was further confirmed by X-ray diffraction
analysis (XRD) (Fig. S2). The peak of composite sorbent at 20 of 9.08°
appeared at the same 26 in the MIL-101 spectrum and the characteristic
peak at 20 of 26.49° attributed to the phase structure of GOx. The other
specific peaks at 20 of 30.27°, 35.60°, 53.82°, 57.22°, 62.93° and 75.30°
corresponded to peaks in the Fe304-SiO3 spectrum. These XRD patterns
affirmed that MIL-101, GOx and Fe304-SiO2 were successfully
embedded in the hydrogel fibers.

TGA analysis was investigated in order to evaluate the thermal sta-
bility of composite GOx/MIL-101/Fe304-SiO5 alginate hydrogel fiber
adsorbent. TGA curve showed a small weight loss up to about 100 °C due
to the removal of interstitial water from the adsorbent (Fig. S3). This
result exhibited that the composite GOx/MIL-101/Fe304-SiO, alginate
hydrogel fiber adsorbent has a good stability under the extraction con-
dition of room temperature (25 to 30 °C).

In SEM images, the alginate hydrogel fiber exhibited a smooth sur-
face (Fig. 2A), while, the MIL-101 presented octahedral particles
(Fig. 2B). GOx presented a rough surface composed of flakes with large
surface areas to facilitate adsorption (Fig. 2C). The SEM image of the
composite GOx/MIL-101/Fe30,4-SiO, alginate hydrogel fiber (Fig. 2D)
revealed a morphology that indicated the successful integration of the
MIL-101 and GOx in the alginate hydrogel sorbent. Fig. 2E showed the
N adsorption-desorption isotherm of the developed composite hydrogel
fiber adsorbent, which provided a BET surface area of 25.5425 m? g’l.
The magnetic property of the composite GOx/MIL-101/Fe304-SiO2
alginate hydrogel fiber was determined using a vibrating sample
magnetometer (VSM). The VSM curve (Fig. 2F) revealed a maximum
saturation of 4.912 emu g~'. The composite magnetic fiber was easily
isolated from the sample solution using a magnet (inset Fig. 2F).

3.2. Optimization of hydrogel fiber fabrication and extraction

The affecting parameters for the fabrication of the composite
hydrogel fiber adsorbent and the extraction condition were optimized.
These parameters included the amount of GOx and MIL-101 in the
composite fiber, the dosage of composite hydrogel fiber adsorbent, the
extraction time, desorption condition, sample volume, stirring rate and
sample pH. The extraction performances were determined from absolute
recovery (AR), which was calculated from the equation AR (%) = (Cpi.
nalVFinal/ CrnitialVinitial) X 100, where Cgipq is the concentration of PAEs in
the reconstituted solution, Cipitial is the concentration of PAEs spiked in
water, and Vjpa and Vipitia are the volume of the reconstituted solution
and sample volume, respectively.

The results are provide as the average + standard deviation (SD) of
three replicates.

3.2.1. Amount of GOx and MIL-101

The optimal amount of GOx and MIL-101 to be incorporated into the
hydrogel fiber was determined by varying the weight ratio of GOx to
MIL-101 in the synthesis reaction. The ratios were expressed as %w/v
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where volume was 100 mL of DI water. The effect of the different ratios
‘was observed on recovery. The highest percent recovery was achieved
with a sorbent fabricated using a GOx: MIL-101 ratio of 0.10:0.50 %w/v
(Fig. 54) and this ratio was also the lowest amount that provided this
extraction efficiency. Lower amounts of both GOx and MIL-101 pro-
duced lower extraction recoveries due to the lower number of adsorp-
tion sites available to target PAEs. Therefore, the composite GOx/MIL-
101/Fe304-SiO; alginate hydrogel fiber was prepared using GOx and
MIL-101 at 0.10:0.50 %w/v.

3.2.2. Dosage of composite hydrogel fiber

The amount of adsorbent used during extraction normally affects the
recovery of target analytes. Increasing the adsorbent dosage can
improve recovery. The effect of the sorbent dosage on the extraction of
PAEs was investigated at 0.10, 0.30, 0.50, 0.80 and 1.00 g. Extraction
recovery was higher at 0.30 g than at a dosage of 0.10 g but recovery
remained constant up to 1.00 g (Fig. S5). Therefore, 0.30 g of composite
GOx/MIL-101/Fe304-SiO; alginate hydrogel fiber was applied to extract
PAEs.

3.2.3. Extraction time

The extraction time is the time required for the optimal adsorption
between phthalate esters and composite GOx/MIL-101/Fe304-SiO2
alginate hydrogel fiber. The adsorption time was investigated from 5 to
30 min. Extraction recoveries increased with increasing adsorption time
from 5 to 20 min and then recoveries remained constant (Fig. S6). Thus,
the extraction of PAEs using the composite GOX/MIL-101/Fe304-SiO2
alginate hydrogel fiber was limited to 20 min.

3.2.4. Desorption condition

The desorption in terms of the type of desorption solvent used, its
volume and desorption time was optimized to achieve the highest
extraction recovery with low solvent consumption and short analysis
time. A desorption solvent of acetonitrile provided the highest extrac-
tion efficiency (Fig. S7) and then the volume of acetonitrile of 0.5, 1.0,
2.0, 3.0, 4.0 and 5.0 mL were investigated. The desorption of PAEs from
the composite hydrogel fiber could be completed in 2.0 mL of the solvent
(Fig. S8). The desorption time was then evaluated from 5 to 25 min and
the results indicated that 15 min was the optimum desorption time.
Extraction recoveries increased to this time and then remained constant
(Fig. 89). Therefore, the optimal desorption condition was considered to
be 2.0 mL of acetonitrile for 15 min under stirring.

3.2.5. Sample volume

Sample volume influences extraction efficiency and increasing the
sample volume can also enhance the enrichment of target analytes. A
high enrichment factor can improve the limit of detection of the method.
In this work, the effect of sample volume was investigated from 5.0 to
20.0 mL. Recoveries decreased when the volume of sample was >10.0
mL (Fig. S10). Recoveries decreased at larger sample volume may be due
to the amount of adsorbent per volume decreased leading to the difficult
transference of target PAEs to the surface of adsorbent in larger of
sample volume [18]. Taking into consideration both extraction recovery
and the enrichment factor, 10.0 mL was chosen as the optimal sample
volume for the determination of PAEs extracted with the composite
GOx/MIL-101/Fe304-SiO; alginate fiber.

3.2.6. Stirring rate

The stirring rate used during the adsorption of PAEs in the sample
solution on the composite hydrogel fiber was investigated from 500 to
1500 rpm. Low extraction recoveries were obtained at stirring rates of
500 and 800 rpm due to the low mass transfer rate of PAEs from sample
solution to the adsorbent. Recoveries were highest under stirring at
1000 rpm. At faster stirring rates, repeatability was poor, and relative
standard deviations were high. In addition, at higher stirring rates, there
was increased contact between the adsorbent and the wall of the
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container, which reduced the reusability of the adsorbent. Based on the
results of this study (Fig. S11), 1000 rpm was selected as the optimal
stirring rate of the sample solution.

3.2.7. Sample pH

Sample pH is generally crucial for the adsorption of analytes on the
surface of an adsorbent and also affects the stability of the adsorbent.
Using the composite GOx/MIL-101/Fe304-SiO alginate fiber to extract
PAEs in aqueous samples, the effect of pH was investigated from 3.0 to
11.0 by adjusting with HCI or NaOH. Sample pH of 3.0, 5.0, 7.0 and 9.0
did not affect the extraction efficiency of PAEs but recovery decreased at
PH 11.0 (Fig. S12), the recoveries decreased at pH 11.0 due to the
deprotonation of PAEs led to anion forms in the strong alkaline condi-
tion, which could reduce the interaction (i.e., hydrogen bonding) be-
tween PAEs and the fabricated composite hydrogel fiber adsorbents
[23]. Since, the pH of real samples does not normally exceed 9.0,
adjustment of the sample pH would not be necessary.

3.2.8. Types of composite hydrogel fiber adsorbent

Magnetic alginate hydrogel fiber adsorbents of different composi-
tions were evaluated for their ability to extract the four phthalate esters
of interest. The adsorbent compositions included MIL-101/Fe304-SiO3,
GOx/Fe304-Si0z and GOx/MIL-101/Fe304-SiO2 hydrogel fibers. The
MIL-101/Fe304-SiO2 and GOx/Fe304-SiO, hydrogel fibers were pre-
pared under the same condition with GOx/MIL-101/Fe304-SiO2
hydrogel fiber but without GOx and MIL-101, respectively. The fabri-
cation of these composite hydrogel fiber adsorbent was confirmed by
SEM images as demonstrated in Fig. S13. The composite GOx/MIL-101/
Fe304-Si0, alginate hydrogel adsorbent achieved the highest extraction
recovery (Fig. 3), which implied that integrating both the MIL-101 and
GOx enhanced the adsorption of PAEs. The possible interaction between
PAEs and the adsorbent is demonstrated in Fig. S14. The highly efficient
adsorption of phthalate esters by the composite adsorbent was facili-
tated via hydrogen bonding and hydrophobic and n-r interactions. The
results of this study confirmed the suitability of the composite GOx/MIL-
101/Fe304-Si0O, magnetic alginate hydrogel fiber to extract and deter-
mine PAEs in real samples.

