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อินฟราเรดสเปกโทรสโกปี กลอ้งจุลทรรศน์อิเล็กตรอนแบบส่องกราด และกลอ้งจุลทรรศน์อิเล็กตรอนแบบส่องผา่น ในงานวิจยั
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 Chonticha Sahub : ENZYMATIC REACTION BASED BIOSENSOR FOR 

SPECIFIC DETECTION OF ORGANOPHOSPHATE PESTICIDES. 

ADVISOR: Asst. Prof. Boosayarat Tomapatanaget, Ph.D. 

  

This research aims to design and develop two-biosensor platforms based on 

graphene quantum dots (GQDs) via enzymatic reaction for determining 

organophosphate pesticides (OPs). A first platform consisting of GQDs and active 

enzyme, GQDs/Enz platform, is simply fabricated in aqueous solution. Ongoing 

development of GQDs/Enz platform for effective OPs sensing by hybrid hydrogel 

(GQDs/Enz/Gels) was of great interest to improve the sensitivity and enzyme 

stability under the benefit of easy to be used for sensing approach. 

The GQDs/Enz and GQDs/Enz/Gels were constructed and characterized by 

general methods such as FT-IR, SEM and TEM. Based on the concept, H2O2 

generated in situ by the active enzymatic reaction of acetylcholinesterase and choline 

oxidase enables to react with GQDs resulting in photoluminescence (PL) quenching 

of GQDs at 467 nm. The PL recovery of GQDs was observed in the system with OPs 

due to enzymatic inhibition process by OPs. With a selectivity study of sensing 

platform toward OPs, GQDs/Enz platform exhibited a significant fluorescent change 

in case of dichlorvos and methyl-paraoxon. In quantitative analysis, the limits of 

detection (LOD) of GQDs/Enz platform for dichlovos and methyl paraoxon  are 0.78 

μMand 0.34 μM in linear range of 0.45-45 and 0.40-4 μM, respectively. Furthermore, 

novel incorporation of GQDs and enzyme in hydrogels (GQDs/Enz/Gels) based 

gelator 4b enables to significantly enhance the PL intensity of GQDs and effectively 

improve 10-100 folds in the limit of detection and in linearity range towards 

dichlorvos and methyl-paraoxon (26.10x10-3 and 6.79x10-3 μM in linear range of 12.5 

x10-3-125 μM and 1.25 x10-3-62.5 μM, respectively). In this approach, the biosensors 

are expected to offer the promising selective and sensitive determination of the OPs 

and a benefit for easy checking of OPs in food, water and environment in future. 
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CHAPTER I 

1.1 Introduction 

Currently, pesticides are widely used in agricultural products. Most of them are 

found to contaminate fresh fruits and vegetables, which are seriously toxic to human. 

Therefore, the sensitive and reliable determination of organophosphate pesticide 

residues is of great importance. Nowadays, graphene quantum dots (GQDs) are 

currently attractive materials because of their low toxicity and small particle size. Apart 

from the interesting properties of GQDs, their performances show a benefit of 

photoluminescence property for using in various applications such as 

photoluminescence indicator for phenolic compound [1]. According to peroxidase-

mimicking catalytic and photoluminescence properties, GQDs are attractive candidates 

for sensing purpose. This work aims to develop the pesticide sensor by GQDs and active 

enzyme, GQDs/Enz platform, for monitoring the organophosphate pesticides. In this 

concept, H2O2 generated from the active enzymatic reaction of acetylcholinesterase and 

choline oxidase [2] can react with GQDs, resulting in turn-off fluorescence of GQDs.  

Turn-on fluorescence of GQDs is observed in the presence of organophosphate. 

Definitely, the fluorescence changes of GQDs/Enz reasonably correspond to the 

amount of pesticide. Furthermore, we also aim to construct a highly sensitive and 

convenient organophosphate sensing system based on a hybrid hydrogel system 

integrating GQDs, enzymes and small-molecule hydrogels called GQDs/Enz/Gels to 

selectively detect organophosphate with extremely high sensitivity. In this approach, 

GQDs/Enz platform and hybrid GQDs/Enz/Gels material are expected to offer the 

promising determination of the organophosphate pesticides in real samples and offer 

scope for development of rapid and environmentally friendly detection without 

involving any sophisticated instruments or skilled personnel. 

 

1.2 Research objective 

1) To synthesize the graphene quantum dots/enzyme platform (GQDs/Enz) 

2) To synthesize the hybrid graphene quantum dots/enzyme/hydrogels 

(GQDs/Enz/Gels) based on a new low molecular weight gelator 

3) To develop the graphene quantum dots/enzyme platform and hybrid graphene 

quantum dots/enzyme/hydrogels for organophosphate pesticide determination 
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1.3 Literature reviews 

Generally, pesticides are widely used in agricultural products to control or kill 

unwanted insects, weeds, rodents, fungi, bacteria, or other organisms [3]. The Pesticide 

Data Program (PDP) reported that pesticide residues were found in 73% of all fresh 

fruits and vegetables in 2005 [4]. Organophosphate pesticides (OPs) are one type of 

insecticide frequently used in agricultural industry, for example, dichlorvos, paraoxon 

and parathion, etc. The Official of Agricultural Economics of Thailand (OAE) has 

reported the importation of insecticide more than 21,000 tons in 2017 with a tendency 

of an increase every year [5]. Several organophosphate pesticides (OPs) can directly 

disturb the active site of acetylcholinesterase (AChE). 

 

 

Figure 1.1 Irreversible inhibitor of acetylcholinesterase (AChE) by organophosphate 

pesticides (OPs) [6]. 

 

Normally, acetylcholinesterase (AChE) can hydrolyze neurotransmitter 

acetylcholine to choline and acetate. In the presence of organophosphate compounds, 

they will covalently bond with an active site of acetylcholinesterase (AChE) enzyme in 

nervous system by impacting on the insect’s nerve impulses and subsequently to kill 

the insect [6, 7] as shown in Figure 1.1. This process is called irreversible inhibitor of 

AChE, leading to increase of the extremely high level of acetylcholine that causes organ 
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failure and eventual death [6]. Furthermore, OPs can contaminate in food, soil, water 

and environment which seriously impact to a merit of the human life and health. Hence, 

the UK Health and Safety Executive (HSE) has set a maximum residue limit for 

organophosphate pesticide such as dichlorvos at 0.01 ppm in fruits and vegetables [8], 

and the United States Environmental Agency (EPA) has set a maximum residue limit 

for dichlorvos at 10 ppm in natural water [3]. Because of high toxicity of pesticides, the 

sensitive and reliable determination of the organophosphate pesticide residues is of the 

great importance. Analytical techniques such as GC/MS and LC/MS are usually used 

to determine the amount of pesticide but these techniques are expensive, time 

consuming, and require an expertise [9]. 

Photoluminescence and UV-visible spectroscopies are widely used for 

monitoring amount of organophosphates due to the simple detection and low detection 

limit. Furthermore, acetylcholinesterase has been usually used for determination of 

organophosphate in pesticide. The determination of organophosphate pesticides can be 

carried out by monitoring the thiocholine, electron or H2O2 generated from the 

inhibition of AChE enzymatic mechanism as shown in equations 1.1-1.2 or 1.3-1.4. 

𝑎𝑐𝑒𝑡𝑦𝑙𝑡ℎ𝑖𝑜𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝐻2𝑂    
          𝐴𝐶ℎ𝐸            
→              𝑡ℎ𝑖𝑜𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑎𝑐𝑒𝑡𝑎𝑡𝑒                             (1.1) 

2𝑡ℎ𝑖𝑜𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝐻2𝑂             
                                 
→              𝑑𝑖𝑡ℎ𝑖𝑜 − 𝑏𝑖𝑠 − 𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 2𝐻+ + 𝑒−    (1.2) 

or 

𝑎𝑐𝑒𝑡𝑦𝑙𝑜𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝐻2𝑂         
          𝐴𝐶ℎ𝐸            
→              𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑎𝑐𝑒𝑡𝑎𝑡𝑒                                      (1.3) 

𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑂2                             
          𝐶ℎ𝑂𝑥            
→              𝐻2𝑂2                                                               (1.4) 

 

In the previous reports, nanostructured films of AChE and CdTe quantum dots 

(QDs) was prepared to detect the pesticide, by monitoring the electron transfer of 

product corresponding to the amount of pesticide [10]. It can be explained that AChE 

can catalyze mimic acetylthiocholine neurotransmitter to generate the dithio-bis-

choline, proton and electron. The electron transfer of product effected on the CdTe QDs 

to give the highly sensitive quenching of photoluminescent (PL) intensity of QDs as 

shown in Figure 1.2. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

 

Figure 1.2 Sensing assembly of the nanostructured films of AChE and CdTe quantum 

dots (QDs) [10]. 

 

Liang and co-workers have employed the Fe3O4 magnetic nanoparticle 

peroxidase mimetic-based colorimetric method for the determination of 

organophosphates [2]. They found that Fe3O4 could catalyze the oxidation of 3,3,5,5-

tetramethylbenzidine (TMB) in the presence of H2O2 to allow a color reaction as shown 

in Figure 1.3A. In contrast, no color reaction occurred in the presence of 

organophosphate. Figure 1.3B, the decrease in absorbance intensity as the increase of 

methyl-paraoxon is indicative of increasing inhibition of enzyme activity. Moreover, 

the similar response in case of acetate and sarin pesticides was observed.   

 

Figure 1.3 (A) Proposed mechanism and (B) dose−response curve for methyl-paraoxon 

detection [2]. 
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As such previous reports, the determination of organophosphate pesticides by 

taking an advantage of inhibition of acetylcholinesterase enzyme were reported with its 

particular challenges of chemistry for examples of electrochemical method [11-14], 

fluorescence probe [10, 15, 16] and colorimetric detection [2, 17-19]. All of methods 

are sensitive to detect organophosphate pesticides, but most of the biosensor probes 

were prepared by a complicated method, highly toxic materials and the use of a large 

amount of enzymes, leading to high cost. In this work, we attempt to employ an easy 

and low cost method and a touch on green chemistry in synthesizing the effective 

photoluminescence GQDs/enzyme biosensor for organophosphate detection. 

H2O2 is a well-known oxidizing agent that is widely used for determination not 

only in organophosphates but also in the important compounds in clinical diagnostics 

such as glucose. Recently, Song [20]
 
revealed that the graphene oxide (GO) exhibited 

the peroxidase-like catalytic activity for the oxidation of TMB in the presence of H2O2 

for determination of glucose as shown in Figure 1.4. In addition, Zheng and co-workers 

[21] reported better catalytic oxidation of TMB activity from the smaller sized graphene 

dots (GDs or GQDs). The catalytic activity was suggested via the electron transfer 

process. TMB fabricated on graphene can donate lone-pair electrons from amino groups 

to graphene and most of electron on graphene also transfers from the top of valence 

band to the lowest unoccupied molecular orbital (LUMO) of H2O2 [22].  

