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ชื่อวิทยานิพนธ เซนเซอรทางแสงโดยใชตัวตรวจวัดนาโนคอมโพสิทและตัวดูดซับคอมโพสิท

สำหรับการวิเคราะหสารอินทรียปริมาณนอยในอาหารและเครื่องดื่ม 

ผูเขียน นางสาวนภัสกร อรชร 

สาขาวิชา  เคมี (นานาชาต)ิ 

ปการศึกษา 2565 

บทคัดยอ 

วิทยานิพนธนี ้ม ีว ัตถุประสงคเพื ่อพัฒนาเซนเซอรทางแสงโดยใชตัวตรวจวัด

คอมโพสิทและตัวดูดซับคอมโพสิทสำหรับตรวจวิเคราะหสารอินทรียปริมาณนอยในตัวอยางอาหาร

และเครื่องดื่ม ซึ่งประกอบดวย 2 สวนคือ เซนเซอรทางแสง และเทคนิคการเตรียมตัวอยาง โดยแบง

ออกเปน 4 งานวิจัยยอย 

สวนแรกเปนการพัฒนาเซนเซอรทางแสงโดยใชตัวตรวจวัดนาโนคอมโพสิท โดยวัด

สัญญาณฟลูออเรสเซนตที่ลดลงของพอลิเมอรลอกแบบโมเลกุลคอมโพสิทรวมกับควอนตัมดอท

สำหรับตรวจวิเคราะหสารอินทรีย ไดแก โลมีฟล็อกซาซิน เมฟไนด และซัลฟโซซาโซล โดยสังเคราะห

พอลิเมอรลอกแบบโมเลกุลผานกระบวนการโซลเจลพอลิเมอไรเซชัน โดยใชสารที่ตองการวิเคราะห

เปนโมเลกุลแมแบบ 3-อะมิโนโพรพิลไตรเอทอกซีไซเลนเปนมอนอเมอร และเตตระเอทิลออรโธซิลิ

เกตเปนสารเชื่อมขวาง หลังจากกำจัดโมเลกุลแมแบบออกจากชั้นพอลิเมอรทำใหเกิดชองการจดจำที่

จำเพาะเจาะจงตอสารที่ตองการวิเคราะหทั้งหมูฟงกชัน รูปราง และขนาด ในงานวิจัยแรกเปนการ

พัฒนาตัวตรวจวัดทางแสงฟลูออเรสเซนตที่ประกอบดวยพอลิเมอรลอกแบบโมเลกุลที่มีความจำเพาะ

เจาะจง แคดเมียมเทลลูไรดควอนตัมดอทที่มีความไววิเคราะหสูง และพอลิอะนิลีนรวมกับแกรฟน

ออกไซดที่มีประสิทธิภาพในการจับกับสารโลมีฟล็อกซาซิน สัญญาณฟลูออเรสเซนตของตัวตรวจวัด

ทางแสงที่พัฒนาขึ้นลดลงเมื่อความเขมขนของโลมีฟล็อกซาซินเพิ่มขึ้น ซึ่งใหชวงความเปนเสนตรง

ตั้งแต 0.10 ถึง 50.0 ไมโครกรัมตอลิตร และมีขีดจำกัดการตรวจวัดเทากับ 0.07 ไมโครกรัมตอลิตร 

เซนเซอรทางแสงที่พัฒนาขึ้นสามารถประยุกตใชในการตรวจวิเคราะหโลมีฟล็อกซาซินในตัวอยางนม 

เนื้อไก และไข โดยใหคารอยละการไดกลับคืนอยูในชวง 81.5 ถึง 99.6 และมีคารอยละเบี่ยงเบน

มาตรฐานสัมพัทธต่ำกวา 7 งานวิจัยที่สองเปนการพัฒนาตัวตรวจวัดทางแสงแมเหล็กคอมโพสิทแบบคู 

โดยการประยุกตใชควอนตัมดอทสองชนิดคือ แกรฟนควอนตัมดอท และแคดเมียมเทลลูไรดควอนตัม
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ดอทคอมโพสิทรวมกับพอลิเมอรลอกแบบโมเลกุลแบบแมเหล็กและวัสดุโครงขายโลหะอินทรีย 

สำหรับการเพิ่มความเขมขนและตรวจวัดเมฟไนดและซัลฟโซซาโซลไดในเวลาเดียวกัน ซึ่งตัวตรวจวัด