3.3. Analytical performance

The analytical performance of the developed method using the
fabricated composite GOx/MIL-101/Fe304-SiO, hydrogel fiber adsor-
bent to extract PAEs and analysis with HPLC were evaluated. The line-
arity, limit of detection (LOD), limit of quantification (LOQ) and
repeatability of the method are given in Table S1. The good linearity
ranged from 3.0 to 250.0 pug L~ for BBP and DBP and from 5.0 to 250.0

100 ZBBP BDBP BDEHP @DNOP
80

.
20 %

MIL-101/Fe;0-8i0,  GOX/Fe;048i0,  GOXMIL-101/Fe;0,-Si0,
Fig. 3. The chart shows the extraction recoveries of phthalate esters achieved

with variations of the composite hydrogel adsorbent.
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pg L1 for DEHP and DNOP. The LODs and LOQs were determined based
on signal-to-noise ratios (S/N) of 3 and 10, respectively. The LOD and
LOQ of BBP and DBP were 3.0 and 10.0 pg L, respectively, while the
LOD and LOQ of DEHP and DNOP were 5.0 and 15.0 pg L%, respec-
tively. These results indicated that the developed method could be uti-
lized to extract and determine trace PAEs in real samples. The
repeatability of the developed method was evaluated in term of intra-
day and inter-day precision. The relative standard deviation (RSD)
values ranged from 2.0 % to 3.1 % for intra-day (n = 6) and the RSDs of
inter-day (n = 6) ranged from 3.5 % to 4.8 % which were acceptable by
the AOAC guidelines. A linear regression of the calibration curve was
performed using Microsoft Excel software. The enrichment factors (EFs)
were determined according to following equation; EFs = Crinal/Cmitial,
‘Where Cgipg is the final concentration of PAEs in extracted phase and
Chnitial is the concentration of PAEs in sample solution. Cgjp, is calculated
from the calibration curves. EFs were determined under 10.0 mL of
aqueous solution with spiked PAEs at concentration of 20.0 pg L1,

3.4. Reproducibility and reusability

The fabrication reproducibility of the GOx/MIL-101/Fe304-SiOy
alginate hydrogel fiber was evaluated in terms of batch-to-batch fabri-
cations. Six different batches were prepared at different times in the
same condition and used to extract PAEs at 50.0 ug L1 The RSDs of the
average recoveries of six different batches <1.0 % which implied that
the fabrication procedure of GOx/MIL-101/Fe304-SiO; alginate hydro-
gel fiber had a good reproducibility (Fig. S15).

The reusability of the composite GOx/MIL-101/Fe304-SiO alginate
hydrogel fiber was evaluated. After the extraction and desorption of
PAEs, the used composite fiber was washed with 2.0 mL of acetonitrile
and 2.0 mL of DI water. The composite fiber was then re-used to extract
PAEs and the PAEs were again desorbed. The extraction recovery of
target PAEs was better than 80 % for sixteen extraction and desorption
cycles (Fig. S16). The reduced recovery after sixteen cycles may have
been due to the loss of GOx and MIL-101 from the composite fiber during
the extraction, desorption or washing steps. This result demonstrated
the good stability of the composite GOx/MIL-101/Fe304-SiO2 alginate
fiber and that it could be reused sixteen times with acceptable
recoveries.

3.5. Real sample analysis

The magnetic composite GOx/MIL-101/Fe304-SiO, alginate hydro-
gel fiber adsorbent coupled with HPLC was applied to determine PAEs in
real samples including water, juice and tea in plastic bottles. The anal-
ysis results are summarized in Table S2. Low concentrations of DBP were
found in some samples, while DEHP was detected below the limit of
quantification. The accuracy of the method was also evaluated by
spiking standard PAEs in real samples at four different levels (Table 1)
and relative recovery (%) in real sample was calculated as follows:

Relative recovery (%) = (Cround — Csanpie/ Caddea) X 100

Where, Cgound is concentration of PAEs after adding a known amount of
standard, Csamyple is concentration of PAEs in sample and Cadded is con-
centration of standard spiked in sample. Good recoveries were achieved
from all samples from 80.7 to 89.9 % with RSDs lower than 8 %. HPLC
chromatograms of a real sample without extraction, a real sample with
extraction using magnetic composite GOx/MIL-101/Fe304-SiO; alginate
hydrogel fiber, a spiked sample and standard PAEs are shown in Fig. 4.
The results indicated the good accuracy of the developed method and
that it could be utilized for the extraction of PAEs in different sample
matrices.

In addition, the effect of the matrix interferences was also evaluated
by comparing the slopes of the standard calibration curve and the spiked
curve using two-way ANOVA, their slopes showed significant
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Table 1
The determination and recoveries of phthalate esters in spiked samples.

Samples Added (ug Recovery (%)
1
L BBP DBP DEHP DNOP
Mineral 25.0 84.2 £ 82.0 + 88.8 = 86.0 +
water 0.8 2.0 2.9 1.5
50.0 81.6 + 83.2+ 822 + 835+
1.1 2.5 1.3 0.2
75.0 82.7 £ 84.9 + 81.4 = 81.5 +
2.2 2.2 1.3 1.9
100.0 82.7 £ 87.5 £ 80.7 = 81.9 +
2.0 1.8 0.8 11
Vitamin 25.0 83.7 + 81.7 + 842 & 845 +
water 1.0 1.6 5.6 4.0
50.0 81.4 £ 82.6 + 85.6 = 829 +
1.0 3.5 2.6 0.8
75.0 82.3 + 822+ 841 = 81.0 +
0.6 1.3 1.9 0.9
100.0 81.7 + 81.2 + 827 + 81.8 +
1.4 1.5 0.1 1.6
Juice 25.0 81.6 £ 82.7 £ 88.5 = 89.9 +
21 2.3 4.6 26
50.0 82.1 £ 83.3 £ 86.1 = 84.3 +
2.5 2.9 1.6 1.4
75.0 81.4 + 827 + 83.8 81.9 +
1.4 1.5 1.5 0.6
100.0 82.0 £ 81.6 + 83.8 = 82.3 +
0.9 0.8 0.3 3.1
Tea 25.0 83.4 83.8 + 81.7 = 89.6 +
0.6 2.6 0.9 7.3
50.0 81.7 £ 85.2 + 85.4 = 84.6 +
0.5 1.9 2.2 21
75.0 83.2 £ 83.0 £ 83.5 = 82.3 +
2.1 1.7 21 1.6
100.0 831+ 81.9 + 828 83.0 +
1.6 0.3 3.1 0.8
30
25
32 BBP
& DBP DEHP  pNoP
g1s 4 \ / @
Y e —" O
§' (c)
2 10 U
- ®
5
L (@)
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Fig. 4. HPLC chromatograms are of a real sample without extraction (a), a real
sample with extraction using composite GOx/MIL-101/Fe;0,-8i0, alginate
hydrogel fibers (b), a spiked sample (¢) and standard phthalate esters (d).

differences which indicated that matrix effect was observed. Therefore,
the matrix matched calibration is used to quantitative analysis of real
samples.

3.6. Comparison with commercial sorbent and previous works

The analytical performance of the composite GOx/MIL-101/Fe304-
SiOy alginate hydrogel fiber was compared with the performance of a
C18 SPE sorbent. Both sorbents achieved recoveries >80 % (Fig. S17)
which were within the acceptable range expected by the AOAC guide-
lines [24]. However, the extraction procedure of the composite mag-
netic alginate hydrogel fiber adsorbent is easier and faster. In addition,
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the composite fiber adsorbent can be reused which reduces cost and
saves time spent preparing the adsorbent. The composite GOx/MIL-101/
Fe304-SiO, alginate hydrogel fiber could be an alternative adsorbent to
determine PAEs.

The analytical performance of the proposed method was compared
with the performances of previously published methods (Table 2). The
detection limit, recovery and RSD of the developed method were either
better than or comparable to those achieved by other reported methods.
The reusability (16 times) of the composite GOX/MIL-101/Fe304-SiO2
alginate fiber sorbent was better than all the other sorbents. These re-
sults indicated that the composite GOx/MIL-101/Fe304-SiO, alginate
hydrogel fiber could be an effective, accurate and efficient sorbent for
the determination and extraction of PAEs in real samples.

MISPME = Molecularly imprinted solid-phase microextraction;
mSiOy@MWCNTs = mesoporous silica-coated multiwalled carbon
nanotubes; MISPE = Molecularly imprinted solid-phase extraction;
M-HAzo = Magnetic o-hydroxyazobenzene; MHSPE = Mixed hemi-
micelles solid-phase extraction; Fe304@GC = Fe304@graphitic carbon;
3D N-Co@C/HCF = Three-dimensional magnetic porous N-Co@carbon
dodecahedron/hierarchical carbon framework; d-MSPE = Dispersion
magnetic solid phase extraction; Fe304@C13@Ba’"-ALG = Barium
alginate modified octadecyl functionalized Fe3O4 magnetic nano-
particles; ZIF-8 = Zeolitic imidazolate framework-8; g-MNDC = Mag-
netic N-doped mesoporous carbon; DCHP = Dicyclohexyl phthalate;
DMP = Dimethyl phthalate; DAP = Diallyl phthalate; DPRP = Dipropyl
phthalate; DEP = Diethyl phthalate; ACN = Acetonitrile; MeOH =
Methanol

3.7. Adsorption kinetics

To describe the mechanism of adsorbent-adsorbate interaction be-
tween the composite GOx/MIL-101/Fe304-SiO, alginate hydrogel fiber
and PAEs, intraparticle diffusion (IPD), and pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetics models were investigated. The
suitability of a kinetics model depends on the coefficient of determina-
tion (R?) of fit index of each model (Table S3). The coefficient of
determination (Rz) of the pseudo-second-order was closer to 1 than the
R? of the other adsorption kinetic models (Figs. S18-520). This result
confirmed that the developed GOx/MIL-101/Fe304-SiO- alginate fibers
adsorbed phthalate esters via a chemisorption mechanism [34]. The
adsorption capacities of the developed composite hydrogel fibers at
equilibrium were calculated using the following equation:

Qe = (C”T%’Where Q. is the adsorption capacity at equilibrium (ug
g’l), and Ce and Cp (ug L’l) are the equilibrium and initial concentra-
tions of phthalate esters, respectively, V is the volume of sample (L) and
m is the amount of composite hydrogel fibers.