 

 

Figure 1.4 Schematic illustration of highly-efficient peroxidase-like activity of 

graphene dots (GDs) for the detection of H2O2 and glucose [21]. 
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Graphene quantum dots (GQDs), the small size materials less than 100 nm 

(typical size in range of 2-20 nm) are currently outstanding [23]. They are composed of 

the surface state of sp2 hybridization and the diverse functionalities at their edge such -

OH and -COOH groups [24]. They are attractive materials because of their unique 

optical and electronic properties including the quantum confinement, tunable band gap, 

stable fluorescence, high surface area and edge effect. As previous report [25], they 

found that the green fluorescence of these GQDs not only depends on the size, but also 

stem from bright edge state. For large GQDs, the energy level of intrinsic state is lower 

than the edge state, which leads to the weak PL as shown in Figure 1.5. 

 

Figure 1.5 Quantum confinement effect of conjugated π-domains in GQDs (a) The 

suggested energy levels of C42H18, C96H30, C132, C132H34, and C222H42. The size-

dependent energy levels in these H-passivated small GQDs are in agreement with the 

molecule orbital calculation. The intrinsic state depends on size. The energy-level offset 

between the intrinsic state and the edge state determines its optical properties. (b) The 

structure of all materials [25]. 

 

The modified size, surfaces and edges of GQDs lead to the change of band gap 

and photoluminescence that adapt to a specific target [26]. The tunable size, surface 

and edge of GQDs can attribute to their excellent properties, including high 

photoluminescence (PL), high water solubility, low toxicity and biocompatibility [24, 

27-29]. The GQDs in aqueous solution have been broadly used in various applications, 

for example, sensing of hydroquinone, glucose, biothiols, heavy metal ions [1, 21, 26, 
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30]. Taking on a board the ideas of using peroxidase-mimicking catalyst of graphene 

materials, the GQDs are attractive candidates for this sensing purpose.  

GQDs were synthesized by bottom-up and top-down methods. Lately, Dong 

[24] reported a low cost bottom-up method by using pyrolysis of citric acid as shown 

in Figure 1.6. This GQDs exhibited sp2 clusters with -COOH and -OH groups at the 

edge of graphene and also exposed a strong fluorscence emision at 460 nm. The GQDs 

exposed a narrow absorbance spectrum implying that they were composed of uniform 

sp2 clusters in size. In addition, GQDs showed the same emission spectrum even using 

different wavelength excitation. The GQDs perform the excitation independence of 

fluorescence response. In contrast, GO showed the different emission spectrum with a 

broad UV-vis spectrum, implying that GO was the non-uniform sp2 clusters.    

 

 

Figure 1.6 (A) Diagram for the synthesis of GQDs and GO, the black dots in the GO 

represent oxygen atoms and (B) UV–vis absorption of CA and the GQDs, and PL 

spectra of the GQDs and GO with different excitation wavelength [24]. 

 

According to the previous researches, most of researchers reported the 

biosensors prepared by a complicated method, highly toxic materials and the use of a 

large amount of enzymes to prepare biosensors, leading to high cost. In this work, we 

attempt to use the easy and low cost method to synthesize the effective 
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photoluminescence GQDs/enzyme platform by using GQDs containing –COOH and –

OH edge for easily enzymatic interaction [31]. As anticipated, the photoluminescence 

quenching machanism of GQDs should possibly be caused by the electron transfer from 

valence band of higher electron density of GQDs to the LUMO of H2O2 [20-22].  

Additionally, the immobilized enzyme on the materials is very important to 

enhance the sensitivity and stability of the enzyme [31-33]. In 2013, Galan[32] reported 

the successful procedure by using polyethyleneimine (PEI) for stabilizing an enzyme 

glutamate dehydrogenase (GDH) in solution. They found that the cationic polymer PEI 

could prevent the dissociation of the enzyme, causing the better stability of GDH 

enzyme as shown in Figure 1.7. Moreover, Nery and co-workers [33] studied the 

immobilized methods such as physical adsorption, entrapment in gel, layer-by-layer, 

covalent linkage and encapsulation of glucose oxidase paper-based devices. They found 

that the layer-by-layer of alginate-PEI (storage at 4 oC) could stabilize enzymatic 

activity up to 60% after 20 weeks.  

 

Figure 1.7 Schematic representation of the proposed mechanism of stabilization of 

GDH by using PEI [32]. 

 

However, the experiment in aqueous phase still exposed some typical drawback, 

for instance, not easy to be used for OPs sensing in field work. Moreover, a lot of -

system in GQDs might lead to the aggregation under increasing temperature and long-

term storage. To overcome this weak point, the immobilization of GQDs and enzyme 

in soft materials is of a great interest.  
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Soft materials such as supramolecular hydrogels were attractive and recently 

achieved in numerous utilization, including controlled drug release [34, 35], stabilized 

and immobilized enzyme [36-40], pharmaceutical polymorph control [41-43], anion-

cation or metal ions sensing [44-48], and biosensor [49-51]. The supramolecular 

hydrogels are flexible materials that compose of the self-assembly of small molecules 

(low molecular weight gelators, LMWG) and large amount of water (typically higher 

than 99%) using non-covalent interaction, resulting in the formation of hydrophobic 

fibrillar network and large hydrophilic cavities of water [38, 52-54]. It means that they 

address the solid phase on analytical time scale and also display the fluid behavior [54, 

55]. Additionally, hydrogels have been extensively studied in the context of simply 

encapsulated and stabilized enzymes into hydrogels without a chemical crosslinking 

(chemical modification technique) [37, 38].  

Peptide-based hydrogelators have been developed by Hamachi group. The 

BYmoc–peptides were synthesized to obtain the water gelation by varying Y including 

of BAmoc boronoarylmethoxycarbonyl, BPmoc: boronophenylmethoxycarbonyl, 

BNmoc: borononaphthylmethoxycarbonyl and FFX: F, phenylalanine; X: OH, 

isoleucine (I), leucine (L) or phenylalanine (F) as illustrated in Figure 1.8A. The results 

showed that the BPmoc-F3 based on phenylalanine demonstrated a good gel formation 

in 100 mM MES buffer solution (pH 7.0). Interestingly, this hydrogel can exhibit a 

H2O2-responsive nanofiber by the degradation of a matrix that consists H2O2 as shown 

in Figure 1.8B. Moreover, the peptide-based hydrogelators have been applied to Logic-

gate response by encapsulation of multiple enzymes (see Figure 1.8C). Then 

information in the form of molecular input is achieved by the enzyme and converted 

into H2O2, which eventually gives rise to a gel–sol change as output, that can be further 

applied in medical diagnosis and treatment such as cancer and diabetes. However, the 

sol-gel change output is difficult to identify. 
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Figure 1.8 (A) BAmoc–peptides. (B) Schematic representation showing the self-

assembly of BPmoc–peptides to form a nanofiber network (gel) and H2O2-triggered gel 

degradation. (C) Schematic representation of OxBPmoc-F3 hybrid gels before and 

after the response to analytes [49]. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 11 

In 2015, Cayuela and Steed group [56] have reported the sensitive and 

switchable supramolecular gels for heavy metal sensing. They found that gelator 1a 

(see Figure 1.9) based urea and ionisable salicylic acid system have established the key 

of gel formation in water depending on the carboxyl-terminal group of salicylic acids 

and the non-steric hindrance around the urea carbonyl group of gelator. Interestingly, 

this gelator containing 2wt% (about 10 mM) of ionic liquid (BMIMBF4) can rather 

improve the fluorescence properties of carbon dot via an aggregated prevention in 

aqueous solution. Additionally, the carbon dot nanogel materials effectively exhibited 

the selectivity for heavy metal detection especially Ag+ ion. However, the ionic liquid 

BMIMBF4 can induce a significant cytotoxic effect to CCO cell line (from the ovaries 

of Channel catfish) and HeLa cells (from the human cervical carcinoma) with EC50 at 

5.01±0.32 and 4.42±0.18 mM, respectively [57], (EC50 is The half maximal effective 

concentration, defined as the concentration of ionic liquid that resulted in 50 % growth 

inhibition). Hence, the BMIMBF4 might not be suitable for preparation of biosensor 

regarding to the enzymatic reaction. 

  

Figure 1.9 Schematic representation of triethylammonium salt gelators (1a-2b), 

carbon-dot gel and their photoluminescence properties [56]. 

 

Hence, the immobilization of the amphiphilic GQDs and enzyme molecules into 

the biocompatible hydrogels is apprehensively challenged for amplifying a signal and 

maintaining the enzyme activity in biological applications such as, clinical diagnoses 

and organophosphate pesticides sensing.  
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1.4 Scope of this research  

In this work, we attempt to design the easy-to-use and low cost sensors by using 

graphene quantum dots (GQDs) and enzymatic reactions for determination of the 

organophosphate pesticides (OPs). A first platform consisting of GQDs and active 

enzyme, GQDs/Enz platform is simply fabricated in aqueous solution [58], while on 

going platform by GQDs/Enz/Gels based on bis-(urea)-amino-gelator, is continuously 

developed in well-defined model of hydrogels for improving the enzyme stability, 

sensitivity and especially easy-to-use for detection of organophosphate pesticides. 

We expect that these GQDs enable indirectly detection the organophosphates 

by monitoring the fluorescent response of reaction between GQDs and H2O2 generated 

form AChE and ChOx enzyme reaction. These approaches would give high impact for 

its application as fluorescence sensor for food and environment.  

 

1.5 Benefits of this research 

 Obtain an inexpensive and simple biosensor for specific detection of 

organophosphate pesticides in food, water and environment. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
Graphene quantum dots for organophosphate sensing 

 

2.1 Introduction 

This work explored the detection of organophosphate pesticide by using GQDs 

as a direct photoluminescence probe via enzymatic reaction. We aim to develop the 

pesticide sensor by GQDs and active enzyme (acetylcholinesterase; AChE and choline 

oxidase; ChOx) with bovine serum albumin (BSA), GQDs/Enz platform, for 

monitoring the organophosphate pesticides. In this concept as shown in Figure 2.1, 

H2O2, generated from the active enzymatic reaction of acetylcholinesterase and choline 

oxidase, [2] can react with GQDs, resulting in a “turn-off” fluorescence of GQDs. A “turn-

on” fluorescence of GQDs has been recovered in the presence of organophosphate in 

the system. Definitely, fluorescence changes of GQDs/Enz biosensor reasonably 

correspond to the amount of pesticide. In this approach, GQDs/Enz biosensor is 

expected to highlight the promising selective determination of the organophosphate 

pesticides and an attractive material for easy checking of organophosphate pesticides in 

water with easy-to-prepare and low toxic to environment. 