ทางแสงแบบคูนี้สามารถตรวจวัดสารที่ตองการวิเคราะหสองชนิดไดพรอมกัน เนื่องจากตัวตรวจวัดให

สัญญาณการเปลงแสงฟลูออเรสเซนตแตกตางกันที่ 435 และ 572 นาโนเมตร ภายใตสภาวะที่

เหมาะสมพบวาสัญญาณฟลูออเรสเซนตของตัวตรวจวัดทางแสงลดลงเมื่อมีสารเมฟไนดและซัลฟโซซา

โซลเพิ่มขึ้น ใหชวงความเปนเสนตรงตั้งแต 0.10 ถึง 25.0 ไมโครกรัมตอลิตร และขีดจำกัดการ

ตรวจวัดเทากับ 0.10 ไมโครกรัมตอลิตร ตัวตรวจวัดทางแสงที่พัฒนาขึ้นสามารถตรวจวัดเมฟไนดและ

ซัลฟโซซาโซลปริมาณนอยในตัวอยางนม โดยมคีารอยละการไดกลับคืนอยูในชวง 80.4 ถึง 97.9 และ

มีคารอยละเบี่ยงเบนมาตรฐานสัมพัทธต่ำกวา 5 นอกจากนี้เมื่อนำเซนเซอรทางแสงที่พัฒนาขึ้นมา

ทดสอบเปรียบเทียบกับเทคนิคโครมาโทกราฟของเหลวสมรรถนะสูง พบวาผลการวิเคราะหจากสอง

วิธีนี้มีความสอดคลองกัน แตเซนเซอรทางแสงใหคาความไววิเคราะหที่สูงกวา แสดงวาเซนเซอรทาง

แสงที่พัฒนาขึ้นเปนวิธีที่มีความนาเชื่อถือและมีประสิทธิภาพสำหรับการตรวจวิเคราะหโลมีฟล็อกซา

ซิน เมฟไนด และซัลฟโซซาโซลปริมาณนอยในตัวอยางอาหารและเครื่องดื่ม นอกจากนี้เซนเซอรทาง

แสงที่พัฒนาขึ้นมีคุณสมบัติที่โดดเดนคือ มีความจำเพาะเจาะจงตอสารที่ตองการวิเคราะห มีความไว

วิเคราะหสูง สามารถสังเคราะหไดงาย ตรวจวิเคราะหไดรวดเร็ว ใชงานงาย และราคาถูก 

ในสวนที่สองเปนการพัฒนาตัวดูดซับคอมโพสิทสำหรับการสกัดและเพิ่มความ

เขมขนสารอินทรียหลายชนิดพรอมกัน ไดแก กลุมพทาเลตเอสเทอร และกลุมยาตานอักเสบชนิดที่

ไมใชสเตียรอยด รวมกับการวิเคราะหดวยเทคนิคทางดานโครมาโทกราฟ งานวิจัยที่สามเปนการ

พัฒนาตัวดูดซับคอมโพสิทแกรฟนออกไซด วัสดุโครงขายโลหะอินทรีย และอนุภาคแมเหล็กเคลือบ

ดวยซิลิกาที่กักอยูในเสนใยอัลจิเนตไฮโดรเจลสำหรับสกัดเพิ่มความเขมขนและตรวจวิเคราะหสาร

กลุมพทาเลตเอสเทอรสี่ชนิด ไดแก ไดบิวทิลพทาเลต บิส(2-เอทิลเฮกซิล)พทาเลต เบนซิลบิวทิลพทา

เลต และไดนอรมอลออกทิลพทาเลต โดยอัลจิเนตไฮโดรเจลถูกนำมาใชเปนวัสดุหลักในการสังเคราะห

ตัวดูดซับ เนื่องจากมีขอดีคือ ไมเปนพิษ ยอยสลายไดงาย ออกแบบรูปทรงไดหลากหลาย และสามารถ

คอมโพสิทกับวัสดุดูดซับอื่นๆไดงาย แกรฟนออกไซดและวัสดุโครงขายโลหะอินทรียสามารถดูดซับสาร

กลุมพทาเลตเอสเทอรไดดวยพันธะไฮโดรเจน อันตรกิริยาแบบไฮโดรโฟบิค และอันตรกิริยาแบบ - 

นอกจากนี้อนุภาคแมเหล็กเคลือบดวยซิลิกาที่กักอยูในเสนใยไฮโดรเจลชวยใหสามารถแยกตัวดูดซับ