4. Conclusion

A composite magnetic hydrogel fiber was designed and fabricated for
use as a dispersive magnetic solid phase extraction adsorbent. The
composite hydrogel fiber was composed of graphene oxide, a metal
organic framework and silica-coated magnetite nanoparticles incorpo-
rated into alginate hydrogel fiber. The integration of graphene oxide and
the metal organic framework enhanced the extraction of phthalate esters
via hydrogen bonding, and n-r and hydrophobic interactions. The silica-
coated magnetite nanoparticles facilitated the fast and convenient sep-
aration of the adsorbent from the sample solution and the desorption
solvent. The composite alginate hydrogel fiber adsorbent exhibited a
satisfactory extraction efficiency toward phthalate esters, recoveries >
80 %. The developed composite showed good accuracy, precision, and
reproducibility and can be reused.
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Table 2
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The performances of the developed method using the GOx/MIL-101/Fe304-SiO, alginate fiber sorbent were compared with those of reported methods for the

extraction and determination of phthalate esters.

Analytical  Sample preparation  Analytes  Sample matrix Solvent  Solvent  Total ~Sample  Reuse  LOD (ug Recovery  RSD References
methods methods type volume time  volume  time L (%) (%)
(mL) (mL)
HPLC-UV MISPME DBP Mineral water ACN 4.0 >24h 2 5 3.0 90.3-98.1 <3 [25]
and soft drinks
HPLC-DAD  Decanoic acid coated-  BBP, DBP, ~ Liquor MeOH 0.5 - 5 5 0.9-2.4 88.9-105.4 2.9-3.8 [26]
Fe304 DCHP,
DNOP
HPLC-UV mSi0,@MWCNTs DMP, ‘Water ACN 4.0 - 25 6 0.3-0.5 89.8-96.3 3.8-7.7 [27]
(SPE) DBP,
DNOP
HPLC-UV  M-HAzo (MSPE) DAP, Bottled juice MeOH 0.3 21 50 15 0.08-0.50 78.0-115.0 2.9-7.8 [5]
DPRP, min
BBP, DBP
HPLC-UV Fe30,4/meso-SiO, NPs  BBP, DBP,  Environmental MeOH 6.0 25 250 3 0.012-0.032 80.6-102.4 2.3-54 [28]
(MHSPE) DEHP, water min
DNOP
HPLC-UV Fe304,@GC (d-MSPE)  DMP, Beverages and ACN 1.2 25 25 5 0.01-0.28 80.0-112.8 0.9-8.8 [29]
DEP, BBP,  plastic bottles min
DBP,
DCHP
HPLC-UV 3D N-Co@C/HCF (d- DMP, Green tea, water ACN 6.0 30 10 7 0.023-0.113  87.1-107.2 <5 [30]
MSPE) DEP, BBP,  and beverages min
DBP,
DCHP
HPLC-UV Fe30,@C15@Ba”" - DPRP, Environmental ACN 8.0 >30 500 8 0.019-0.059 72.1-112.6 <9 [31]
ALG (MSPE) DBP, water min
DCHP,
DNOP
HPLC-DAD  Fe;0,@ZIF-8 (MSPE) ~ DMP, Environmental MeOH 1.0 16 20 10 0.08-0.24 85.6-103.6 2.1-58 [32]
DEP, DBP,  water min
BBP,
DNOP
HPLC-UV g-MNDC (MSPE) DEP, DAP,  Soft drinks MeOH 0.6 50 10 0.1-0.3 83.2-119.0 4.7-6.2 [33]
DBP
HPLC-DAD  GOx/MIL-101/ BBP, DBP,  Mineral water, ACN 2.0 10 16 3.0-5.0 80.7-89.9  0.1-7.3  This work
Fe;04-Si0; alginate ~ DEHP, vitamin water,
fiber (MSPE) DNOP juice and tea
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2.7 Extraction procedure using commercial C18 SPE sorbent

The Oasis HLB cartridges were connected to an SPE manifold, which was linked to a
vacuum pump. The SPE cartridges were firstly conditioned by rinsing with 2.0 mL of
acetonitrile and then with 2.0 mL of DI water. Then, 10.0 mL of spiked standard solution was
passed through SPE cartridges and the PAEs were adsorbed on the adsorbent in this step. The
adsorbed PAEs were eluted with 2.0 mL of acetonitrile and then the eluent containing desorbed
PAEs was evaporated to dryness at 50 °C. The residue was redissolved with 1.0 mL of the
mixture of acetonitrile and DI water (ratio of 60:40) and filtered with a nylon syringe filter (13
mm, pore size 0.22 um) and analyzed by HPLC.
2.8 Sample pretreatment of mineral water, vitamin water, juice and tea samples

Mineral and vitamin water samples were directly extracted using a developed
composite hydrogel fiber adsorbent without further sample pretreatment process. Meanwhile,
the sample preparation of juice and tea samples were carried out by 10 times dilution with DI
water before being extracted using a fabricated GOx/MIL-101/Fe304-SiO> hydrogel fiber and

analyzed by an HPLC.
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Fig. S1 FTIR spectra are of alginate hydrogel (a), Fe;04-SiO2 (b), GOx (c), MIL-101 (d),
composite GOx/MIL-101/Fe304-SiO> alginate hydrogel (e), composite GOx/Fe304-SiO2
alginate hydrogel (f) and composite MIL-101/Fe304-Si0O; alginate hydrogel (g).
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Fig. S2 The XRD patterns of GOx (a), MIL-101 (b), Fe304-SiO: (c) and composite GOx/MIL-
101/Fe304-Si0; alginate hydrogel fiber (d)
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the composite GOx/MIL-101/Fe304-SiO> alginate hydrogel fiber.
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Fig. S12 The chart shows the effect of sample pH on the extraction of phthalate esters using

the composite GOx/MIL-101/Fe304-Si0> alginate fiber.



139

Fig. S13 SEM images of composite MIL-101/Fe304-SiO2 (A), GOx/Fe304-SiO2 (B) and
GOx/MIL-101/Fe304-SiO2 hydrogel fiber adsorbents (C)
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Fig. S14 The illustration shows the possible interaction between PAEs and the composite

GOx/MIL-101/Fe304-Si02 magnetic alginate hydrogel fiber.
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Fig. S15 The chart illustrates the reproducibility of the composite GOx/MIL-101/Fe304-SiO2
alginate fiber for the extraction of phthalate esters. Six different batches of GOx/MIL-
101/Fe304-SiO> alginate fiber adsorbents were fabricated at different times in the same

condition and were used to extract four PAEs at 50.0 pg L.
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Fig. S16 The reusability of the composite GOx/MIL-101/Fe304-SiO; alginate fiber adsorbent
for the determination of phthalate esters was demonstrated by using the same adsorbent to
repeatedly extract four PAEs. After each extraction, the adsorbent was desorbed in acetonitrile

and washed with DI water before being used to extract the PAEs again.
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fiber adsorbent were compared with recoveries achieved with a C18 SPE sorbent.
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Fig. S18 The pseudo-first-order kinetics models of benzyl butyl phthalate (A), dibutyl phthalate
(B), bis(2-ethylhexyl) phthalate (C) and di-n-octyl phthalate (D) adsorbed on the composite
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Fig. S19 The pseudo-second-order kinetics models of benzyl butyl phthalate (A), dibutyl
phthalate (B), bis(2-ethylhexyl) phthalate (C) and di-n-octyl phthalate (D) adsorbed on the
composite GOx/MIL-101/Fe304-SiO; alginate hydrogel fibers.
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Table S1 Analytical performances of the developed method.
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Repeatability
i . . . %RSD
Compounds E;lge:r Regression linear 5 LOD LOQ Enrichment %
] equation L! L factor ftra- - nter-
(ng L) q (ngL7) (ugLl?) day  day
(n=6) (n=6)
Benzyl butyl y =(0.1481+0.0030)x
phthalate 3.0-250.0 T (0.46:0.33) 0.9984 3.0 10.0 8.4 2.5 35
Dibutyl y = (0.1275£0.0026)x
phthalate 3.0-250.0 + (0.48+0.29) 0.9984 3.0 10.0 8.3 2.0 4.6
Bis(2- _
ethylhexyl)  5.0-250.0 Y (0:0844200022)x 5505 5 15.0 8.8 24 48
+(0.570.27)
phthalate
Di-n-octyl y = (0.0776+0.0014)x
phthalate 5.0-250.0 +(0.29+0.18) 0.9990 5.0 15.0 8.6 3.1 42
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Table S2 Concentration of phthalate esters in real samples.
Concentration (ug L)
Samples
BBP DBP DEHP DNOP
Mineral water ND 19.24+4 .89 <LOQ ND
Vitamin water ND 16.27+7.95 <LOQ ND
Juice ND 10.67+5.66 <LOQ ND
Tea ND <LOQ <LOQ ND

ND = Not detectable

Table S3 The kinetics equations and linear plots of the three different kinetics models

considered.
Kinetics model Equation Linear plot
Pseudo-first-order In(Qe- Q) = Qe —Kit In(Qe - Q) Vs. t
t 1 t t
- - — = +— £
Pseudo-second-order o %e%. T o o Vs. t

Intraparticle diffusion Qi = Kat"? +¢ Qi Vs. tin

Q: (ug g') = the adsorption capacity at time t; Ki, K> and K3 (min™) are the rate constants of
the pseudo-first-order, pseudo-second-order and intraparticle diffusion models, respectively; c

is the intercept.
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Abstract

A composite magnetic adsorbent was developed by embedding graphene quantum dots (GQDs), silica-modified magnetite
(Fe;0,-Si0,), and mesoporous carbon (MPC) into a molecularly imprinted polymer (GQDs/Fe;0,-SiO,/MPC/MIP). The
adsorbent was applied to extract nonsteroidal anti-inflammatory drugs (NSAIDs) in milk. The MIP was formed via a sol-gel
copolymerization using flurbiprofen, diflunisal, and mefenamic acid as template molecules, 3-aminopropyltriethoxysilane as
amonomer, and tetraethyl orthosilicate as a cross-linker. GQDs and MPC enhanced affinity binding between NSAIDs and the
adsorbent through n-n stacking, hydrogen bonding, and hydrophobic interaction. The Fe;0,-SiO, nanoparticles embedded in
the composite adsorbent enabled its rapid isolation from the sample solution. The extracted NSAIDs were quantified by high-
performance liquid chromatography and exhibited good linearity from 1.0 to 100.0 pg L™! for flurbiprofen and 0.5 to 100.0 pg
L' for diflunisal and mefenamic acid, respectively. The limits of detection ranged from 0.5 to 1.0 pg L™". Recoveries of NSAIDs
from spiked milk samples ranged from 81.4 to 93.7%, with RSDs below 7%. The reproducibility of the fabricated adsorbent was
good and in the optimal conditions, the developed adsorbent could be used for up to six extraction-desorption cycles.