 

Figure 2.1 Proposed GQDs/Enz system to determine the organophosphate pesticide. 
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2.2 Analytical measurement 

Transmission electron microscopy (TEM) was performed on a JEOL JEM 2010 

with a field emission gun operated at 200 kV. The TEM micrographs were used to 

determine size of the deposited particles by counting approximately 200 particles 

(ImageJ software, Scion Corporation). IR spectrophotometric measurement of dried 

particle samples was performed on Thermo, Nicolet 6700 FT-IR. Absorption spectra 

were measured by a Varian Cary 50 UV-Vis spectrophotometer. Fluorescence spectra 

were performed on a Varian spectrofluorometer equipped and PTI QuantaMasterTM 

spectrofluorometer with a personal computer data processing unit. The light source is 

Cary Eclipse a pulsed xenon lamp and a detector is a photomultiplier tube. Ultra high 

performance liquid chromatography coupled with mass spectrometry (UHPLC-MS) 

used in this experiment was performed on Agilent Technologies Model 1290 (CA, 

USA) including vacuum degasses, binary pump, agilent jet weaver, autosampler and 

vacumm oven and Agilent Technologies Model 6490 MS (CA, USA) including a triple 

quadrupoled mass analyzer, electrospray ionization (ESI) interface and MassHunter 

software processing. A UHPCL separation was performed on an Eclipse XDB-C18 

with 4.6 mm  50 mm, 1.8 μm from Agilent (USA). 
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2.3 Experimental 

2.3.1 Materials 

Citric acid monohydrous (C6H8O7.H2O) was provided from Merck. 

Acetylcholinesterase (AChE, 217 units/mg) from Electrophorus electricus (electric 

eel), choline oxidase (ChOx, 14 units/mg) from Alcaligenes sp. and bovine serum 

albumin (BSA) were obtained from Sigma-aldrich. Organophosphate pesticides 

including dichlorvos, methyl-paraoxon, malathion and parathion were purchased from 

Sigma-aldrich. Tris-HCl was obtained from Carlo Erba. Milli-Q (MQ) was performed 

by ultra pure water system, Merck and used throughout the experiment.  

 

2.3.2 Preparation of the graphene quantum dots (GQDs) 

Graphene quantum dots were prepared following Dong’s method[24] as 

illustrated in Figure 2.2. The starting citric acid (2 g, 0.01 mol) in 5 mL beaker was 

heated to 200 oC for 30 min and obtained orange solution. Then the prepared GQDs 

liquid was added dropwise to 100 mL of 10 mg/mL NaOH solution under vigorous 

stirring. After that, the solution was adjusted to pH 8.0 by 1 M HCl solution, then 

purified by dialysis 2,000 Da 15 h in 5 mM of Tris buffer pH 8.0 and stored at 5 oC for 

using in sensor application within 2 months. The GQDs were solidified by freeze-

drying, and then they were weighed and characterized by UV-visible, fluorescent 

spectrofluorometer, ATR-FTIR spectroscopy and TEM techniques. 

 

Figure 2.2 Synthetic pathway of graphene quantum dots (GQDs) [24]. 

 

2.3.3 Preparation of GQDs/AChE/ChOx (GQDs/Enz) biosensors 

The stock solutions of acetylcholinesterase (AChE) and choline oxidase (ChOx) 

at concentration of 100 and 12.5 U/mL, respectively, were performed in Tris-BSA (1% 

of BSA in 50 mM pH 8 of Tris buffer). The 3.6 mg or 493.2 unit (U) of AChE was 
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dissolved in 4.93 mL of Milli-Q water. The 3.6 mg or 50.4 unit (U) of ChOx was 

dissolved in 4.03 L of Milli-Q water. Then both enzymes were divided to portion of 1 

mL tube separately with 0.1 mL per tube and stored at -20 oC for using within a year. 

The stock solution of both enzymes was diluted 10 times by 0.9 mL of Tris-BSA and 

kept in 5 oC for using in sensor experiment (the diluted enzymes need to use within a 

day).  

In 5 mL vial, 0.1 mL of GQDs solution (1x10-2 g/mL) was added to 0.4 mL of 50 

mM of Tris buffer solution pH 8. After that, 0.2 mL of AChE (10 U/mL) and 0.2 mL 

of ChOx (1.25 U/mL) were added to the solution mixture and stirred for 5 min prior to 

incubation at 5 oC for 24 h to obtain GQDs/Enz biosensor. 

 

2.3.4 UV-visible and photoluminescence (PL) studies of GQDs 

Typically, a stock solution of GQDs (1x10-2 mg/mL) was collected from 

refrigerator and left to room temperature before using. Stock solution of Tris buffer 

solution at concentration of 0.05 M was prepared by dissolving 3.03 g of Tris in Milli-

Q water in 500 mL beaker. Then the pH was adjusted to 8 by 1M of HCl. The mixture 

was transferred to a volumetric flask and adjusted to 500 mL by Milli-Q water and 

stored in 5 oC for using within 6 months.  

The 0.1 mL of stock solution of GQDs was pipetted into 5 mL vial. Then 0.8 

mL of 0.05 M of Tris buffer solution pH 8 and 1.1 mL of Milli-Q water were added to 

GQDs solution. The sample was stirred for 2 min and measured by UV-visible and 

fluorescence spectrometry upon parameter as following condition.  

 

 

Parameter in fluorescent spectroscopy  

Excitation (nm) 300-440 (362 was selected) 

Excitation Slit 5 

Emission Slit 5 

PMT 700 

Scan rate (nm/min) 600 

Start (nm) 310-450 (372 was selected) 

End (nm) 700 

Emission (nm) 467 
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2.3.5 Impact of H2O2 toward the GQDs 

The GQDs was reasonably utilized for H2O2-responsive study by following the 

photoluminescence intensity after adding H2O2. Initially, stock solution of 2 M of H2O2 

was prepared in a 5 mL volumetric flask and then adjusted to 5 mL by Milli-Q water. 

The 0.10 mL of 1x10-2 mg/mL of GQDs was pipetted into 5 mL vial followed by 0.8 

mL of 0.05 M of Tris buffer solution pH 8 and 1 mL of Milli-Q water.  

To study of time independent fluorescent change, the 0.1 mL of stock solution 

of H2O2 was added to the prepared GQDs and stirred for 1.5 min under ambient 

condition. The sample was transferred to a cuvette. At 2 min, the photoluminescence 

(PL) intensity was measured (λex 362 nm) assigned to “0” min, and then PL was 

recorded every 5 min to 60 min.  

To study the concentration of H2O2, the various volumes of stock solution of 

H2O2 were added to the prepared GQDs. Then, the samples were adjusted to 2 mL by 

Milli-Q water to obtain various concentration of H2O2 from 0 to 0.2 M (see Table 2.1). 

The samples were stirred under ambient condition and measured the PL intensity at 30 

min (λex/em 362/467 nm). The experiment was repeated 3 times.  

Table 2.1 Various conditions in H2O2-responsive study of GQDs. 
Final [H2O2] 

(M) 

Volume of stock solution (mL) Time (min) 

GQDs Tris buffer Milli-Q H2O2 

0.100 0.100 0.800 1.000 0.100 (2 M) 0, 5, 10, 15, … 60 

      

0.000 0.100 0.800 1.100 0.000 30 

0.001 0.100 0.800 1.096 0.004 (0.5 M) 30 

0.005 0.100 0.800 1.080 0.020 (0.5 M) 30 

0.010 0.100 0.800 1.090 0.010 (2 M) 30 

0.025 0.100 0.800 1.075 0.025 (2 M) 30 

0.050 0.100 0.800 1.050 0.050 (2 M) 30 

0.075 0.100 0.800 1.025 0.075 (2 M) 30 

0.100 0.100 0.800 1.000 0.100 (2 M) 30 

0.015 0.100 0.800 0.950 0.150 (2 M) 30 

0.200 0.100 0.800 0.900 0.200 (2 M) 30 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 18 

2.3.6 Responsibility of H2O2-generated in situ by GQDs/Enz 

The enzyme activity of GQDs/Enz were carried out by addition of acetylcholine 

(ACh). A stock solution of acetylcholine of 10 mg/mL was prepared in volumetric flask 

100 mL and stored at 5 oC for using all experiment. 

The 0.9 mL of Milli-Q water were added to the solution of 0.9 mL of GQDs/Enz 

biosensor, and followed by 0.2 mL of acetylcholine stock solution. The sample was 

stirred for 1.5 min under ambient condition and transferred to a cuvette. At 2 min, the 

photoluminescence (PL) intensity was measured (λex 362 nm) assigned to “0” min. 

Then, PL was recorded every 5 min to 60 min. 

Parameters such as pH and concentration of enzyme were carried out to improve 

the signal of sensor or signal amplification. In pH studies, the GQDs/Enz samples were 

performed in various pH from 5 to 9 by using acetate (pH 5), phosphate (pH 6-7) and 

Tris (pH 8-9) buffer solution. In concentration studies, the GQDs/Enz was prepared 

under various concentration of enzymes in Tris buffer pH 8 as shown in Table 2.2. 

Then, their enzymatic activity was studied and repeated 3 times. 

 

Table 2.2 Parameters used in signal amplification of GQDs/Enz. 

Exp. Parameter Studied range unit 

1. Incubation-time 0-60 min 

2. Concentration of AChE 0.005-1 U/mL 

3. Concentration of ChOx 0.125-0.25 U/mL 

4. pH 5-9 - 

 

2.3.7 The detection of organophosphate by GQDs/Enz 

The stock solutions of organophosphate pesticides including, dichlorvos (mol. wt. 

= 220.98 gmol-1), malathion (mol. wt. = 330.36 gmol-1), methyl-paraoxon (mol. wt. = 

247.14 gmol-1) and parathion (mol. wt. = 291.26 gmol-1) were prepared at 

concentrations of 1000 ppm (they can be conversed to molar by using mol. wt.). In 10 

mL volumetric flask, the 10 mg of each organophosphate pesticide was carefully 

dissolved by 10 mL of 50 % EtOH in water under fume hood and well protecting prior 

to kept at -20 oC for using within 6 months. At the experiment time, the 
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organophosphate pesticides were diluted by water to obtain various concentration of 

stock organophosphate in 5% EtOH in water for experiment in each time. 

Each portion of the GQDs/Enz biosensors was achieved in the same stock 

solution for using in one experiment as followed condition. Under 20 condition (60 

samples), 12 mL of AChE (10 U/mL) and 12 mL of ChOx (1.25 U/mL) in Tris-BSA 

were firstly added to 6 mL of GQDs stock solution (1x10-2 M) and then the solution 

was added by 24 mL of Tris buffer solution (50 mM pH 8). The solution was stirred for 

5 min prior to incubation at 5 oC for 24 h. Stocks of graphene quantum dots immobilized 

enzymes (GQDs/Enz) were divided into 60 vials with 0.9 mL per vial and kept at 5 oC 

prior to use. All sample components were shown in Table 2.3. Then the solution of 0.7 

mL of MQ-water and 0.2 mL of different concentration of dichlorvos pesticide was 

added to the biosensor solution and incubated in a water bath at 25 oC for 15 min. The 

mixture solution was added by 0.2 mL acetylcholine (10 mg/mL) and incubated by 

stirring for 30 min.  

The PL signals were monitored by fluorescence spectroscopy and the 

measurements were repeated 3 times. The percentage of enzyme inhibition (I%) was 

plotted against the concentration of organophosphate pesticide to construct the 

calibration curve and subsequently afford the limit of detection for sensing application.  

Other organophosphate pesticides including, parathion, malathion, and methyl-

paraoxon at the concentration of 1 and 10 ppm were further examined for the inhibition 

efficiency (I%) towards AChE. Amounts of all components were used in fluorescent 

spectrophotometry studies as shown in Table 2.4. In addition, the percentage of enzyme 

inhibition (I%) by dichlorvos (as mentioned above) and methyl-paraoxon (1x10-5 to 20 

ppm) reliably provide the limit of detection (LOD). 
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Table 2.3 Amount of components used in dichlorvos detection studies. 