ออกจากสารละลายตัวอยางไดอยางรวดเร็วโดยการใชแทงแมเหล็กภายนอก ตัวดูดซับคอมโพสิทเสน
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ใยอัลจิเนตไฮโดรเจลที่ประยุกตใชสำหรับสกัดสารกลุมพทาเลตเอสเทอร และตรวจวิเคราะหดวย

เทคนิคโครมาโทกราฟของเหลวสมรรถนะสูง ใหชวงความเปนเสนตรงตั้งแต 5.0 ถึง 250.0 ไมโครกรัม

ตอลิตร สำหรับบิส(2-เอทิลเฮกซิล)พทาเลตและไดนอรมอลออกทิลพทาเลต และ 3.0 ถึง 250.0 

ไมโครกรัมตอลิตร สำหรับเบนซิลบิวทิลพทาเลตและไดบิวทิลพทาเลต มีขีดจำกัดการตรวจวัดอยู

ในชวง 3.0 ถึง 5.0 ไมโครกรัมตอลิตร วิธีที ่พัฒนาขึ้นสามารถประยุกตใชสำหรับสกัดและตรวจ

วิเคราะหสารกลุมพทาเลตเอสเทอรในตัวอยางชา น้ำ และน้ำผลไม โดยใหคารอยละการไดกลับคืนที่

ยอมรับไดอยูในชวง 80.7 ถึง 89.9 และมีคารอยละเบี่ยงเบนมาตรฐานสัมพัทธต่ำกวา 8 นอกจากนี้ตัว

ดูดซับคอมโพสิทไฮโดรเจลมีเสถียรภาพที่ดี ซึ่งสามารถนำกลับมาใชซ้ำไดถึง 16 ครั้ง งานวิจัยที่สี่เปน

การพัฒนาตัวดูดซับคอมโพสิทที่ประกอบดวยแกรฟนควอนตัมดอท อนุภาคแมเหล็กเคลือบดวยซิลิกา 

คารบอนรูพรุนระดับเมโซ และพอลิเมอรลอกแบบโมเลกุล สำหรับสกัด เพิ่มความเขมขนและตรวจ

วิเคราะหสารกลุมยาตานอักเสบชนิดที่ไมใชสเตียรอยดสามชนิด พอลิเมอรลอกแบบโมเลกุลสามารถ

เพิ่มความจำเพาะเจาะจงของตัวดูดซับได เนื่องจากมีชองการจดจำที่จำเพาะเจาะจงตอสารที่ตองการ

วิเคราะห นอกจากนี้แกรฟนควอนตัมดอทและคารบอนรูพรุนระดับเมโซชวยเพิ่มประสิทธิภาพในการ

ดูดซับระหวางตัวดูดซับคอมโพสิทและสารกลุมยาตานอักเสบชนิดที่ไมใชสเตียรอยดโดยเกิดอันตร

กิริยาแบบ - อันตรกิริยาแบบไฮโดรโฟบิค และพันธะไฮโดรเจน หลังจากสกัดดวยตัวดูดซับ

คอมโพสิทที่พัฒนาขึ้นไดวิเคราะหยาตานอักเสบชนิดที่ไมใชสเตียรอยดดวยเทคนิคโครมาโทกราฟ

ของเหลวสมรรถนะสูง ภายใตสภาวะการสกัดที่เหมาะสมใหชวงความเปนเสนตรงตั้งแต 0.5 ถึง 100.0 

ไมโครกรัมตอลิตรสำหรับไดฟลูนิซอลและเมเฟนามิค แอซิด และ 1.0 ถึง 100.0 ไมโครกรัมตอลิตร

สำหรับเฟอรบิโพรเฟน และมีขีดจำกัดการตรวจวัดอยูในชวง 0.5 ถึง 1.0 ไมโครกรัมตอลิตร ตัวดูดซับ

คอมโพสิทที ่พัฒนาขึ ้นสามารถนำไปประยุกตใชสำหรับสกัดสารกลุมยาตานอักเสบชนิดที ่ไมใช 

สเตียรอยดในตัวอยางนม โดยใหคารอยละการไดกลับคืนที่ยอมรับไดอยูในชวง 81.4 ถึง 93.7 และมี