Keywords Flurbiprofen - Diflunisal - Mefenamic acid - Carbon-based nanomaterials - Graphene quantum dots -
Mesoporous carbon - Sorbent extraction

Introduction effective method of determining NSAIDs would be a useful

development.

Nonsteroidal anti-inflammatory drugs (NSAIDs) possess
broad-spectrum properties that reduce chronic pain and
suppress inflammation and fever [1]. They are used in both
human and veterinary medicine but high-dose or long-
term use can lead to potential health hazards caused by the
poor water solubility and slow degradation of NSAIDs [2].
These two properties promote the accumulation of NSAIDs
in muscle tissue and can potentially cause kidney dam-
age, cardiovascular problems, and gastrointestinal bleed-
ing [3]. The European Union has established the limits of
residual NSAIDs at 0.10 pg kg™' in milk. Therefore, an
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NSAIDs are frequently separated and detected by high-
performance liquid chromatography coupled with diode
array detection (HPLC-DAD), which is a highly sensitive
and reliable technique that has the useful ability to separate
multiple target compounds at the same time [4, 5]. However,
real samples normally present a variety of complex matrix
components and NSAIDs at trace levels. Therefore, before
chromatographic analysis, samples are normally treated with
preparation procedures that reduce matrix interferences and
pre-concentrate the target NSAIDs [6]. Sample preparation
techniques that have been used to enrich NSAIDs include
liquid-liquid microextraction (LLME) [7], stir bar sorp-
tive extraction (SBSE) [2], micro solid-phase extraction
(u-SPE) [8, 9], and dispersive magnetic solid-phase extrac-
tion (D-MSPE) [1, 10]. D-MSPE attracts great interest. It is
simple to operate, the adsorbent can be quickly isolated from
the sample solution.

Composite D-MSPE adsorbents frequently make use
of the magnetic properties of ferrous oxide nanoparticles
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(Fe;0,) because they enable the rapid separation from the
complex solution using a magnet [11, 12]. The surface of
Fe;0, nanoparticles is normally decorated or coated with
a supporting material such as silica (SiO,) [13], dextran
[14], polydopamine [15], or polyethylene glycol [16]. The
selectivity of D-MSPE adsorbents can also be improved
with molecularly imprinted polymer (MIP), which present
specific cavities for target analytes [17-20]. Fe;0, has been
utilized as a core in an MIP layer to produce a magnetic
molecularly imprinted polymer (MMIP) [21]. An MMIP
can be further improved by incorporating affinity materi-
als to enhance affinity binding between the MMIP-based
adsorbent and NSAIDs. NSAIDs can be adsorbed by gra-
phene quantum dots (GQDs), which are a carbon-based
nanomaterial with a large surface area [22]. The chemical
structure of GQDs comprises a n-conjugated ring and plenty
of carboxyl and hydroxyl functional groups that can adsorb
NSAIDs through n-x stacking and hydrogen bonding [23].
Moreover, GQDs have other advantages such as low envi-
ronmental toxicity, good durability, simple synthesis [24],
and good dispersibility in aqueous samples [25]. In addition,
GQDs with modifiable structures and tunable properties can
be prepared in large scale [26]. Mesoporous carbon (MPC) is
another affinity material with has some extensive advantages
such as high surface areas [27], hierarchical pore structure,
and abundant natural sources [28]. MPC has a hydropho-
bic property that favors the adsorption of target analytes via
hydrophobic interaction [29]. It is also chemically stable
[301], rigid, and inexpensive [31].

We fabricated a hybrid composite magnetic adsorbent
of graphene quantum dots, silica-modified magnetite, and
mesoporous carbon incorporated into an MIP (GQDs/Fe;0,-
Si0,/MPC/MIP). The adsorbent was used to extract three
NSAIDs, diflunisal, flurbiprofen, and mefenamic acid, in
a D-MSPE procedure. The composite MMIP adsorbent
adsorbed the target NSAIDs through n-x stacking, hydro-
phobic interaction, and hydrogen bonding. The extracted
NSAIDs were determined by HPLC-DAD. The developed
adsorbent was successfully applied to extract trace levels of
the NSAIDs in milk samples.

Experimental
Chemical and reagents

Flurbiprofen, diflunisal, mefenamic acid, tetraethyl ortho-
silicate (TEOS), formic acid, citric acid, and 3-aminopro-
pyltriethoxysilane (APTES) were purchased from Tokyo
Chemical Industry Co. Ltd. (Tokyo, Japan, https://www.
tcichemicals.com). Mesoporous carbon (MPC) was from
XFNANO (Jiangsu, China, https://en.xfnano.com). Iron (III)
chloride hexahydrate and iron (II) chloride tetrahydrate were

@ Springer

obtained from Sigma-Aldrich (Steinheim, Germany, https://
www.sigmaaldrich.com). Sodium hydroxide was from Loba
Chemie Pvt. Ltd. (Mumbai, India, https://www.lobachemie.
com). Dialysis membrane (12—-14 kDa MWCO) was from
Spectrum Laboratories, Inc. (CA, USA, http://www.spect
rumlaboratoriesinc.com). Methanol, ammonia solution, and
ethanol were from RCI Labscan (Bangkok, Thailand, https:/
www.rcilabscan.com).

Instrumental

HPLC was carried out using the Hewlett-Packard 1100 appa-
ratus coupled with a diode array detector (Agilent Tech-
nologies Inc., USA, https://www.agilent.com). NSAIDs were
separated by isocratic elution in a C18 analytical column
(150 mmx 4.6 mm LD., 5.0 pm particle size, Fortis Tech-
nologies Ltd., UK, https:/fortis-technologies.com) using a
mobile phase of 0.10% v/v formic acid (line A) and metha-
nol (line B) (20%A: 80%B) at a flow rate of 0.90 mL min~"'.
The detection wavelength for the quantitative analysis of the
target NSAIDs was set at 230 nm. The functional groups of
the GQDs/Fe;0,-Si0,/MPC/MIP adsorbent and its compo-
nent materials were examined by Fourier transform infrared
spectroscopy (FTIR) (PerkinElmer, USA, https://www.perki
nelmer.com). The stability of the adsorbent was investigated
by thermogravimetric analysis (TGA) (TGA8000, Perki-
nElmer, USA, https://www.perkinelmer.com). The surface
area of the adsorbent was calculated with a surface area
and porosity analyzer (ASAP2460, Micromeritics, USA,
https://www.micromeritics.com). Carbon, hydrogen, nitro-
gen, and oxygen contents in the adsorbent were determined
by CHNS/O analyzer (Flash 2000, ThermoScientific, Italy,
https://www.thermofisher.com). The magnetic property of
the adsorbent was determined with a lab-built vibrating
sample magnetometer (VSM). The morphology observation
of the related materials was performed by field emission
scanning electron microscopy (FESEM) (Apreo, FEI, the
Netherlands,https://www.fei.com) and transmission electron
microscope (TEM) (JEM 2010, JEOL, Japan, https://www.
jeol.co.jp).

Synthesis of silica-modified magnetite nanoparticle
s(Fe;0,-Si0,)

Magnetite nanoparticles (Fe;O,) were prepared in a co-
precipitation synthesis [11] and the detail is provided in the
electronic supporting material (ESM).

Synthesis of graphene quantum dots (GQDs)
The synthesis of GQDs was performed through the pyrolysis

of citric acid [19]. Citric acid (2.0 g) was melted at 200 °C
using a heating mantle until light-yellow liquid citric acid
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was formed. The liquid citric acid was added dropwise
into 100 mL of 0.25 M NaOH and continuously shaken for
30 min. The acquired solution was purified using dialysis
bags (12 kDa cutoff) for 24 h to obtain GQDs.

Synthesis of the GQDs/Fe;0,-5i0,/MPC/
MiPadsorbent

The GQDs/Fe;0,-SiO,/MPC/MIP adsorbent was prepared
via a sol—gel copolymerization technique. Firstly, 100 mL of
the synthesized GQDs was mixed with 7.50 mL of 3-amino-
propyltriethoxysilane (APTES) under stirring at 40 °C for
30 min to obtain APTES-embedded GQDs. For the fabrica-
tion of the MIP, a solution containing the three templates
was prepared by dissolving 4.9 mg of flurbiprofen, 5.0 mg
of diflunisal, and 4.8 mg of mefenamic acid in 30 mL of
ethanol. The solution was mixed under stirring at 400 rpm
for 1 h with 358.0 pL of APTES, the functional monomer.
Then, 10.0 mg of MPC, 3.0 g of Fe;0,-Si0O,, and 25.0 mL
of APTES-embedded GQDs were added to the mixture solu-
tion. After stirring for 1 h, 1.50 mL of tetraethyl orthosilicate
(cross-linker) and 1.0 mL of ammonia solution (25% w/v)
were added, and the whole solution was stirred overnight to
form the imprinted polymer. The next day, the three tem-
plates were removed from the polymer by washing three
times with 10 mL of methanol. The GQDs/Fe;0,4-Si0,/
MPC/MIP adsorbent was collected by centrifugation at
5000 rpm. A magnetic GQDs/Fe;0,-SiO,/MPC/NIP adsor-
bent was also prepared using the identical procedure without
the addition of the template. The synthesis procedure of the
GQDs/Fe;0,-SiO,/MPC/MIP magnetic adsorbent is shown
in Fig. 1A.