Final [OPs] 

(ppm) 

Stock soln of 

OPs (ppm) 

Volume of stock solution (mL) Vtotal 

(mL) GQDs  Tris  Enz  Milli-Q  OPs ACh 

0 (control) 0 0.1 0.4 0.4 1.1 - - 2 

0 (control) 0 0.1 0.4 0.4 0.9 - 0.2 2 

0 0 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.025 0.25 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.05 0.5 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.1 1 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.15 1.5 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.2 2 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.4 4 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.6 6 0.1 0.4 0.4 0.7 0.2 0.2 2 

0.8 8 0.1 0.4 0.4 0.7 0.2 0.2 2 

1 10 0.1 0.4 0.4 0.7 0.2 0.2 2 

2 20 0.1 0.4 0.4 0.7 0.2 0.2 2 

4 40 0.1 0.4 0.4 0.7 0.2 0.2 2 

6 60 0.1 0.4 0.4 0.7 0.2 0.2 2 

8 80 0.1 0.4 0.4 0.7 0.2 0.2 2 

10 100 0.1 0.4 0.4 0.7 0.2 0.2 2 

20 200 0.1 0.4 0.4 0.7 0.2 0.2 2 

50 500 0.1 0.4 0.4 0.7 0.2 0.2 2 

100 1000 0.1 0.4 0.4 0.7 0.2 0.2 2 

Vtotal (mL) 2 8 8 14.6 3.6 3.8 40 

Vtotal (mL) for 3 times 6 24 24 43.8 10.8 11.4 120 

 

Table 2.4 Amount of components used in various type of OPs detection. 

Final [OPs] 

(ppm) 

Stock soln  

(ppm) 

Volume of stock solution (mL) 

GQDs  Tris  Enz  Milli-Q  OPs ACh 

0 (control) 0 0.1 0.4 0.4 1.1 - - 

0 (control) 0 0.1 0.4 0.4 0.9 - 0.2 

1 of dichlorvos 10 0.1 0.4 0.4 0.7 0.2 0.2 

1 of malathion 10 0.1 0.4 0.4 0.7 0.2 0.2 

1 of methyl-paraoxon 10 0.1 0.4 0.4 0.7 0.2 0.2 

1 of parathion 10 0.1 0.4 0.4 0.7 0.2 0.2 

10 of dichlorvos 100 0.1 0.4 0.4 0.7 0.2 0.2 

10 of malathion 100 0.1 0.4 0.4 0.7 0.2 0.2 

10 of methyl-paraoxon 100 0.1 0.4 0.4 0.7 0.2 0.2 

10 of parathion 100 0.1 0.4 0.4 0.7 0.2 0.2 
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2.3.8 Effect of interfering ions  
The stock solutions of metal ions including Cd2+ (Cd(NO3)2.4H2O), Co2+ 

(Co(NO3)2.6H2O), Cu2+ (CuSO4.5H2O), Ni2+ (Ni(NO3)2.6H2O), Hg2+ (HgCl2), Pb2+ 

(Pb(NO3)2), Na+ (NaCl), NH4
+ (NH4Cl), Na+ (NaNO3), NH4

+ ((NH4)3PO4) and Mg2+ 

(Mg(NO3)2) were prepared in Milli-Q water at the concentration of 1 x 10-3 M. 

The directly interfering ions toward GQDs were studied as follows. Each metal 

solution (0.02 mL) was added to 1.98 mL of 5 x 10-4 mg/mL of GQDs in Tris buffer 

solution pH 8. The mixture was stirred for 30 min under ambient condition. The PL 

intensity was studied via fluorescent spectroscopy (λex at 362 nm and λem at 467 nm).  

The interfering ions toward OPs detection was studied as follows. The portion 

of GQDs/Enz biosensor was prepared as the same method as OP detection part. In each 

5 mL vial, the 0.02 mL of stock solution of each metal ions was added to 0.9 mL of 

GQDs/Enz followed by 0.68 mL of MQ-water. Then 0.2 mL of dichlorvos pesticide 

(1x10-5 M) was added to the mixture solution and incubated for 15 min, after that the 

mixture was added by 0.2 mL acetylcholine (10 mg/mL) and incubated at 25 oC with 

stirring for 30 min. The PL intensity was studied using fluorescent spectroscopy (λex at 

362 nm and λem at 467 nm). 

 

2.3.9 Organophosphate detection in real samples 

The organophosphate detection in real samples was carried out as following: (1) 

tap water sample, field water samples from Roi Et province and Chulalongkorn 

University which were collected and kept at room temperature for a day. Then, the top 

layer of water samples was filtrated through a 0.2 μm Millipore filter; (2) the water 

samples (instead of MQ-water) and the spiked organophosphate pesticide with 

difference concentration were injected in the GQD/Enz biosensor and then the mixture 

was incubated at 25 oC for 15 min; (3) the GQDs/Enz biosensor was added by 

acetylcholine and then incubated at 25 oC for 30 min; (4) the PL spectrum was recorded 

and the calibration curve of PL intensity against concentration of organophosphate 

pesticide was constructed. The amount organophosphate pesticide in the real sample 

water was determined from this calibration curve.  
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A UHPLC-MS method was used to compare the detection affinity of our 

biosensor. Real samples were prepared according to the procedures from literature [59, 

60]. The calibration curve was constructed by standard addition of dichlorvos. The 

UHPLC-MS was completely run within 6 min under the flow rate of 0.4 mL/min, and 

injection volume of 2 μL. The mobile phases A and B were 0.1% formic acid and 

acetonitrile, respectively. As the first 0.2 min, 75% mobile phase A was set with an 

isocratic run until 3.8 min. The electrospray MRM scan mode with positive ion was 

used to determine the dichlorvos with the transition of the precursor ion of 220.95 to 

the product ion of 108.9.   
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2.4 Results and discussions 

As well-known, H2O2 is widely utilized for many clinical diagnostics because 

it is an important by-product in many bio-reactions for example the catalytic reaction 

of glucose and choline by glucose oxidase and choline oxidase, respectively[49].  

In previous research, carbon material species such as graphene oxide (GO) and 

graphene dots (GDs) were explored as the peroxide-responsive materials, which 

exhibited the catalytic properties toward the oxidation of 3,3,5,5,-tetramethylbenzidine 

(TMB) by reacting with H2O2 for glucose detection [20, 21].  

The graphene quantum dots with small size (typically in size 2-10 nm) are of 

great interest in materials because they illustrated a high photoluminescent (PL) 

intensity, low toxicity, easy and cheap preparation. In this work, the GQDs were 

synthesized followed by Dong’s method. We expected that the GQDs could 

demonstrate a good capability to catalyze H2O2 and show a different PL property. In 

addition, the responsive-H2O2 of GQDs with enzyme platform (GQDs/Enz) were 

performed in Tris-BSA buffer solution pH 8. With an advantage of enzyme inhibition, 

the GQDs/Enz might be realized for further organophosphate pesticide sensors. 
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2.4.1 Structural morphology characterizations of GQDs and GQDs/Enz 

The TEM images were used to study the structural morphologies of graphene 

quantum dots (GQDs) as shown in Figure 2.3A and B, respectively. The images of 

GQDs showed their spherical shape with average particle size of about 5 nm, which 

were calculated from 200 particles in TEM images by the ImageJ software. 

After incubation of GQDs with bi-enzyme, acetylcholine (AChE) and choline 

oxidase (ChOx) in Tris-BSA pH 8.0. The BSA is protein that used to stabilize some 

restriction enzymes and to prevent adhesion of the enzyme to reaction tubes, pipet tips, 

and other vessels. The TEM image of GQDs/Enz biosensor showed core and light shell 

as illustrated in Figure 2.3C. Noticeably that, image showed an insignificant increment 

of average particle size of core shell to 6 nm, which is similar size to the normal GQDs. 

Approximately particle size of one GQDs/Enz particle with the entrapment layer was 

about 20-30 nm (yellow arrow). Regarding to the remark increase of particle size of 

this platform, it is possibly due to a large globular protein of BSA and enzyme coated 

on GQDs.  

 

 

Figure 2.3 The magnification TEM image of GQDs (A), TEM images of GQDs (B) 

GQDs/Enz biosensor (C) Inset of (B) and (C) are the frequency (%) of size of GQDs 

and GQDs/Enz biosensor by TEM image, respectively. 
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2.4.2 Infrared spectroscopy studies 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-

FTIR) was employed to characterize the functional groups and formation of biosensor 

platform. Firstly, IR spectra of citric acid anhydrous (starting material) and prepared 

GQDs were compared in Figure 2.4. The comparison of spectra presented significant 

changes in the position and the peak shape. The broad transmission bands of GQDs 

were observed at 3000-3500 cm-1 (νO-H) and sharp transmission bands at 1561 cm-1 

(νasCOO-), 1379 cm-1 (νsCOO-) and 1057 cm-1
 

(νC-OH) belonging to the characteristic peak 

of -COOH and -OH group. It was implied that the GQDs are surrounded by -COOH 

and -OH group.  

 

 

Figure 2.4 ATR-FTIR spectra of citric acid and GQDs. 
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The ATR-FTIR spectra of GQDs, bi-enzyme (AChE/ChOx), bovine serum 

albumin (BSA) and GQDs/Enz (GQDs/AChE/ChOx) were showed in Figure 2.5. The 

transmission peaks of GQDs/Enz biosensor (in Tris-BSA) were slightly shifted from 

the starting materials. However, the appearance of the additional peak at 1627 cm-1 

belonging to the characteristic amide peak [61] of bi-enzyme is indicative of the 

incorporated GQDs/Enz biosensor. Furthermore, the correlated FT-IR spectum of 

GQDs/Enz biosensor in Tris-BSA showed a characteristic amide peak of enzyme and 

BSA at 1643 cm-1 [61, 62].  

 

 

Figure 2.5 ATR-FTIR spectra of citric acid, GQDs, GQDs (in Tris), bi-enzyme, BSA 

and GQDs/Enz (in Tris and Tris-BSA).  
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Generally, the enzyme and BSA are proteins which contain the rich amino and 

carboxyl groups. Possibly, these results have been well explained that the GQDs were 

entrapped with the enzyme and BSA by the hydrogen bonding and electrostatic 

interactions of carboxylic groups at the edge of GQDs with amino and carboxyl groups 

of AChE, ChOx and BSA [14, 61-63]. As anticipated, we proposed an incorporation of 

GQDs and enzyme in the BSA layer as shown in Figure 2.6.  

 

 

 

Figure 2.6 The proposed formation of GQDs/Enz with BSA platform. 
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2.4.3 UV-visible and photoluminescence (PL) studies of GQDs 

 

Figure 2.7 (A) UV-Vis absorption spectra of the GQDs, inset (A) is the GQDs solution 

observed under visible light. (B) Photoluminescent spectra of the GQDs with different 

excitation wavelength (λex 300 to 440 nm), inset (B) is the photoluminescence 

brightness of GQDs under UV light. 