คารอยละเบี่ยงเบนมาตรฐานสัมพัทธต่ำกวา 7 นอกจากนี้ตัวดูดซับคอมโพสิทที่พัฒนาขึ้นสามารถนำ

กลับมาใชในการสกัดซ้ำอยางมีประสิทธิภาพไดถึง 6 ครั้ง ขอดีที่โดดเดนของตัวดูดซับคอมโพสิทที่

พัฒนาขึ้นเหลานี้คือ มีประสิทธิภาพในการสกัดสูง สามารถเตรียมไดงาย ใชปริมาณตัวทำละลาย

อินทรียนอย และมีความสามารถในการทำซ้ำและใชซ้ำที่ด ี

โดยสรุปผลการศึกษาแสดงใหเห็นวาเซนเซอรทางแสงและเทคนิคการเตรียมตัวอยาง

ที่พัฒนาขึ้นในวิทยานิพนธนี้สามารถนำไปประยุกตใชสำหรับตรวจวิเคราะหสารอินทรียปริมาณนอยใน
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อาหารและเครื่องดื่มไดอยางมีประสิทธิภาพ วิธีที่พัฒนาขึ้นมีขอดีคือ สังเคราะหไดงาย มีความไว

วิเคราะหและความจำเพาะเจาะจงสูง ความเปนพิษนอย ใชงานงายและราคาถูก ซึ่งสามารถนำไปปรับ

ใชเปนกลยุทธทางเลือกสำหรับตรวจวิเคราะหสารอินทรียชนิดอื่นในตัวอยางที่มีความซับซอนตางๆได 
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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 g L-1, and the developed probe provided a low 

detection limit of 0.07 g L-1. 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 
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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 

g L-1 with low detection limits of 0.10 g L-1. 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 (Fe3O4-SiO2) 

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 - interactions. 
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The Fe3O4-SiO2 nanoparticles incorporated in hydrogel fiber facilitated rapid isolation 

of adsorbent from sample solution using an external magnet. The applied composite 

GOx/MIL-101/Fe3O4-SiO2 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 to 250.0 g L-1 for DEHP and DNOP and 3.0 to 250.0 g L-1 for BBP and DBP. 

The limit of detections were achieved in the range of 3.0 to 5.0 g L-1. 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/Fe3O4-SiO2/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 - 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 g L-1 for diflunisal and mefenamic acid and 1.0 to 100 g L-1 for flurbiprofen. 

The limit of detections were acquired from 0.5 to 1.0 g L-1. 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/Fe3O4-SiO2/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 

et al., 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 g kg-1 for fluoroquinolones in chicken 

meat and milk, at 100 g kg-1 for sulfonamides in animal tissues and milk, and at 0.1 

g kg-1 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 
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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 g L-1 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 

et al., 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 et al., 2016; Wu et al., 2018). Among various 

types of QDs, cadmium telluride quantum dots (CdTe QDs) are extensively employed 
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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 - 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 -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 - 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 (Fe3O4) nanoparticles with MIP to fabricate magnetic 

molecularly imprinted polymer (MMIP) (Dinc et al., 2019; Fu et al., 2021; Lin et al., 

2016). However, bare Fe3O4 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 Fe3O4 is generally 

improved by modification with supporting materials such as silica (SiO2) (Banan et al., 

2022; Fan et al., 2015; Kaewsuwan et al., 2017), polyethylene glycol (Bagheri et al., 

2019; Mukhopadhyay et al., 2012), polydopamine (Socas-Rodríguez et al., 2015) and 

dextran (Hong et al., 2008; Sakaguchi et al., 2019). Among the above supporting 

materials, magnetite nanoparticles encapsulated with silica (Fe3O4-SiO2) 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 et 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 et 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 - 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 - and hydrophobic interactions as demonstrated in Figure 2 

and 3.  

 

 

 

 

 

 

 

 

Figure 2 The interaction of the nanocomposite MIL101-MMIP-GQDs toward 

mafenide (Orachorn et al., 2021) 
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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 et 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 Fe3O4-SiO2, GOx and MIL-101 into alginate hydrogel. 

Accordingly, a magnetic composite alginate hydrogel fiber was designed and fabricated 

by combining Fe3O4-SiO2, GOx and MIL-101 (GOx/MIL-101/Fe3O4-SiO2) 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 - interactions as depicted in Figure 4. 