Dispersive magnetic solid-phase extraction
(D-MSPE)

The D-MSPE procedure is demonstrated in Fig. 1B. Initially,
0.10 g of the GQDs/Fe;0,-Si0,/MPC/MIP adsorbent was
dispersed in 10.0 mL of a spiked standard NSAIDs or a
sample solution and magnetically stirred at 1000 rpm for
30 min to induce the mass transfer of target NSAIDs from
the sample to the adsorbent. After extraction, the magnetic
composite adsorbent was isolated from the sample with
an external magnet. The adsorbed NSAIDs were then des-
orbed from the specific recognition cavities of the recovered
adsorbent using 4.0 mL of methanol under sonication for
20 min. After complete desorption, a magnet was used to
isolate the adsorbent from the desorption solution, which
was then evaporated at 50 °C using a rotary evaporator. The
residue was reconstituted with 1.0 mL of the mobile phase
used for HPLC analysis and filtered through nylon syringe
(0.22 pm of pore size) before analysis by HPLC-DAD.
The used adsorbent was thoroughly washed with 2.0 mL of

methanol and 5.0 mL of deionized (DI) water before being
used for the next extraction. The extraction was performed
at room temperature (28 +2 °C). Carry over was investigated
to ensure that there were no residual target analytes on the
washed used adsorbent.

Pretreatment of milk samples

Fat was removed from 10 mL of milk samples by centrifu-
gation at 5000 rpm. After 10 min, the phase of de-fatted
milk was separated, and 10 mL of acetonitrile was added
to precipitate protein. The solution was then separated into
two phases by centrifugation at 5000 rpm for 10 min. The
supernatant was extracted by D-MSPE with the GQDs/
Fe;0,-Si0,/MPC/MIP adsorbent and then analyzed by
HPLC-DAD.

Results and discussion

Characterization of the magnetic composite
adsorbent

The functional groups of the component materials of the
composite adsorbent were investigated by FTIR spectros-
copy. The details are provided in the electronic supporting
material ESM (Fig. Sla-i).

TEM images of MPC and GQDs/Fe;0,-SiO,/MPC/MIP
are shown in Fig. 2A and B. The surface morphology of
MPC and GQDs/Fe;0,-SiO,/MPC/MIP was examined by
FESEM. MPC displayed uniformly arranged worm-like par-
ticles (Fig. 2C and D) whereas the morphology of GQDs/
Fe;0,-Si0,/MPC/MIP comprised irregular shapes with
rough surfaces (Fig. 2E and F).

The BET surface areas of MPC, GQDs/Fe;0,-Si0,/
MPC/MIP, and GQDs/Fe;0,-SiO,/MPC/NIP were 714.80,
34.03, and 19.08 m? ¢!, respectively. The large surface area
of MPC helped to improve the adsorptive property of the
composite adsorbent. The GQDs/Fe;0,-Si0,/MPC/MIP
adsorbent had a lower surface area than MPC due to the
formation of specific binding sites for target NSAIDs. How-
ever, the surface area of MPC is non-specific for NSAIDs
but the surface of composite GQDs/Fe;0,-SiO,/MPC/
MIP adsorbent is highly selective for NSAIDs. The GQDs/
Fe;0,-Si0,/MPC/MIP adsorbent had a larger surface area
than the non-imprinted GQDs/Fe;0,-SiO,/MPC/NIP, indi-
cating the presence of recognition sites in the composite
MIP adsorbent, which promoted the adsorption of NSAIDs.
The N, adsorption—desorption isotherms of MPC, GQDs/
Fe;0,-SiO,/MPC/MIP, and GQDs/Fe;0,-SiO,/MPC/NIP
are depicted in Fig. S2A-C.

The thermal stability of the composite GQDs/Fe;0,-
SiO,/MPC/MIP adsorbent was determined by TGA. The
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Fig. 1 The synthesis of a composite GQDs/Fe;0,-SiO,/MPC/MIP adsorbent for the extraction of flurbiprofen, diflunisal, and mefenamic acid
(A) and the dispersive magnetic solid phase extraction (D-MSPE) procedure used with the synthesized adsorbent (B)

TGA curve demonstrated that the weight of the adsorbent
decreased above 100 °C because residual water in the
adsorbent was eliminated (Fig. S2D). This result indi-
cated that the fabricated adsorbent could be used to extract
NSAIDs in the expected temperature condition (~30 °C)
of use.

The magnetic property of the GQDs/Fe;0,-SiO,/MPC/
MIP adsorbent was inspected using a vibrating sample mag-
netometer (VSM). The VSM curve (Fig. S2E) demonstrated
a maximum saturation of 8.014 emu g~!, which indicated
that the adsorbent could be easily isolated from the sample
solution with an external magnet (Fig. S3).

2} Springer

A CHNS/O analyzer was used to determine carbon,
hydrogen, nitrogen, and oxygen elements in the GQDs/
Fe;0,-SiO,/MPC/MIP adsorbent. The percentages of each
element were 15.597 of C, 4.511 of H, 4.956 of N, and
11.863 of O.

Optimization of the composite adsorbent
fabrication and D-MSPE conditions

The composite magnetic adsorbent was fabricated and uti-
lized as D-MSPE for the extraction of NSAIDs. Graphene
quantum dots and mesoporous carbon were incorporated
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Fig.2 TEM images are of
mesoporous carbon (MPC) at
60,000 X (A) and GQDs/Fe;04-
SiO,/MPC/MIP at 30,000 x (B).
SEM images are of MPC at
10,000 x (C) and 50,000 x (D)
and the GQDs/Fe3;0,-Si0,/
MPC/MIP adsorbent at

10,000 x (E) and 50,000 X (F)

1.0,000X

into molecularly imprinted polymer to improve the extrac-
tion efficiency of NSAIDs. They can enhance the extrac-
tion efficiency since they can adsorb NSAIDs via n-w inter-
action, hydrophobic interaction, and hydrogen bonding.
MIP material can improve the selectivity of the adsorbent.
While, magnetite nanoparticles incorporated in the com-
posite adsorbent assisted a simple and rapid extraction
procedure.

To obtain the highest extraction efficiency with a low
solvent consumption and a short analysis time, the experi-
mental conditions were optimized. These parameters were
amount of adsorbent, amount of MPC, extraction time,
desorption condition, sample stirring rate, sample volume,
sample pH, and ionic strength. Respective results can be
found in the electronic supporting material (Table S1). The
following parameters were to give the best results: amount
of adsorbent: 0.10 g (Fig. S4), amount of MPC: 10.0 mg
(Fig. S5), extraction time: 30 min (Fig. S6), desorption con-
dition: 4.0 mL of methanol for 20 min (Fig. S7, S8, and S9),
sample stirring rate: 1000 rpm (Fig. S10), sample volume:
10.0 mL (Fig. S11), sample pH: 5-9 (Fig. S12), and ionic
strength: 0.0% w/v (Fig. S13).

50,000X

The optimal condition was considered to be the condi-
tion that achieved the best extraction recovery. Extraction
recoveries were reported as means + SD from three repli-
cates (n=3) and calculated from the equation

Extraction recovery (%) = (C;V;/C;V;) x 100

where C;is the final NSAIDs concentration in the recon-
stituted solution (pug LY, C,; is the initial NSAIDs concen-
tration spiked in water (ug L™!), and Vyand V; are the volume
of the reconstituted solution and sample (mL), respectively.
NSAIDs were spiked in at a concentration of 50.0 pg L™'.

Extraction efficiency of different composite adsorbents

Four different fabricated adsorbents were evaluated for
their capability to extract the target NSAIDs (Fig. 3).
Adsorbents were fabricated with and without MPC and
with imprinted and non-imprinted polymers. The adsor-
bents were therefore a GQDs/Fe;0,-Si0,/NIP, GQDs/
Fe;0,-Si0,/MPC/NIP, a GQDs/Fe;0,-SiO,/MIP, and a
GQDs/Fe;0,-Si0,/MPC/MIP. Since the MIP contains a
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Fig.3 The chart compares the recoveries of three nonsteroidal anti-
inflammatory drugs extracted from aqueous solution by D-MSPE
with different composite adsorbents (n=3). Extraction condi-

large number of imprinted recognition cavities for tar-
get NSAIDs, affinity and selectivity were better, and the
extraction recoveries of both MIP adsorbents were higher
than those of both NIP adsorbents. The GQDs/Fe;0,-SiO,/
NIP and GQDs/Fe;0,-SiO,/MPC/NIP adsorbents could
only adsorb the target molecules through hydrogen bond-
ing and m-m stacking, so their extraction recoveries were
lower. The extraction efficiency of the GQDs/Fe;0,-SiO,/
MPC/MIP adsorbent was better than that of the GQDs/
Fe;0,-SiO,/MIP. Thus, the composite GQDs/Fe;0,-SiO,/

tion: amount of adsorbent, 0.10 g; extraction time, 30 min; desorp-
tion condition, 4.0 mL of methanol for 20 min; sample stirring rate,
1000 rpm; sample volume, 10.0 mL

MPC/MIP adsorbent was the most effective adsorbent for
the extraction of the target NSAIDs.