 

UV-Vis spectrum of GQDs was illustrated in Figure 2.7A demonstrating an 

absorption band at 362 nm. Additionally, the GQDs showed one strong emission band 

at 467 nm under various excitation wavelength (λex) from 300 to 440 nm (Figure 2.7B) 

and showed blue luminescence under UV light with λex 365 nm (Figure 2.7A inset). The 

excitation-independent photoluminescence of GQDs may attribute to the uniform size 

and the surface state of sp2 hybridization for GQDs[24]. Apart from a well-defined 

properties, the excitation-dependent carbon dot based luminescent nanomaterials 

performed a particular properties of the different size and emission band of each sp2 

cluster [64, 65].  

From the TEM, ATR-FTIR, UV-Vis and fluorescent results, the results clearly 

indicated that the GQDs showed the uniform size with abundant sp2 structure, which 

was surrounded by hydroxyl and carboxyl groups. 
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2.4.4 Role of GQDs toward peroxidase-catalytic reaction of H2O2  

As a well-known aspect, the carbon material species such as graphene oxide 

(GO) and graphene dots (GDs) showed the tremendous properties as the peroxidase-

like catalytic materials[20, 21]. To verify the peroxide-responsive GQDs in this work, 

the photoluminescent property of GQDs was investigated upon an increment of 

reaction-time and concentration of H2O2.   

 

Figure 2.8 (A) Time-dependent photoluminescent changes of 5x10-4 g/ml of the GQDs 

after interacted with 0.1 M H2O2 and (B) Concentration-dependent fluorescence 

changes at 30 min after interacted with different concentration of H2O2. 

 

From Figure 2.8A, the PL intensity of GQDs solution in the presence of 0.1 M 

of H2O2 as a function of time was investigated. The emission bands of GQDs at 467 nm 

presented a rapidly decrease in the range of 0-30 min. At time over 30 to 60 min, the 

bands demonstrated a very small decrease. By considering the time efficiency for 

sensing ability, the optimum catalytic time of GQDs was preferred at 30 min.  

Next, the peroxidase-like catalytic activity of GQDs was first investigated by 

varying the concentration of H2O2. From the PL spectra in Figure 2.8B, the PL intensity 

of GQDs was significantly decreased as a function of concentration of H2O2 from 0 to 

500 mM. The good linearity in the H2O2 concentration range of 1-125 mM with a R2 = 

0.9849 was shown in Figure 2.9.   
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Figure 2.9 Linear relationship between (I-I0)/I0 of GQDs and concentration of H2O2. 
 

 

Figure 2.10 Stern-Volmer plots for photoluminescence of GQDs with H2O2 

concentration ranging from 0 to 0.05 M. 
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Additionally, the affinity between GQDs and H2O2 quencher was evaluated via 

the Stern-Volmer equation as represented in equation 2.1, where the I0 and I are the PL 

of GQDs in absence and presence of H2O2 (concentration range of 0-50 mM) and Ksv 

is the Stern Volmer constant [66, 67]. From the Stern-Volmer plots as in Figure 2.10, 

the relative photoluminescence intensity of GQDs correspond to the concentration of 

H2O2 and the Stern-Volmer constant, Ksv, is 14.04 L/mol.  

𝐼0
𝐼
= 1.0 + 𝐾𝑆𝑉[𝐴𝑛𝑎𝑙𝑦𝑡𝑒𝑠]                                                     (2.1) 

Taking on a board of the peroxidase-like catalytic activity of carbon materials 

such as graphene oxide and graphene dots, it was stemmed from the electron transfer 

process[20, 26] from abundant electrons on the surface of small particles GQDs to the 

LUMO of H2O2 resulting in the PL quenching of the GQDs.The mechanism of this 

process was illustrated in equation 2.2-2.3 [20, 21, 26]. 

𝐺𝑄𝐷𝑠                                 
                                
→                   𝐺𝑄𝐷𝑠+ + 𝑒−              (2.2)     

𝐻2𝑂2 + 2𝑒
− + 2𝐻+         

                                
→                  2𝐻2𝑂                             (2.3)    
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2.4.5 Responsibility of H2O2-generated in situ by GQDs/Enz 

The enzyme immobilization on the materials has been considerably realized 

since they take a benefit to encourage stability and sensitivity of enzyme[14]. As 

anticipated, the GQDs with the edge of carboxyl and hydroxyl group might easily 

interact to acetylcholinesterase (AChE) and choline oxidase (ChOx) through hydrogen 

bonding interaction. If the immobilization of enzymes in this platform was successfully 

performed, H2O2 generated in situ by active AChE and ChOx upon the addition of 

acetylcholine could encourage the PL quenching of this material. 

 

Figure 2.11 The normalized I/I0 photoluminescent response at λem 467 nm of GQDs, 

GQD/Enz (GQDsAChE/ChOx) and GQDs/ChOx after the addition of ACh. 

Concentration of AChE and ChOx were 1 and 0.125 U/ml, respectively, where 1U is 

equivalent to amount of enzyme that hydrolyses acetylcholine or substrate to produce 

1 mmol of choline or product per minute.   

To verify the factor that affect to photoluminescent quenching of GQDs, the 

variety of system including acetylcholine (ACh), dichlorvos (organophosphate), one 

enzyme and bi-enzyme (AChE and ChOx) were investigated in Figure 2.11. From the 

normalized I/I0 photoluminescent responses at 467 nm of all samples in each system, 

the blue line assigned to the factors of bi-enzyme in the presence of ACh in the system 

demonstrated the significant decrease of the normalize PL (from 1 to 0.14) of 

GQDs/Enz platform upon increment of time (from 0 to 60 min). This phenomenon is 

analogue to the photoluminescent quenching of direct H2O2 added. In the case of other 
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system without both enzymes of AChE and ChOx incorporated on GQDs, no 

significantly photoluminescent quenching have been observed. It implied that the 

photoluminescent quenching of GQDs in the biosensor platform was occurred by H2O2 

generated in situ by enzymatic reaction of active AChE and ChOx as following in 

equations 2.4 and 2.5. Additionally, the GQDs would reduce H2O2 to water and a 

consequent GQDs+ species induce the PL quenching (as in equation 2.2-2.3). 

𝑎𝑐𝑒𝑡𝑦𝑙𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝐻2𝑂     
            𝐴𝐶ℎ𝐸           
→                    𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑎𝑐𝑒𝑡𝑎𝑡𝑒                (2.4) 

𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑂2                      
           𝐶ℎ𝑂𝑥            
→                    𝐻2𝑂2                                           (2.5) 

 

 

Figure 2.12 Time-dependent photoluminescence changes of GQDs/Enz after interacted 

with 1 mg/ml of acetylcholine (ACh) in Tris buffer pH 8, the concentration of GQDs, 

AChE and ChOx are 5x10-4 g/mL, 1 U/mL and 0.125 U/mL, respectively.  
 

The time-dependent enzymatic reaction relied on GQDs/Enz biosensor in the 

presence of acetylcholine was investigated in Tris buffer pH 8 as shown in Figure 2.12. 

The spectra showed the decrement of emission band at 467 nm upon an increment of 

time to 60 min, which is the point with a respect to a large amount of H2O2 generated 

by enzymatic reaction.  
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2.4.6 Signal amplification for increasing responsive sensing of GQDs/Enz 

To improve the sensitivity by signal amplification, the proper amount of 

enzyme, incubation time and pH need to be properly considered in this research. 

 

Figure 2.13 Normalized I/I0 photoluminescence responses at λem 467 nm of GQDs 

upon the interaction of various concentrations of AChE and ChOx and incubation time.  

 

Firstly, the different amount of bi-enzyme in GQDs/Enz biosensor under 

varying the ACh incubation time was investigated by monitoring the PL intensity in 

Tris buffer solution pH 8.0. The Figure 2.13 showed the decrement of PL intensity at 

467 nm upon the increment of incubation time from 0 to 60 min and concentration of 

AChE/ChOx from 0.005/0.0125 to 1/0.25 U/mL. It means that the reaction rate of 

turning acetylcholine to H2O2 is increased upon the increment of incubation time and 

amount of enzyme catalysis.  

In comparison of the concentration of AChE/ChOx at 1/0.125 and 1/0.25 U/mL 

in green and purple line, respectively, the PL showed high significantly decrease as in 

Figure 2.13. To improve the sensitivity by the highest change of PL, the use of highest 

amount of enzyme was appropriately selected. However, the cost-effective use should 

be considerably realized. The concentration of enzyme in this research was chosen as 1 

U/ml AChE and 0.125 U/mL ChOx, which were lower than the employing amount of 

enzyme in previous researches [2, 10, 18]. 
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Next, the incubation time was examined upon the addition of acetylcholine from 

0 to 60 min. The normalized PL intensity of the GQDs in the presence of 1 U/ml AChE 

and 0.125 U/mL ChOx revealed completely quenching as a function of reaction time of 

60 min (green line of Figure 2.13). Interestingly, a dramatical decrease of PL at over 50 

% quenching was observed at 30 min (red dotted line of Figure 2.13). Hence the 

incubation time of 30 min for the reaction of GQDs/Enz biosensor with acetylcholine 

under the concentration of GQDs, AChE and ChOx at 5x10-4 g/mL, 1 U/mL and 0.125 

U/mL, respectively, was selected for all further manipulation. 

Another key factor of this study is the pH effect. The maximum PL intensity at 

467 nm of the GQDs/Enz biosensor in varying pH from 3 to 12 showed the increasing 

tendency ranged pH 8-9 (Figure 2.14). At the point higher than 9, the maximum PL 

intensities were slightly decreased and remained unchanged. Hence, the pH range 

between 5 to 9 was chosen to study the PL quenching by H2O2-generated in-situ of this 

biosensor after adding acetylcholine. As the results, a large quenching of the maximum 

PL intensity was observed especially pH 7-9 as shown in Figure 2.15.  

As widely known, the organophosphates were gradually unstable at high 

temperature and high pH for example, hydrolysis half-life of dichlorvos at 25oC at pH 

6.0, pH 7.0 and pH 8.0 was 46, 2.8 days and 0.91 days, respectively [68, 69]. In 

comparative work, many researchers reported the suitable pH at 8 to obtain the highest 

activity of free AChE and ChOx enzymes[70-72]. As reasonable consistency with 

above, a similar fluorescent quenching of GQDs/Enz biosensor at pH 7-9 pursued us 

to study the organophosphate detection at pH 8 for all manipulation.  
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Figure 2.14 The PL intensity of GQDs/Enz at pH 3 to 12. 

 

Figure 2.15 The PL intensity of GQDs/Enz before (black bar) and after incubation with 

ACh for 30 min (red bar) at various pH from 5 to 9. 
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2.4.7 OPs detection by using the GQDs/Enz nanomaterial  

To investigate the organophosphate pesticide sensing properties, the PL spectra 

of this biosensor toward dichlorvos were shown in Figure 2.16. The PL intensity of 

GQDs/Enz was significantly increased upon the increment of dichlorvos. This 

indicated that organophosphate pesticides (OPs) actually inhibited the activity of 

enzyme acetylcholinesterase (AChE) and led to the decrease of H2O2 resulting in turn-

on PL intensity of GQDs in the presence of OPs as demonstrated in Figure 2.1 (see 

introduction part of this chapter). Collectively, these results demonstrated that 

GQDs/Enz biosensor can assemble onto indirect detection of the amount of OPs 

through the inhibition of AChE enzymatic reaction, thereby inducing a fluorescence 

recovery.  