 

 

 

 

 

 

 

 

Figure 4 The interaction between the magnetic composite GOx/MIL-101/Fe3O4-SiO2 

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 -conjugated rings 

and various functional groups of hydroxyl and carboxyl, which can adsorb NSAIDs via 

- 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 Fe3O4-SiO2, 

GQDs and MPC embedded into a MIP (GQDs/Fe3O4-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 

- interaction reinforced by hydrophobic interaction as shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

Figure 5 The interaction between the composite GQDs/Fe3O4-SiO2/MPC/MIP 

adsorbent and nonsteroidal anti-inflammatory drugs (Orachorn et al., 2022) 
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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/Fe3O4-SiO2) 

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/Fe3O4-SiO2/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 (Jerónimo 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 (Jerónimo 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 et 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 et al., 2019; Yahaya et al., 2022), biological 

analysis (Alampanos et al., 2021; Li et al., 2021) and forensic analysis (Kabir et 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 (Fernández 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; 



18 
 

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). 

 

 

 

 

 

 

 

 

 

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 et 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 et 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 et 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 (Fe3+) (Tam et al., 2014), lead(II) ion 

(Pb2+) (Qian et al., 2015), ciprofloxacin (Yuphintharakun et al., 2018), amoxicillin 

(Chullasat et al., 2018), salicylic acid (Bunkoed et al., 2015), lomefloxacin (Paper I), 

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 et 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. 

 

 

 

 

 

 

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 -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 - 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 et 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 et 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 et 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 et 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). 

 

 

 

 

 

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 -D-mannuronic acid (M) and -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 

(Ca2+), copper(II) ion (Cu2+) and barium(II) ion (Ba2+) (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). 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Gelation of homopolymeric blocks of α-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 - 

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). 

 

 

 

 

 

Figure 13 The chemical structure of polyaniline 

PANI 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 et al., 2020; Ponnaiah et 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 et 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 sp2 hybridized carbon atom and a 

variety of remarkable functional groups including hydroxyl, carboxyl and epoxy 

(Figure 14) (Morales-Benítez et al., 2022). According to its structure, GOx can 

strongly interact with various organic compounds through hydrogen bonding, - 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). 

 

 

 

 

 

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 - 

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 et 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 et 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; 

Liu et 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 et 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 IV). 

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.  

 

 

 

 

 

 

 

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 et 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 (-NH2) 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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F0 
= 1 + KSV[C] 

F 

Where F0 and F are the fluorescence emission intensity of the 

nanoprobes in the absence and presence of target compounds, respectively. KSV 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 KSV. 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): 

IF = 
KSV(MIP) 

KSV(NIP) 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 (F0/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/Fe3O4-SiO2 alginate hydrogel fiber 

adsorbent (Paper III) and 0.10 g for the GQDs/Fe3O4-SiO2/MPC/MIP adsorbent 

(Paper IV). 

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

extraction recoveries of PAEs and NSAIDs 

Composite 

adsorbent 

Target 

analytes 

Study range 

of adsorbent 

dosage (g) 

Optimal 

adsorbent  

dosage (g) 

Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-101/ 

Fe3O4-SiO2 

alginate hydrogel 

fiber 

PAEs 0.10-1.0 0.30 85.2-91.4 <4.0 Paper III 

GQDs/Fe3O4-

SiO2/MPC/MIP 

NSAIDs 0.050-0.50  0.10 80.0-92.9 <4.0 Paper IV 
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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 

adsorbent 

Target 

analytes 

Extraction 

time range 

(min) 

Optimal 

extraction  

time (min) 

Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-101/ 

Fe3O4-SiO2 

alginate hydrogel 

fiber 

PAEs 5-30 20 83.5-94.3 <6.0 Paper III 

GQDs/Fe3O4-

SiO2/MPC/MIP 

NSAIDs 10-50  30 85.1-93.5 <3.0 Paper IV 

 