Analytical performances

The performance of D-MSPE with the GQDs/Fe;0,-SiO,/
MPC/MIP adsorbent was investigated as demonstrated in
Table 1. The three target NSAIDs were extracted from aque-
ous solution by D-MSPE in the optimal condition with the
developed adsorbent and determined by HPLC-DAD. The

Table 1 The analytical performance of dispersive magnetic solid-phase extraction with a composite GQDs/Fe;0-Si0,/MPC/MIP adsorbent was
evaluated from the determination by HPLC-DAD of three extracted nonsteroidal anti-inflammatory drugs (NSAID)

Target NSAID Linear range (pg L™ Regression linear equation R LOD (pg L") EF Repeatability
(%RSD)
Inter-day  Intra-
(n=6) day
(n=6)
Flurbiprofen 1.0-100.0 ¥=(0.3247+0.0070)x+(0.23+0.32)  0.9981 1.0 8.6 4.0 2.5
Diflunisal 0.5-100.0 y=(0.3814+0.0036)x+ (0.44 £ 0.15) 0.9996 0.5 8.9 4.6 29
Mefenamic acid 0.5-100.0 y=(0.3974+0.0093)x+ (0.62 £ 0.39) 0.9973 0.5 8.4 3.7 2.4
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linearity of the developed method was evaluated by extract-
ing various concentrations of the three target NSAIDs.
The linear ranges were 1.0 to 100.0 pg L' for flurbipro-
fen and 0.5 to 100.0 ug L~! for diflunisal and mefenamic
acid with the coefficients of determination (R?) were better
than 0.997. The linear regression equations were calculated
by Microsoft Excel software. The LODs based on S/N >3
were 1.0 ug L™! for flurbiprofen, and 0.5 pg L™! for difl-
unisal and mefenamic acid. These results implied that the
developed strategy for the extraction of trace NSAIDs for
determination by HPLC-DAD could be effectively applied.
The enrichment factor (EF) was calculated from the equa-
tion EF= C/C[, where Cfis the extracted NSAIDs calculated
from calibration curves (ug L"), and C; s the initial NSAID
concentration in the sample (pg L~"). The EF was evaluated
using 10.0 mL of aqueous solution spiked with the three
NSAIDs at 25.0 pg L™, EFs ranged from 8.4 to 8.9. The
inter-day and intra-day precisions were used to evaluate the
repeatability of the developed approach. The relative stand-
ard deviations (RSDs) were in the range of 3.7 to 4.6 for
inter-day and 2.4 to 2.9 for intra-day precision.

Reproducibility and reusability

To evaluate the reproducibility of the fabrication procedure,
six different batches of the GQDs/Fe;0,-SiO,/MPC/MIP
adsorbent were prepared in the same condition. The RSDs
were lower than 5.0% (Fig. S14). The result confirmed the
reproducibility of the preparation of the adsorbent.

The reusability of the adsorbent was investigated by
repeated D-MSPE of the target NSAIDs. The used adsor-
bent was washed with 2.0 mL of methanol and 5.0 mL of
DI water between each adsorption—desorption cycle. The
developed adsorbent provided extraction recoveries better
than 80% for up to 6 cycles (Fig. S15). The slightly lower
recoveries after the sixth extraction cycle were perhaps due
to damage caused to the specific imprinted cavities during
the adsorption, desorption, and washing steps. The GQDs/
Fe;0,-Si0,/MPC/MIP adsorbent could be effectively used
up to 6 times.

Adsorption kinetics

The mechanism of adsorption of the target NSAIDs on the
GQDs/Fe;0,-Si0,/MPC/MIP adsorbent was determined by
fitting adsorption kinetics models to experimental data. The
intraparticle diffusion and pseudo-first-order and pseudo-
second-order models were applied, and the R* closest to
unity was considered to indicate the most suitable model
(Table S2). The R? value of the linear plot of the pseudo-
second-order model was closest to 1 (Fig. S16, S17, and
S18). This result indicated that the main adsorption pro-
cess between the adsorbent and the three analytes was the

chemical adsorption. The adsorption capacity of the adsor-
bent toward the target NSAIDs was estimated according to
the equation
(Cy—CHV

m

Qe =

where Q, is the adsorption capacity at equilibrium (ug
&1, mis the mass of adsorbent (g), Vis the sample volume
(L), C, is the initial concentration of NSAIDs in a spiked
solution (ug L"), and C, is the equilibrium concentration
of NSAIDs (ug L™).

Comparison with a commercial sorbent and other
works

The extraction efficiency of the developed GQDs/Fe;0,-
Si0,/MPC/MIP adsorbent was compared with a C18 SPE
sorbent. The results showed that both sorbents achieved
recoveries over 80% (Fig. S19), but the proposed method
can be performed without the need for an SPE manifold sys-
tem. The recoveries of the three NSAIDs were also slightly
better with the proposed adsorbent than with the commercial
C18 sorbent.

The performances of D-MSPE with the proposed adsor-
bent were compared with those of previously published
methods for the determination of NSAIDs (Table S3). The
LOD, recovery, and RSD of the proposed adsorbent are
either better than or comparable to those of other methods,
and the developed adsorbent is superior in terms of selec-
tivity toward the analytes, which can be an advantage when
dealing with complex samples. In addition, the developed
composite adsorbent can be reused up to six extraction-des-
orption cycles. Although the developed method has many
advantages but the enrichment factor of this method is lower
than some other works duc to developed method used low
sample volume, however, this volume is enough for the
determination of NSAIDs in real sample.

Real sample analysis

The GQDs/Fe;0,-SiO,/MPC/MIP adsorbent was utilized to
extract the three NSAIDs from four bovine milk samples for
determination by HPLC-DAD. Flurbiprofen was found in
all four samples at concentrations that ranged from 5.5 to
12.6 pg L™! (Table 2). The milk samples were then spiked
with standard NSAIDs at 10.0, 25.0, and 50.0 pg L™! to
evaluate the accuracy of the developed strategy. Relative
recoveries of the three NSAIDs ranged from 81.4 to 93.7%
with RSDs below 7% (Table 2). HPLC chromatograms
show detected compounds in a milk sample, and compounds
extracted with the GQDs/Fe;0,-Si0,/MPC/MIP adsorbent
from a spiked milk sample, and a standard NSAIDs solution
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Fig.4 The chromatograms 12
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at 0.50 mg L~" (Fig. 4). The peaks of NSAIDs were clearly
distinguished from peaks of interfering compounds. This
result indicated that the GQDs/Fe;0,-SiO,/MPC/MIP adsor-
bent is an effective and selective adsorbent for the extraction
of NSAIDs in real sample. The accuracy of the developed
adsorbent indicated that it can be effectively applied to deter-
mine NSAIDs in bovine milk.

Conclusion

A magnetic composite of GQDs/Fe;0,-SiO,/MPC/MIP
adsorbent was successfully fabricated using graphene quan-
tum dots, silica-modified magnetite, and mesoporous carbon
incorporated into molecularly imprinted polymer. The devel-
oped adsorbent was utilized for the D-MSPE of NSAIDs
in milk samples. The developed adsorbent demonstrated
a highly specific affinity toward flurbiprofen, diflunisal,
and mefenamic acid. The integration of graphene quantum
dots and mesoporous carbon with a MMIP increased the
adsorption efficiency of the target molecules via strong n-n
stacking, hydrophobic interaction, and hydrogen bonding.
The fabricated composite adsorbent has good reproducibil-
ity and stability. The developed method can be adapted for
the extraction and determination of NSAIDs in a variety of
matrix samples.

Supplementary Information The online version contains supplemen-
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Synthesis of silica-coated magnetite nanoparticles (Fe304-SiO2)

In a three-necked flask, 3.0 g of FeCl2-4H>O and 9.0 g of FeCl3-6H20O were mixed with
160 mL of deionized water and heated to 80 °C under N2 gas. Ammonium hydroxide (20 mL)
was then rapidly added into the mixture solution and refluxed for 1 h. The synthesized Fe3O4
nanoparticles were separated with an external magnet, washed with 40 mL of deionized water,
and dried in an oven at 80 °C for 12 h. The dried, synthesized Fe3O4 nanoparticles were coated
with silica via a sol-gel technique. A solution was prepared of 100 mL of deionized water, 200
mL of ethanol and 4.0 mL of ammonium hydroxide. Into this solution, 4.0 g of Fe3O4
nanoparticles were introduced and continuously stirred at 40 °C for 30 min. Then, 4.0 mL of
tetraethyl orthosilicate were injected into the mixed solution and continuously stirred for 12 h.
The silica-coated nanoparticles were isolated from the solution using a magnet, washed with
ethanol and deionized water, and dried at 80 °C for 6 h to obtain Fe304-SiO2 nanoparticles.
Characterization of the magnetic composite adsorbent