 

Figure 2.16 (A) Photoluminescence responses of GQDs/Enz biosensor after 

incubation with various concentration of dichlorvos 0-100 ppm. (B) % Inhibition 

efficiency (I%) of 1 and 10 ppm of different OPs toward GQDs/Enz biosensor.  

 

Four selected organophosphates (OPs) including methy-paraoxon, dichlorvos, 

malathion and parathion at concentration of 1 ppm and 10 ppm were further examined 

in a regard to an inhibition efficiency (I%) of AChE enzymatic reaction as shown Figure 

2.16B. The I% was calculated via equation 2.6, where K30without and K30withOP are the 

photoluminescent quenching with and without OP after incubation in ACh for 30 min 

(K30 = F0-F30/30, where F0 and F30 are PL intensity of GQDs/Enz in the absence and 

presence of ACh followed by incubation for 30 min)[10]. 
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𝐼(%) = (
𝐾30𝑤𝑖𝑡ℎ𝑜𝑢𝑡 − 𝐾30𝑤𝑖𝑡ℎ𝑂𝑃

𝐾30𝑤𝑖𝑡ℎ𝑜𝑢𝑡
) × 100                                   (2.6) 

 

Of particular concentration of OPs at 1 ppm addressed the % inhibition of 

methy-paraoxon, dichlorvos, malathion and parathion at 62 ± 5%, 30 ± 2%, 7 ± 3% and 

6 ± 1%, respectively. However, the % inhibition efficiency in both concentrations of 

OPs showed the similar tendency change for all OPs. Taking such a previous work in 

the inhibition capacity of OPs toward AChE, a possible effect of the electrophilicity at 

a phosphorus atom has been reliably considered since the inhibition capacity of the oxo-

forms is more efficient than the thio-form [13, 16, 19]. Another factor is steric effect of 

OPs to the active center of AChE containing a deep and narrow gorge [10, 73]. In these 

regards, the inhibition capacity of dichlorvos and methyl-paraoxon is more efficient 

than that of malathion and parathion. Concerning on the different inhibition capacity of 

OPs, it was a possible attribution of the reciprocal absorption capacity of OPs on the 

nanomaterial surface. According to the chemical structure of OPs, dichlorvos pesticide 

has more hydrophobic structure than methyl-paraoxon. This was possibly rationalized 

that the hydrophobic dichlorvos did not prefer passing through hydrophilic phase of 

GQDs/Enz biosensor resulting in a lower inhibition capacity [10]. Such the inhibition 

of dichlorvos and methyl-paraoxon has been extensively studied in sensing 

applications.  

The % inhibition efficiency (I%) of enzyme was plotted toward the 

concentration of dichlorvos and methyl-paraoxon as shown in Figure 2.17A and B. The 

suitably linear range of 0.1 to 10 ppm for dichlorvos (inset Figure 2.17A) showed the 

% inhibition efficiency (I%) of 27.173 + 22.488log[dichlorvos], R2 = 0.99 and n = 3. 

Normally, the detection limit of pesticide by sensory system is acceptable at 10% 

inhibition based on AChE activity [73]. Consequently, detection limit of dichlorvos by 

GQDs/Enz biosensor was 0.172 ppm (0.778 μM). In comparison, this value is lower 

than a potentiometric detection [11], the enzymetic immobilization on working 

electrode for an amperometric detection [12], the luminescence quenching probe of 

Tb3+ complex [74] and an optical mode [75] as shown in Table 2.5. Interestingly, the 

PL changes of GQDs/Enz biosensor are covered in the range of a maximum residue 

limit of dichlorvos at 10 ppm in natural water authorized by the United States 
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Environmental Agency (EPA) [3]. In the case of methyl-paraoxon, the linear range of 

0.1-1 ppm (Figure 2.17B) with the equation of I% = 55.253 + 42.158log[methy-

paraoxon], R2 = 0.99 and n = 3 demonstrated the detection limit of 0.084 ppm (0.342 

μM). This value is lower than the spectrophotometric cutinase assay [76] and 

conductometric detection [77] as shown in Table 2.5. Although this sensing platform 

provided an excellent analytical LOD for methyl-paraoxon over dichlorvos, a dramatic 

increase of dichlorvos usage in agriculture in Thailand [78] urged us to focus on 

studying dichlorvos sensing purpose by this sensing platform.  

 

 

Figure 2.17 % Inhibition efficiency (I%) of GQDs/Enz biosensor after incubation with 

various concentration of dichlorvos from 0.025 to 100 ppm (A) and methyl-paraoxon 

from 1x10-5 to 20 ppm (B). The insets of (A) and (B) showed the linear range of 

dichlorvos detection from 0.1 to 10 ppm and methyl-paraoxon from 0.1 to 1 ppm, 

respectively.   
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Table 2.5 The analytical comparison between this work and other works. 

 

 

Figure 2.18 Colorimetric of GQDs/Enz biosensor in visible (A) and UV light (B) at 

various concentration of dichlorvos organophosphate (OP) at 0, 1, 10, 100 ppm and 

blank (no dichlorvos and ACh). 

 

Extensive work for visual determination of this biosensor toward dichlorvos 

was carried out under visible and UV light. The naked-eye brightness upon the different 

concentration of dichlorvos at 1, 10 and 100 ppm with and without ACh under UV light 

has been exhibited in Figure 2.18. Under the UV light (λex = 365 nm), the sensing 

platform showed strong blue brightness (right tube of Figure 2.18B) and a non-bright 

solution was observed after adding ACh in the absence of OP, (left tube of Figure 

2.18B). For the remaining solution in the middle tubes of Figure 2.18B, the tendency 

of blue brightness of this sensing platform has been raised in regarding to an increment 

of dichlorvos concentration. These results suggested that GQDs/Enz biosensor was 

capable of detecting dichlorvos by quantitative visual interpretation.  

 

Organophosphate Sensing method Analytical characterization Ref. 

Enzyme concentration Linear range 

(μM) 

LOD 

(μM) 

Real sample 

recovery 

 

dichlorvos Potentiometric   15 μL of 1900 IU/ml of 
AChE 

Not reported 1  Not reported [11] 

dichlorvos Amperometric 25-120 U/ml of AChE Not reported 3.62x103  Not reported [12] 

dichlorvos Luminescence  No enzyme 0.56-5.7  1.96 Not reported [74] 
dichlorvos Optical mode 50 U/ml of AChE 2.26-31.67  2.26  Not reported [75] 

dichlovos Luminescence 1 U/ml of AChE, 

0.125 U/ml of ChOx 

0.45-45.25 0.78  101.33- 

111.59 % 

This 

work 
paraoxon Luminescence 217.5 U/ml of AChE Not reported 1.05x10-5  104.6-115 % [10] 

methyl-paraoxon Spectrophotometric 
AChE assay  

10 μM of AChE, 
1.2 mg/mL ChOx 

Not reported 10x10-3 Not reported [2] 

methyl-paraoxon Spectrophotometric 

cutinase assay  

Not reported conc. of 

cutinase 

Not reported 6.18x103  Not reported [76] 

methyl-paraoxon Conductometric 

biosensor  

Not reported conc. of 

AChE 

0.5-50  0.5  Not reported [77] 

methyl-paraoxon Luminescence 1 U/ml of AChE, 
0.125 U/ml of ChOx 

0.40-4.05 0.342 Not reported This 
work 
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2.4.8 Effect of interfering ions  

Due to the high abundance of metal ions in soil and water [74], the interference 

of metal ions for the OPs determination by this system was investigated. Figure 2.19 

showed the inhibition efficiency (%) of AChE in the sensing platform without (black 

bar) and with (red bar) the interferences (1x10-5 M) upon incubation with dichlorvos at 

the concentration of 2 ppm (1x10-5 M). The results showed that most metal ions 

exhibited no interference to the dichlorvos detection. However, the GQDs/Enz 

biosensor exhibited a small quenching of PL response in the presence of Hg2+. The 

previous work related to the GQDs optical properties also reported the influence of 

Hg2+ toward the fluorescence quenching of GQDs via electron or energy transfer from 

GQDs to Hg2+ [79, 80]. To test the effect of Hg2+ toward our sensor system, the free 

GQDs without enzymatic reaction has been further examined by adding the Hg2+ in the 

solution. It was found that Hg2+ affected directly to the PL quenching of GQDs as 

shown in Figure 2.20.  

 

Figure 2.19 Effect of interference (1x10-5 M) to the inhibition efficiency (%) of AChE 

of GQDs/Enz biosensor in the presence of dichlorvos (1x10-5 M or 2 ppm) after 

incubation for 30 min. 
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Figure 2.20 The PL intensity of GQDs in the presence of various ions (1x10-5 M). I0 

and I were the intensity of GQDs before and after incubation with various ions for 30 

min. 
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2.4.9 Determination of organophosphate in real samples  

In previous works, the determination of organophosphate has been carried out 

in MQ-water or DI water [2, 74]. Additionally, the LC-MS method required the 

complicated sample pretreatment to elude some interference [60, 81, 82]. Hence, this 

method showed the advantage of direct detection of dichlorvos in natural water under 

a small effect of interference. In order to determine dichlorvos in real samples, three 

samples of water (tap water from the laboratory, field water 1 from the lake at 

Chulalongkorn University and field water 2 from the lake at Roi Et province near 

agricultural land) were studied in this work. The water was collected a day prior to the 

experiment. The calibration curve of dichlorvos was achieved from the standard 

addition experiment. 

 

Table 2.6 The determination of dichlorvos in real samples by using this biosensor and 

LC/MS. 
Sample Spiked This method  LC/MS  

 dichlorvos Measured %RSD %Recovery  Measured %RSD %Recovery  

  (ppm) (ppm)      (ppm)      

Tap water 0 -    -    

 2 2.23 2.27 111.59  1.84 0.15 91.83  

Field water 1 0 -    -    

 2 2.03 5.87 101.33  1.83 0.16 91.67  

Field water 2 0 -    -    

  2 2.08 5.54 104.01  1.83 0.62 91.83  

n = 3 

- non-detectable 

 

Table 2.6 demonstrates the correlation of concentration of organophosphate that 

was determined by GQDs/Enz biosensor and LC/MS method. According to the 

acceptable recovery of 80-110% for the analyte concentrations at 0.1-10 ppm, and their 

acceptable relative standard deviation (RSD) of 14% at 2.0 ppm [83], satisfactory 

accuracy in the amount of dichlorvos at 2.0 ppm spiked in the solution system was 

obtained with the recovery of 101-112% and 91.5-92.0% for the GQDs/Enz biosensor 

and UHPLC-MS/MS, respectively, along with the satisfactory precision with %RSD of 

2.3-5.9% and 0.15-0.62% for the GQDs/Enz biosensor and UHPLC-MS/MS, 
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respectively. This indicates that, in comparison with the UHPLC-MS/MS method, our 

developed GQDs/Enz biosensor can be used with the acceptable accuracy and 

precision in quantitative analysis of dichlorvos in various water samples.  