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/Fe3O4-SiO2 alginate hydrogel fiber adsorbent (Paper III) and methanol 

for the GQDs/Fe3O4-SiO2/MPC/MIP adsorbent (Paper IV) 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 

adsorbent 

Target 

analytes 

Type of 

desorption 

solvent 

Suitable 

desorption 

solvent 

Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-

101/Fe3O4-

SiO2 alginate 

hydrogel 

fiber 

PAEs Toluene 

Dichloromethane 

Ethyl acetate 

Methanol 

Acetone 

Acetonitrile 

Acetonitrile 81.6-91.1 <7.0 Paper III 

GQDs/Fe3O4-

SiO2/MPC/ 

MIP 

NSAIDs Methanol 

Ethanol 

Acetonitrile 

Acetone 

Ethyl acetate  

Methanol 80.5-89.3 <5.0 Paper IV 
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Table 4 Effect of volume of the elution solvent on the extraction recoveries of PAEs 

and NSAIDs 

Composite 

adsorbent 

Target 

analytes 

Study range 

(mL) 

Optimum 

(mL) 

Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-

101/Fe3O4-

SiO2 alginate 

hydrogel 

fiber 

PAEs 0.5-5.0 2.0 85.0-95.0 <4.0 Paper III 

GQDs/Fe3O4

-SiO2/MPC/ 

MIP 

NSAIDs 1.0-6.0 4.0 85.1-94.6 <3.0 Paper IV 

 

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

during the elution process 

Composite 

adsorbent 

Target 

analytes 

Study range 

of desorption 

time (min) 

Suitable 

desorption 

time (min) 

Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-

101/Fe3O4-

SiO2 alginate 

hydrogel 

fiber 

PAEs 5-25 15 85.9-93.5 <6.0 Paper III 

GQDs/Fe3O4

-SiO2/MPC/ 

MIP 

NSAIDs 10-50 20 86.5-94.6 <4.0 Paper IV 
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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 III) and NSAIDs (Paper IV). 

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

extracted by D-MSPE using the fabricated composite adsorbents 

Composite 

adsorbent 

Target 

analytes 

Study range  

(mL) 

Optimum 

(mL) 

Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-

101/Fe3O4-

SiO2 alginate 

hydrogel 

fiber 

PAEs 5.0-20.0 10.0 86.1-92.6 <5.0 Paper III 

GQDs/Fe3O4

-SiO2/MPC/ 

MIP 

NSAIDs 5.0-20.0  10.0 80.1-84.0 <4.0 Paper IV 

 

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/Fe3O4-SiO2 alginate hydrogel fiber adsorbent (Paper III) and the 

GQDs/Fe3O4-SiO2/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 

adsorbent 

Target 

analytes 

Study range 

(rpm) 

Optimum 

(rpm) 

Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-

101/Fe3O4-

SiO2 alginate 

hydrogel 

fiber 

PAEs 500-1500 1000 80.0-86.2 3.0 Paper III 

GQDs/Fe3O4

-SiO2/MPC/ 

MIP 

NSAIDs 500-1500  1000 80.0-82.3 4.0 Paper IV 

 

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/Fe3O4-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/Fe3O4-SiO2/MPC/MIP adsorbent for the adsorption of 

NSAIDs (Paper IV), 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 

III 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 

adsorbent 

Target 

analytes 

Study range Optimum  Recovery 

(%) 

RSD 

(%) 

References 

GOx/MIL-

101/Fe3O4-

SiO2 alginate 

hydrogel 

fiber 

PAEs 3.0-11.0 3.0-9.0 83.3-90.6 <7.0 Paper III 

GQDs/Fe3O4

-SiO2/MPC/ 

MIP 

NSAIDs 3.0-11.0  5.0-9.0 86.9-95.8 <5.0 Paper IV 
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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 (R2) greater than 0.99 (AOAC, 2013). For optosensor, linearity is 

plotted between the quenching efficiency (F0/F) and the concentration of lomefloxacin 

(g L-1) (Paper I), mafenide and sulfisoxazole (g L-1) (Paper II). For 

chromatographic method, linearity is plotted between the peak area and the 

concentration of phthalate esters (g L-1) (Paper III) and nonsteroidal anti-

inflammatory drugs (g L-1) (Paper IV). The linearity of all sub-projects provided 

acceptable coefficient of determination (R2) 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 (R2) of the developed methods 

Analytical 

method 

Samples Analytes Linear 

range  

(g L-1) 

R2 Reference 

PANI-GOx-MIP- 

CdTe QDs 

(Optosensor) 

Milk, chicken 

meat and egg 

Lomefloxacin 0.10-50.0 0.9999 Paper I 

MIL101-MMIP-

GQDs and 

MIL101-MMIP-

CdTe QDs  

(Optosensor) 