The spectrum of Fe3;04-SiO2 (Fig. S1a) presented significant peaks at 585 and 1080

cm’! that were attributed to Fe-O-Fe stretching of magnetite and Si-O-Si stretching of silica,
respectively. In the FTIR spectrum of GQDs (Fig. S1b), an absorption band at approximately
3416 cm™! was attributed to O-H stretching, and peaks at 2940, 1387 and 1581 cm™ were
respectively derived from C-H stretching, C-H bending and C=C stretching of graphene sheet.
The spectrum of MPC (Fig. Slc) presented the same characteristic peaks at the same
wavenumbers as the spectrum of GQDs with an additional peak at 1270 cm™! that corresponded
to C-O stretching. Flurbiprofen (Fig. S1d), diflunisal (Fig. S1e) and mefenamic acid (Fig. S1f)
produced three strong peaks between 1800 and 1100 cm™ in the spectrum of the GQDs/Fe304-
SiO2/MPC/MIP adsorbent before removal of the templates (Fig. S1g). The spectrum of
GQDs/Fe304-Si02/MPC/MIP indicated that the polymerization of the MIP was complete and

included the three templates. After the removal of the templates from the MIP, the peaks



attributed to flurbiprofen, diflunisal and mefenamic acid were no longer present in the spectrum
(Fig. S1h). In addition, absorption peaks were present at the same wavenumbers found in the
spectra of Fe304-Si02, GQDs and MPC. In the spectrum of GQDs/Fe304-SiO2/MPC/MIP, a
peak at 1051 cm™ was due to Si-O-Si asymmetric stretching, and peaks at 780 and 460 cm™!
corresponded to the Si-O vibration band of the silica layer. Moreover, the spectrum of
GQDs/Fe304-SiO2/MPC/MIP after the removal of the templates was not significantly different
from the spectrum of GQDs/Fe304-Si02/MPC/NIP (Fig. S1i). These results confirmed that the

GQDs/Fe304-SiO2/MPC/MIP adsorbent was successfully fabricated.
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Fig. S1 FTIR spectra are of silica-coated magnetite nanoparticles (Fe304-SiO2) (a), graphene
quantum dots (GQDs) (b), mesoporous carbon (MPC) (c), flurbiprofen (d), diflunisal (e),
mefenamic acid (f), GQDs/Fe;04-SiO/MPC/MIP with templates (g), GQDs/Fe30O4-

Si02/MPC/MIP without templates (h) and GQDs/Fe304-SiO2/MPC/NIP (i).
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Fig. S2 The adsorption and desorption isotherms are for mesoporous carbon (MPC) (A), the
GQDs/Fe304-Si02/MPC/MIP adsorbent (B), the GQDs/Fe304-SiO2/MPC/NIP adsorbent (C),
the thermogravimetric analysis curve (D) and vibrating sample magnetometer curve (E) were

produced by the GQDs/Fe304-SiO2/MPC/MIP adsorbent

Fig. S3 The photograph shows the dispersed GQDs/Fe304-Si02/MPC/MIP adsorbent and the

adsorbent isolated from the solution by a magnet.
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Effect of amount of adsorbent

The amount of adsorbent used in the D-MSPE extraction process could influence the
extraction of the NSAIDs. The dosage of the adsorbent was varied at 0.050, 0.075, 0.10, 0.25
and 0.50 g. Extraction recoveries increased with increments of adsorbent dose from 0.050 to
0.10 g, and remained almost constant to 0.50 g (Fig. S4). The dosage of 0.10 g was selected as

the smallest amount of adsorbent that produced the highest recoveries of the target molecules.

100 - Flurbiprofen (FBP) & Diflunisal (DFN) § Mefenamic acid (MFA)

80

60

40

Recovery (%)

20

0.050 0.075 0.10 0.25 0.50
Amount of adsorbent (g)

Fig. S4 Effect of adsorbent dosage on the recoveries of three nonsteroidal anti-inflammatory
drugs extracted by dispersive magnetic solid-phase extraction with a GQDs/Fe3O4-

Si02/MPC/MIP adsorbent (n=3)

Effect of amount of MPC

The amount of MPC incorporated into the composite adsorbent was optimized to
improve the binding ability of the adsorbent toward the target NSAIDs. The effect of MPC was
investigated at loadings of 3.0, 5.0, 7.0, 10.0 and 15.0 mg. The MPC loading that achieved the
highest extraction recovery was 10.0 mg (Fig. S5). Lower recoveries were obtained at 3.0, 5.0,

and 7.0 mg of MPC because the number of accessible adsorption sites for the three NSAIDs
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was low. The higher loading of 15.0 mg of MPC provided slightly lower recoveries because
the imprinted recognition cavities that bind NSAIDs were blocked. Thus, 10.0 mg of MPC was

used to fabricate the composite adsorbent.

100 B Flurbiprofen (FBP) @ Diflunisal (DFN) S Mefenamic acid (MFA)

80 1
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Recovery (%)

40
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Amount of MPC (mg)

Fig. S5 Effect of MPC loading on the recoveries of three nonsteroidal anti-inflammatory drugs

extracted using dispersive magnetic solid-phase extraction with a GQDs/Fe3Os4-

Si02/MPC/MIP adsorbent (n=3)

Effect of extraction time

The adsorption of target molecules requires an appropriate binding time to acquire the
highest extraction efficiency. Here, extraction time was determined from 10 to 50 min. The
shortest extraction time that produced the highest recoveries of the target NSAIDs was 30 min
(Fig. S6). D-MSPE of the target NSAIDs was therefore performed with a 30 min adsorption

period.
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Fig. S6 Effect of extraction time on the recoveries of three nonsteroidal anti-inflammatory
drugs extracted by dispersive magnetic solid-phase extraction with a GQDs/Fe3Os-

SiO2/MPC/MIP adsorbent (n=3)

Desorption condition

The selection of an appropriate desorption solvent is a significant factor for the elution
of adsorbed analytes from an adsorbent. Desorption solvents of different polarities were
evaluated in this study. The solvents were methanol, ethanol, acetonitrile, acetone and ethyl
acetate. Methanol produced the highest extraction recoveries of all three target NSAIDs (Fig.
S7). To avoid excessive solvent consumption, the volume of methanol used to desorb the
adsorbed target molecules was then varied from 1.0 to 6.0 mL. The results showed that 4.0 mL
of methanol was adequate for the elution of the three NSAIDs (Fig. S8). Desorption time was
then optimized from 10 to 50 min. The target NSAIDs could be completely eluted from the
adsorbent within 20 min (Fig. S9). Therefore, 20 min was selected as the optimal desorption

times.
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Fig. S7 Effect of desorption solvent type on the recoveries of three nonsteroidal anti-
inflammatory drugs extracted using dispersive magnetic solid-phase extraction with a

GQDs/Fe304-SiO2/MPC/MIP adsorbent (n=3)

BFlurbiprofen (FBP) & Diflunisal (DFN) S Mefenamic acid (MFA)

100

Recovery (%)

Desorption volume (mL)

Fig. S8 Effect of desorption solvent volume on the recoveries of three nonsteroidal anti-
inflammatory drugs extracted by dispersive magnetic solid-phase extraction with a

GQDs/Fe304-Si02/MPC/MIP adsorbent (n=3)
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Fig. S9 Effect of desorption time on the recoveries of three nonsteroidal anti-inflammatory
drugs extracted using dispersive magnetic solid-phase extraction with a GQDs/Fe3O4-

Si02/MPC/MIP adsorbent (n=3)

Effect of sample solution stirring rate

During the adsorption step of D-MSPE, the mass transfer of target molecules from the
sample to the adsorbent can be affected by the stirring rate. The stirring rate in this study was
varied at 500, 1000, 1200 and 1500 rpm. Recoveries were higher at a stirring speed of 1000
rpm than 500 rpm and recoveries were lower at rates above 1000 rpm. At 500 rpm, recoveries
were low because the stirring rate was insufficient to disperse the adsorbent throughout the
sample solution. At 1200 and 1500 rpm, the adsorbent made strong contact with the wall of the
container and was damaged. The highest extraction efficiency was achieved at a stirring rate
of 1000 rpm (Fig. S10), which was the speed used to stir the sample solution during the D-

MSPE of the analytes of interest.
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Fig. S10 Effect of sample solution stirring rate on the recoveries of three nonsteroidal anti-
inflammatory drugs extracted using dispersive magnetic solid-phase extraction with a

GQDs/Fe304-SiO2/MPC/MIP adsorbent (n=3)

Effect of sample volume

The effect of sample volume was a significant parameter that could improve the
enrichment factor and extraction efficiency. The volume of the spiked sample was examined
from 5.0 to 20.0 mL. The results showed that sample volumes of 5.0 mL and 10.0 mL both
provided extraction recoveries above 80 %, but the enrichment factor was higher at 10.0 mL
than at 5.0 mL (Fig. S11). Extraction recoveries decreased when the sample volume was higher
than 10.0 mL since the amount of adsorbent in dispersion was insufficient to adsorb the target
analytes. Thus, the optimal sample volume was 10.0 mL for the extraction of target NSAIDs

with the composite adsorbent.
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Fig. S11 Effect of sample volume on the recoveries of three nonsteroidal anti-inflammatory
drugs extracted by dispersive magnetic solid-phase extraction with a GQDs/Fe3Os-

SiO2/MPC/MIP adsorbent (n=3)

Effect of sample pH

Sample solution pH can affect the stability of an adsorbent and its interactions with the
analytes. In this work, sample solution pH was adjusted with HCl and NaOH to 3.0, 5.0, 7.0,
9.0 and 11.0. Sample solution pH from 5.0 to 9.0 produced good recoveries, but pH 3.0 and
11.0 produced low recoveries (Fig. S12). At a sample solution pH of 3.0, recoveries were low
because the structure of the three NSAIDs became cationic in the strong acidic condition,
reducing binding between the NSAIDs and the adsorbent. At a sample solution pH of 11.0, the
NSAIDs were deprotonated to anionic form, and the silica component of the adsorbent was not
stable in the elevated basic condition, which affected adsorption. However, the pH of milk is

normally in the range of 6.0 to 8.0, and thus the sample solution pH did not need to be adjusted.
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Fig. S12 Effect of sample solution pH on the recoveries of three nonsteroidal anti-inflammatory
drugs extracted by dispersive magnetic solid-phase extraction with a GQDs/Fe3O4-

Si02/MPC/MIP adsorbent (n=3)