In summary of this part, we have successfully demonstrated the real time sensor 

of graphene quantum dots based enzymatic reaction (GQDs/Enz) for adaptive 

determination ability toward organophosphate pesticides (OPs) especially in real water 

samples with small effect of interference. 
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CHAPTER III 

Hybrid hydrogels for organophosphate detection 

3.1 Introduction 

In this work, we constructed the sensing materials based on the hybrid hydrogels 

system to selectively detect organophosphate. Ongoing development of GQDs 

efficiency for OPs sensing by hybrid hydrogel has ignited remarkable research interest 

for us. Owing to intrinsic hydrophobic properties of hydrogel, we search for an 

effectively hydrophobic gelator for incorporation with GQDs and enzyme in buffer 

solution. The bolaamphiphile (two-headed amphiphiles) gelators based on bis(urea) and 

L-phenylalanine amino acid are considered as well-suited candidates for gel sensing 

due to its excellent structural design derived the hydrogelations encouragement via non-

covalent interaction, such as, ionic, hydrogen bonding, hydrophobic interaction and -

stacking [41, 46, 84-86]. Furthermore, the peripheral substituents of carboxylate group 

would support the water solubility and act as a hosting for GQDs and bi-enzyme (AChE 

and ChOx) in phosphate buffer solution. The effectively quantitative analysis of OPs 

by these materials, GQDs/Enz/Gels, has been achieved by monitoring the turn-on PL 

response regarding to the inhibition of enzyme in the presence of OPs in hybrid 

hydrogels as shown in Figure 3.1. 

 

Figure 3.1 Hybrid hydrogels of GQDs/Enz/Gels and proposed mechanism of 

organophosphate pesticide detection. 
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3.2 Experimental 

3.2.1 Materials 

All materials, organophosphate pesticides, solvents and chemicals were 

purchased from Sigma-aldrich, Fluka and Merck. Phosphate buffer (PB) was prepared 

by using sodium phosphate monobasic (NaH2PO4) and sodium phosphate dibasic 

(Na2HPO4). Tris-HCl was obtained from Carlo Erba. Milli-Q (MQ) was obtained by 

ultra-pure water system.  

 

3.2.2 Synthesis of compound 1 to 6b 

In this work, the gelators were designed based on bis(urea) system, type of space 

group of methylene bis(diethyl phenyl) and bis(methyl ethyl) benzene and type of 

amino acid including aliphatic amino acid, aromatic amino acid and amino acid methyl 

ester as shown structure of compounds 1, 2c, 3, 4a, 4b, 4c, 5, 6a and 6b (a, b and c 

represent 0, 1 and 2 Et3NH+, respectively) in Figure 3.2. We expected that the bis(urea) 

system and methylene bis(diethyl phenyl) spacer will promote the gelation via 

hydrogen bonding and hydrophobic interaction, respectively. Furthermore, ionizable 

amino acid system possibly encourages water solubility and enzyme compatibility.  

 

Figure 3.2 The molecular structures of compound 1-6b. 
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3.2.2.1 4,4’-methylenebis(2,6-diethylphenyl isocyanate) 

 

 

Figure 3.3 Synthetic pathway of 4,4’-methylenebis(2,6-diethylphenyl isocyanate). 

 

A solution of dibutylcarbonate (6 g) in dry acetonitrile (20 ml) was slowly added 

to the solution of 4-DMAP (0.33 g) in dry acetonitrile. A solution of 4',4-

methylenebis(2,6-diethylaniline) (4g) in 20 ml dry acetonitrile was slowly added to 

solution of dibutylcarbonate. The clear solution was stirred for 2 h at room temperature 

under N2. H2SO4 (2 ml, 18 M) in 3 ml acetonitrile was added to the mixture solution. 

The mixture solution was stirred for 5 min and then, 65 ml of water was added to the 

mixture solution. The solution was slowly extracted by hexane 4 times (4x100 ml) and 

dried over anhydrous MgSO4. The solvent was evaporated under in vacuum to afford 

the white solid of 4,4’-methylenebis(2,6-diethylphenyl isocyanate) (4.11 g, 11.34 

mmol, 89% yield) mol. wt. = 362.46.  

 

  

4',4-methylenebis(2,6-diethylaniline)

H2N NH2

+ O O O

OO

di-tert-butyl dicarbonate

4-DMAP, CH3CN

Stirr at RT, 2h

4',4-methylenebis(2,6-diethyphenyl isocyanate)

OCN NCO
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3.2.2.2 Compound 1 

 

 

Figure 3.4 Synthetic pathway of compound 1. 

 

Triethylamine (0.78 ml, 5.59 mmol) was added to a suspension of L-valine 

methyl ester (0.44 g, 3.37 mmol) in CHCl3 (15 ml). The solution of 4,4’-

methylenebis(2,6-diethylphenyl isocyanate) (0.59 g, 1.63 mmol) in CHCl3 (15 ml) was 

slowly added to the previous solution.  The mixture solution was stirred under reflux 

for 3 h. The 20 ml of water was added to the solution. The solution was extracted by 

CHCl3 (4x50 ml) and dried over anhydrous MgSO4.  The solvent was evaporated under 

in vacuum. The solid was recrystallized by 20:30 ml of acetone: hexane. The suspension 

was then filtrated and washed with cold CHCl3 to afford a white solid of compound 1 

(0.653 g, 1.04 mmol, 64 % yield) mol. wt. = 624.81. 1H NMR (400 MHz, DMSO-d6) 

 7.46 (s, 2H, NH), 6.93 (s, 4H, ArH), 6.54 (s, 2H, NH), 4.14 (q, 3J= 4 Hz, NHCH), 

3.81(s, 2H, ArCH2Ar), 3.65 (s, 6H, OCH3), 2.47 (q, 3J= 4 Hz, 8H, ArCH2CH3), 1.07 (t, 

3J= 8 Hz, 12H, ArCH2CH3), 0.90 (d, 3J= 12 Hz, 12H, CHCH3); 13C{1H} NMR (400 

MHz, DMSO-d6)  173.46 (CO2CH3), 156.90 (C=O), 142.20 (ArC), 126.66 (ArC), 

58.18 (CH), 52.09 (CH), 30.95 (CH2), 24.90 (CH2), 19.46 (CH3), 18.25 (CH3), 15.16 

(CH3); ESI (m/z): 648.64 m/z [M+Na]+ (calc. 647.36 m/z), 625.19 m/z [M+H]+ (calc. 

625.38 m/z); analysis calc. for C35H52N4O6: C 67.28, H 8.39, N 8.97%; found: C 67.46, 

H 8.46, N 8.87%. 
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3.2.2.3 Compound 2c 

 

 

Figure 3.5 Synthetic pathway of compound 2c. 

 

Triethylamine (0.78 ml, 5.59 mmol) was added to a suspension of L-leucine 

(0.428 g, 3.27 mmol) in EtOH:CHCl3 (1:15 ml). The solution of 4,4’-methylenebis(2,6-

diethylphenyl isocyanate) (0.59 g, 1.63 mmol) in CHCl3 (15 ml) was slowly added to  

the solution. The mixture was stirred under reflux for overnight. The mixture was 

extracted by water and CHCl3.  (4x50 ml) and the organic phrase was dried over 

MgSO4. The solvent was evaporated under in vacuum.  The solid was recrystallized by 

20:30 ml of acetone: hexane for 3h. The suspension was then filtrated and washed with 

cold CHCl3 (40 ml) to afford a light-yellow solid (0.643 g, 0.77 mmol, 48 % yield) mol. 

wt. = 827.19. 1H NMR (400 MHz, DMSO-d6)  7.77 (s, 2H, NH), 6.93 (s, 4H, ArH), 

6.31 (s, 2H, NH), 4.06 (q, 3J= 8.0 Hz, 2H, CH2CHNH), 3.81 (s, 2H, ArCH2Ar), 2.56 

(m, 12H, NCH2CH3),  2.46 (m, 8H, ArCH2CH3), 1.71 (m, 2H, CH(CH3)2), 1.47 (m, 4H, 

CH2CH), 1.09 (t, 18H NCH2CH3), 0.88 (d, 3J= 8.0 Hz, 12H , CHCH3) ESI (m/z): 625.39 

m/z [M-2Et3N+H]+ (calc. 625.39 m/z), [M+H]+ (calc. 827.63 m/z); analysis calc. for 

C47H82N6O6: C 68.24, H 9.99, N 10.16%; found: C 64.43, H 9.06, N 9.18%. The 

compound was found to strongly retain CHCl3 calc. for C47H82N6O6·0.5CHCl3: C 

64.32, H 9.38, N 9.48%. 
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3.2.2.4 Compound 3 

 

 

Figure 3.6 Synthetic pathway of compound 3. 

 

Triethylamine (0.78 ml, 5.59 mmol) was added to a suspension of L-

phenylalanine methyl ester (0.60 g, 3.37 mmol) in CHCl3 (15 ml). The solution of 4,4’-

methylenebis(2,6-diethylphenyl isocyanate) (0.59 g, 1.63 mmol) in CHCl3 (15 ml) was 

slowly added to the mixture solution. The mixture was stirred under reflux for 3 h. The 

suspension was then filtrated and washed with cold CHCl3 to afford a white solid (0.871 

g, 1.21 mmol, 74 % yield) mol. wt. = 720.90. 1H NMR (400 MHz, DMSO-d6)  7.57 

(s, 2H, NH), 7.30 (m, 10H, ArH), 6.91 (s, 4H, ArH), 6.76 (s, 2H, NH), 4.47 (q, 3J= 8.0 

Hz, 2H, CH2CHNH), 3.80 (s, 2H, ArCH2Ar), 3.62 (s, 6H, OCH3), 3.04 (dd, 3J= 8.0 Hz, 

2H, CHCHxHyAr), 2.98 (dd, 3J= 8.0 Hz, 2H, CHCHxHyAr), 2.42 (q, 3J= 8.0 Hz, 8H, 

ArCH2CH3), 1.04 (t, 3J= 8.0, 12H, ArCH2CH3); 13C{1H} NMR (400 MHz, DMSO-d6) 

 173.20 (CO2CH3), 156.46 (C=O), 137.55 (ArC), 129.65 (ArC), 128.67 (ArC), 126.97 

(ArC), 126.63 (ArC), 52.19 (CH), 24.83 (CH2), 15.13 (CH3); ESI (m/z): 721.67 m/z 

[M+Na]+ (calc. 721.38 m/z); analysis calc. for C43H52N4O6: C 71.64, H 7.27, N 7.74%; 

found: C 71.39, H 7.32, N 7.80%. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 51 

3.2.2.5 Compound 4b 

 

 

Figure 3.7 Synthetic pathway of compound 4b. 