Milk Mafenide and 

sulfisoxazole 

0.10-25.0 0.9980-

0.9994 

Paper II 

GOx/MIL-101/ 

Fe3O4-SiO2 

alginate hydrogel 

fiber  

(HPLC-DAD) 

Juice, tea, 

vitamin water 

and mineral 

water 

PAEs 3.0-250.0 0.9980-

0.9990 

Paper III 

GQDs/Fe3O4-

SiO2/MPC/MIP  

(HPLC-DAD) 

Milk NSAIDs 0.5-100.0 0.9973-

0.9996 

Paper IV 

 

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). 
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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 = 
3Sb 

m 

LOQ = 
10Sb 

m 

Where Sb 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 IV), 

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 

(g L-1) 

LOQ 

(g L-1) 

Reference 

PANI-GOx-MIP-CdTe QDs 

(Optosensor) 

Lomefloxacin 0.07 0.22 Paper I 

MIL101-MMIP-GQDs and 

MIL101-MMIP-CdTe QDs  

(Optosensor) 

Mafenide 0.10 0.34 Paper II 

Sulfisoxazole 0.10 0.34 

GOx/MIL-101/Fe3O4-SiO2  

alginate hydrogel fiber 

(HPLC-DAD) 

BBP 3.0 10.0 Paper III 

DBP 3.0 10.0 

DEHP 5.0 15.0 

DNOP 5.0 15.0 

GQDs/Fe3O4-SiO2/MPC/MIP  

(HPLC-DAD) 

Flurbiprofen 1.0 3.0 Paper IV 

 
 

Diflunisal 0.5 2.0 

Mefenamic acid 0.5 2.0 
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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 (%) = 
Cs - Cn 

× 100 
Ca 

Where Cs is the concentration of the target compound in spiked sample, 

Cn is the concentration of the target compound in non-spiked sample and Ca 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 

method 

Samples Analytes Added  

(g L-1 or 

g kg-1) 

Recovery 

(%) 

Reference 

PANI-GOx-MIP- 

CdTe QDs 

(Optosensor) 

Milk, chicken 

meat and egg 

Lomefloxacin 0.5 

1.0 

10.0  

50.0 

81.5-99.6 Paper I 

MIL101-MMIP-

GQDs and 

MIL101-MMIP-

CdTe QDs  

(Optosensor) 

Milk Mafenide and 

sulfisoxazole 

1.0 

5.0 

10.0  

25.0 

80.4-97.9 Paper II 

GOx/MIL-101/ 

Fe3O4-SiO2 

alginate hydrogel 

fiber  

(HPLC-DAD) 

Juice, tea, 

vitamin water 

and mineral 

water 

PAEs 25.0 

50.0 

75.0  

100.0 

80.7-89.9 Paper III 

GQDs/Fe3O4-

SiO2/MPC/MIP  

(HPLC-DAD) 

Milk NSAIDs 10.0 

25.0 

50.0 

81.4-93.7 Paper IV 

 

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 

× 100 
X̅ 
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Where SD is the standard deviation, X̅ 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 II) 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 III) 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-IV) 

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 

batches 

RSD 

(%) 

Reference 

PANI-GOx-MIP-CdTe QDs 

fluorescent probe 

Lomefloxacin 6 <2 Paper I 

MIL101-MMIP-GQDs 

fluorescent probe 

Mafenide 6 <3 Paper II 

MIL101-MMIP-CdTe QDs 

fluorescent probe 

Sulfisoxazole 6 <3 

GOx/MIL-101/Fe3O4-SiO2 

alginate hydrogel fiber 

adsorbent 

PAEs 6 <1 Paper III 

GQDs/Fe3O4-SiO2/MPC/MIP 

adsorbent 

NSAIDs 6 <5 Paper IV 

 

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/Fe3O4-SiO2 alginate hydrogel fiber (Paper III) 

and the composite GQDs/Fe3O4-SiO2/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 g L-1 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, Fe3O4-SiO2, 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 g L-1 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/Fe3O4-

SiO2) 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 - interactions. The magnetic property of the composite hydrogel 

fiber encouraged rapid and convenient isolation of adsorbent from solution. The 

GOx/MIL-101/Fe3O4-SiO2 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 g L-1). 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/Fe3O4-

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, - stacking and hydrogen bonding. This applied composite GQDs/Fe3O4-

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 g L-1) 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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