Effect of ionic strength

The ionic strength of the sample can also influence the mass transfer of analytes to the
adsorbent during the adsorption process. In this work, the ionic strength of the sample was
boosted with sodium chloride (NaCl) at concentrations of 0.0, 1.0, 2.0, 5.0 and 10.0 %w/v.
Extraction recoveries were not significantly different at 0.0 and 1.0 %w/v NaCl but were lower
with additions of NaCl at 2.0, 5.0 and 10.0 %w/v (Fig. S13). The reduced extraction efficiency
was due to the increased the viscosity of the sample solution which disturbed the adsorption
between the NSAIDs and the adsorbent. Therefore, the extraction was performed without

adding salt to the sample.
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Fig. S13 Effect of sample solution ionic strength on the recoveries of three nonsteroidal anti-

inflammatory drugs extracted using dispersive magnetic solid-phase extraction with a

GQDs/Fe304-SiO2/MPC/MIP adsorbent (n=3)
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Fig. S14 The reproducibility of the developed GQDs/Fe304-SiO2/MPC/MIP adsorbent for the

extraction of nonsteroidal anti-inflammatory drugs (n=3)
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Fig. S15 The reusability of the developed composite GQDs/Fe304-SiO2/MPC/MIP adsorbent

was evaluated by repeated extractions of three nonsteroidal anti-inflammatory drugs (n=3).
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Fig. S16 The intraparticle diffusion models of flurbiprofen (A), diflunisal (B) and mefenamic

acid (C) adsorbed on the composite GQDs/Fe;04-SiO2/MPC/MIP adsorbent.
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Fig. S17 The pseudo-first-order models of flurbiprofen (A), diflunisal (B) and mefenamic acid

(C) adsorbed on the composite GQDs/Fe304-Si02/MPC/MIP adsorbent.
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Fig. S18 The pseudo-second-order models of flurbiprofen (A), diflunisal (B) and mefenamic

acid (C) adsorbed on the composite GQDs/Fe304-SiO2/MPC/MIP adsorbent.



177

19

o
(

o
%) AI19A0).

i-inflammatory

idal ant

ries of three nonstero

Fig. S19 The chart compares the extraction recove

nd a C18 SPE

drugs achieved with a developed GQDs/Fe304-SiO2/MPC/MIP adsorbent a

sorbent (n=3).



178

Table S1 Optimization of dispersive magnetic-solid phase extraction (D-MSPE) using the

GQDs/Fe304-Si02/MPC/MIP adsorbent for the extraction and determination of NSAIDs

20

Optimization parameter

Optimization value

Optimum condition

Amount of adsorbent (g)
Amount of MPC (mg)
Extraction time (min)

Desorption solvent

Volume of desorption
solvent (mL)

Desorption time (min)
Sample stirring rate (rpm)
Sample volume (mL)
Sample pH

Tonic strength (% w/v)

0.050, 0.075, 0.10, 0.25, 0.50

3.0,5.0,7.0, 10.0, 15.0

10, 20, 30, 40, 50

Methanol, ethanol, acetonitrile,

acetone, ethyl acetate
1.0,2.0,4.0,6.0

10, 20, 30, 40, 50
500, 1000, 1200, 1500
5.0, 10.0, 15.0, 20.0
3.0,5.0,7.0,9.0,11.0

0.0,1.0,2.0,5.0,10.0

0.10

10.0

30

Methanol

4.0

20

1000

10.0

5.0-9.0

0.0
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Table S2 The kinetics equations and linear plots of three adsorption kinetics models

Kinetics model Equation Linear plot
Intraparticle diffusion Q= Kit"?+¢ Qi Vs. t?
Pseudo-first-order In(Qe - Q) = InQe—Kat In(Qe-Q) Vs. t

t 1 + t t Vs, t
—- = — 4 — Vs.

Pseudo-second-order Q. K3Q2, ' Qe Q¢

Q: (ng g") = the adsorption capacity at time t; Ki, K> and K3 (min™') are rate constants of the
intraparticle diffusion, pseudo-first-order and pseudo-second-order models, respectively; c is

the intercept.
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Table S3 The analytical performances of the developed method are compared with the performances of reported methods of extracting nonsteroidal

anti-inflammatory drugs.

Analytical Sample preparation method  Analyte Sample matrix ~ Sample ~ LOD Recovery  RSD Reference
method volume  (ugL'!or (%) (%)
(mL) g ke
HPLC- LLME MFA, DIC, KTP, Bovine milk 5 0.01-0.03 96-107 <7 [S1]
MS/MS FBP
HPLC-UV C0304@GO (HF-SPME) MFA, IND, DIC, Human urine 10 0.18-1.1 93-102 3.2-10.1  [S2]
IBP
HPLC-UV SPE-SUPRASF DIC, MFA Urine and 30 0.7-4.0 90-104 49-7.2 [S3]
water
HPLC-UV Co@CNTs (MSPE) FBP, KTP Human serum 200 0.0006- 87-97 0.8-6.6 [S4]
0.0007
HPLC-UV MOFs@GA (SPE) NPX, FBN, CPF, Tap and river 100 0.01-0.10 81-107 2.5-8.7 [S5]
FBP, IBP water
HPLC-UV MICOF@SiOz (SPE) KTP, NPX, FBP, River and lake 10 0.2-1.4 77-112 4194 [S6]
IND, DIC, IBP water
HPLC-DAD Fe;04@TCVA (MSPE) DIC, IBP, MFA Water and 50 0.014-0.11 80-120 0.5-9.9 [S7]
urine
HPLC-DAD  SOE-SHS-LLME KTP, ET, FBP, IBP Human urine, - 40-180 96-109 0.9-7.7 [S8]
saliva and milk
HPLC-DAD UAE-SPE AMT, ATN, CMT, Freshwater - 15,000- 70-125 1.6-15.8 [S9]
DTZ, MFA, RNT sediment 58,500
HPLC-DAD Oasis HLB (SPE) KTP, DFN, FNP, Wastewater 100 3-15 73-94 1.7-93 [S10]
OXP, FBP, DIC,
IND, IBP, PBZ,
MFA, MCA
HPLC-DAD Poly(GMA-co-EDMA) KTP, IBP, FBP Human urine 0.2 0.2-6.2 71-78 0.8-14.0 [S11]

monolith MOF
functionalized (MSCME)



HPLC-DAD

HPLC-UV

UPLC-PDA

UPLC-DAD

UPLC/MS-
MS
HPLC-UV

HPLC-DAD

Poly(GMA-co-EDMA-co-0-
SWNHs) monolith
(MSCME)

Fe304/C (MSPE)

CF@Ui0-66-NH; (SPE)

UiO-66@FGR (BSE)

TiONts-CTAB (SPE)
DSBC (SPE)

GQDs/Fe304-Si02/MPC/
MIP (D-MSPE)

NPX, FBF, FBP,
IBP

IND, KTP, FBP,
IBP

KTP, NPX, FBP,
DIC, IBP

KTP, FBP, IBP,
NPX, DIC

KTP, PIR, DFN,
CEL
KTP, CEL, MFA

FBP, DFN, MFA

Human urine

Plasma, urine
and lake
Shrimp and
fish muscle
tissues

Sheep muscle,
chicken wing
and milk
Environmental
water
Environmental
water

Bovine milk

0.6

25

20

20

25

30

10

0.1-10

0.25-0.50

0.12-3.5

0.92-5.13

3.0-4.5

1.0-2.0

0.5-1.0

81-106

90-108

73-117

81-117

81-98

87-101

81-94

3.5-11.8

29-72

0.7-9.8

1.4-6.5

0.4-5.7

4.2-8.2

0.5-6.4

23

[S12]

[S13]

[S14]

[S15]

[S16]
[S17]

This work

LLME = Liquid-liquid microextraction; Co3O4@GO = Nanocubic Co3Os-coated graphene oxide; HF-SPME = Hollow fiber solid-phase

microextraction; SPE = Solid-phase extraction, SUPRASF = Supramolecular solvent formation; Co@CNTs = Magnetic carbon nanotubes with

encapsulated Co nanoparticles; MSPE = Magnetic solid-phase extraction; MOFs@GA = Graphene hybrid aerogel-supported metal-organic

frameworks; MICOF@SiO2 = Molecular imprinted covalent organic framework nanocomposite; TCVA = Triethyl-(4-vinylbenzyl)ammonium

chloride and 4-vinylbenzeneboronic acid; SOE = Salting-out extraction; SHS = Switchable-hydrophilicity solvent; UAE = Ultrasonic-assisted

extraction; HLB = Hydrophilic—lipophilic balance; Poly(GMA-co-EDMA) = (glycidyl methacrylate)-co-(ethylene glycol dimethacrylate)

polymer; MSCME = Monolithic spin column microextraction; o-SWNHs = oxidized-single-walled carbon nanohorns; Fe304/C = Magnetic carbon,;
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UPLC = Ultra-high performance liquid chromatography; CF@UiO-66-NH2 = Zirconium-based metal-organic framework UiO-66-NH> modified
cotton fiber; UiO-66@FGR = Zirconium-based metal-organic framework UiO-66 coated frosted glass rod; BSE = Bar sorptive extraction; TiONts-
CTAB = Titanate nanotubes modified with cetyltrimethylammonium bromide; DSBC = Biochar produced from date stones; MFA = Mefenamic
acid; DIC = Diclofenac; KTP = Ketoprofen; FBP = Flurbiprofen; IND = Indomethacin; IBP = Ibuprofen; NPX = Naproxen; FBN = Felbinac; CPF
= Carprofen; ET = Etodolac; AMT = Amitriptyline; ATN = Atenolol; CMT = Cimetidine; DTZ = Diltiazem; RNT = Ranitidine; DFN = Diflunisal,

FNP = Fenoprofen; OXP = Oxaprozin; PBZ = Phenyl butazone; MCA = Meclofenamic acid; FBF = Fenbufen; PIR = Piroxicam; CEL = Celecoxib
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