 

Triethylamine (0.78 ml, 5.59 mmol) was added to a suspension of L-

phenylalanine (0.54 g, 3.27 mmol) in EtOH:CHCl3 (1:15 ml). The solution of 4,4’-

methylenebis(2,6-diethylphenyl isocyanate) (0.59 g, 1.63 mmol) in CHCl3 (15 ml) was 

slowly added to the mixture solution. The mixture was stirred under reflux at 68 oC for 

48 h. The 20 ml of water was added and extracted by CHCl3 (4x50 ml) and then the 

organic part was evaporated under in vacuum. The solid was recrystallized by 20:30 ml 

of acetone: hexane. The suspension was then filtrated and washed with cold CHCl3 (40 

ml) to afford a light-yellow solid (0.995 g, 1.25 mmol, 77 % yield) mol. wt. = 794.03. 

1H NMR (400 MHz, DMSO-d6)  7.59 (s, 2H, NH), 7.23 (m, 10H, ArH), 6.90 (s, 4H, 

ArH), 6.28 (s, 2H, NH), 4.27 (q, 3J= 8 Hz, 2H, CH2CHNH), 3.80 (s, 2H, ArCH2Ar), 

3.04-2.96 (m, 4H, CHCH2Ar), 2.76 (q, 3J= 8 Hz, 6H, NCH2CH3), 2.45 (q, 3J= 4 Hz, 

8H, ArCH2CH3), 1.05 (t, 3J= 8 Hz, 9H and 12H , NCH2CH3 and ArCH2CH3); 13C{1H} 

NMR (400 MHz, DMSO-d6)  174.19 (CO2H), 156.41 (C=O), 142.26 (ArC), 138.46 

(ArC), 129.94 (ArC), 128.28 (ArC), 126.49 (ArC), 54.49 (CH), 45.76 (NCH2CH3), 

41.15 (CH2), 38.23 (CH2), 24.85 (CH3x), 15.14 (CH3y), 10.34 (NCH2CH3); ESI (m/z): 

693.59 m/z [M-Et3N+H]+ (calc. 693.36 m/z); analysis calc. for C47H63N5O6: C 71.09, 

H 8.00, N 8.82%; found: C 66.62, H 7.59, N 8.17%. The compound was found to 

strongly retain CHCl3 calc. for C47H63N5O6·0.5CHCl3: C 66.83, H 7.50, N 8.20%. The 

residual CHCl3 can be observed by 1H NMR at  8.27 (s). 
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3.2.2.6 Compound 4a 

 

 

Figure 3.8 Synthetic pathway of compound 4a. 

 

Compound 4b was synthesized by the same amount as above data, after that 

suspended in 1 M aqueous HCl (250 ml), and then sonicated for 30 minutes. The 

suspension was filtrated and washed by water and cold CHCl3. Light-yellow solid was 

achieved (0.448 g, 0.65 mmol, 39.65 % yield) mol. wt. = 692.84. 1H NMR (400 MHz, 

DMSO-d6)  12.67 (s, 1H, OH), 7.53 (s, 2H, NH), 7.24 (m, 10H, ArH), 6.91 (s, 4H, 

ArH), 6.34 (s, 2H, NH), 4.44 (q, 3J= 8.0 Hz, 2H, CH2CHNH), 3.82 (s, 2H, ArCH2Ar), 

3.08-2.93 (m, 4H, CHCH2Ar), 2.40 (q, 3J= 8.0 Hz, 8H, ArCH2CH3), 1.09 (t, 3J= 8.0 Hz, 

12H, ArCH2CH3); 13C{1H} NMR (400 MHz, DMSO-d6)  174.08 (CO2H), 156.43 

(C=O), 142.21 (ArC), 137.77 (ArC), 129.74 (ArC), 128.54 (ArC), 126.84 (ArC), 54.16 

(CH), 41.14 (CH2), 38.06 (CH2), 24.80 (CH3x), 15.12 (CH3y); ESI (m/z): 693.60 m/z 

[M+H]+ (calc. 693.36 m/z);analysis calc. for C41H48N4O6: C 71.08, H 6.98, N 8.09%; 

found: C 69.66, H 7.00, N 7.88%. The compound was found to strongly retain HCl 

calc. for C41H48N4O6·0.3HCl: C 69.97, H 6.92, N 7.96%. (second time, better than the 

first one) 
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3.2.2.7 Compound 4c 

 

 

Figure 3.9 Synthetic pathway of compound 4c. 

 

Compound 4b (0.25 g, 0.35 mmol) was suspended in 10 ml CHCl3. 

Triethylamine (0.19 ml, 1.41 mmol) was added to a suspension to give yellow solution. 

Then the solution was stirred for 2 h at room temperature and evaporated to left behind 

the yellow oil. Hexane (25ml) was added to give the precipitate which was sonicated 

for 1 minute. The suspension was filtrated and washed by Hexane. Light-yellow solid 

was achieved (0.208 g, 0.23 mmol, 66 % yield) mol. wt. = 894.60. 1H NMR (400 MHz, 

DMSO-d6)  7.60 (s, 2H, NH), 7.19 (m, 10H, ArH), 6.90 (s, 4H, ArH), 6.29 (s, 2H, 

NH), 4.24 (q, 3J= 8 Hz, 2H, CH2CHNH), 3.80 (s, 2H, ArCH2Ar), 3.08-2.93 (m, 4H, 

CHCH2Ar), 2.70 (q, 3J= 8 Hz, 12H, NCH2CH3), 2.45 (q, 3J= 8 Hz, 8H, ArCH2CH3), 

1.05 (t, 3J= 8 Hz, 19H and 12H , NCH2CH3 and ArCH2CH3); ESI (m/z): 715.52 m/z 

[M-2Et3N+Na]+ (calc. 715.35 m/z), 693.55 m/z [M-2Et3N+H]+ (calc. 693.36 m/z); 

analysis calc. for C53H78N6O6: C 71.11, H 8.78, N 9.39%; found: C 65.20, H 8.90, N 

8.21%. The compound was found to strongly retain CHCl3 and Hexane calc. for 

C53H78N6O6·0.85CHCl3·0.5Hexane: C 65.54, H 8.50, N 8.07%. The residual CHCl3 

and Hexane can be observed by 1H NMR at  8.34 (s) and  1.25 (m). 
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3.2.2.8 Compound 5 

 

 

Figure 3.10 Synthetic pathway of compound 5. 

 

Triethylamine (0.78 ml, 5.59 mmol) was added to a suspension of L-

phenylalanine methyl ester (0.70 g, 3.27 mmol) in CHCl3 (15 ml). The solution of 1,3-

Bis(1-isocyanato-1-methylethyl)benzene (0.38 ml, 1.63 mmol) in CHCl3 (15 ml) was 

slowly added to the mixture solution. The mixture was stirred under reflux for 

overnight. The solvent was evaporated by vacuum, and 20 ml of acetone was added and 

followed by 30 ml of hexane. The suspension was then filtrated and washed with water. 

The solid was suspended in 1 M aqueous HCl (250 ml), and then sonicated for 30 

minutes. The suspension was filtrated and washed by water to afford a white solid 

(0.415 g, 0.689 mmol, 42 % yield) mol. wt. = 602.72. 1H NMR (400 MHz, DMSO-d6) 

 7.03-7.35 (m, 14H, ArH), 6.51 (s, 2H, NH), 6.16 (d, 3J= 8.0 Hz, 2H, NH), 4.35 (q, 

3J= 8.0 Hz, 2H, CH2CHNH), 3.59 (s, 6H, OCH3), 2.97-2.79 (m, 4H, CHCHxHyAr), 1.47 

(s, 12H, CCH3); 13C{1H} NMR (400 MHz, DMSO-d6)  173.51 (CO2CH3), 156.77 

(C=O), 148.55 (ArC), 137.43 (ArC), 129.62 (ArC), 128.73 (ArC), 127.66 (ArC), 

127.02 (ArC), 122.72 (ArC), 121.70 (ArC), 54.87 (CCH3), 54.11 (CH), 52.09 (CH2), 

38.23 (CH3), 30.68 (CH3), 30.47 (CH3); ESI (m/z): 625.49 m/z [M+Na]+ (calc. 625.29 

m/z), 603.55 m/z [M+H]+ (calc. 603.31 m/z); analysis calc. for C34H42N4O6: C 67.75, 

H 7.02, N 9.30%; found: C 67.23, H 7.04, N 9.22%. 
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3.2.2.9 Compound 6b 

 

 

Figure 3.11 Synthetic pathway of compound 6b. 

 

Triethylamine (0.78 ml, 5.59 mmol) was added to a suspension of L-

phenylalanine (0.54 g, 3.27 mmol) in EtOH:CHCl3 (1:15 ml). The solution of 1,3-Bis(1-

isocyanato-1-methylethyl)benzene (0.38 ml, 1.63 mmol) in CHCl3 (15 ml) was slowly 

added to the mixture solution. The mixture was stirred under reflux for 48 h. The 20 ml 

of water was added and extracted by CHCl3 (4x50 ml). Then CHCl3 phase was 

evaporated under vacuum. The solid was recrystallized by 20:30 ml of acetone: hexane 

for 3h. The suspension was then filtrated and washed with cold CHCl3 (40 ml) to afford 

a white solid (0.921g, 1.36 mmol, 84 % yield) mol. wt. = 675.40. 1H NMR (400 MHz, 

DMSO-d6)  7.33-7.06, (m, 14H, ArH), 6.55 (s, 1H, a-NH), 6.50 (s, 1H, b-NH), 6.19 

(m, 1H, a-NH), 6.01 (d, 3J= 4.0 Hz, 1H, b-NH), 4.22 (q, 3J= 8.0 Hz, 2H, CH2CHNH), 

3.90 (m, 1H, CH3CH2NH+), 2.87-2.95 (m, 4H, CHCHxHyAr), 2.76 (q, 3J= 8 Hz, 6H, 

CH3CH2NH+), 1.49 (d, 3J= 4.0 Hz 6H, CCH3x), 1.46 (d, 3J= 8.0 Hz 6H, CCHy), 1.05 (t, 

9H, 3J= 8.0 Hz, CH3CH2NH+); 13C{1H} NMR (400 MHz, DMSO-d6)  174.88 (a-CO2
-

), 174.46 (b- CO2H), 157.17 (a-C=O), 156.88 (b-C=O), 148.81 (ArC), 138.48 (a-ArC), 

138.23 (b-ArC), 129.82 (a-ArC), 129.72 (b-ArC), 128.45 (a-ArC), 128.43, 127.66 (a-

ArC), 127.58(b-ArC), 126.63 (a-ArC), 126.54(b-ArC), 122.84 (a-ArC), 122.68(b-ArC), 

122.54 (a-ArC), 121.70 (b-ArC), 54.93 (a-CCH3), 54.83 (b-CCH3), 54.70 (a-CH), 54.63 

(b-CH), 45.78 (NCH2CH3), 38.47 (a-CH2), 38.39 (b-CH2), 31.40 (a-CH3x), 31.14 b-

CH3x), 30.86 (a-CH3y), 30.80 (b-CH3y), 10.36 (NCH2CH3); ESI (m/z): 575.56 m/z [M-

Et3N+H]+ (calc. 575.28 m/z), 597.49 m/z [M-Et3N+Na]+ (calc. 597.49 m/z); analysis 

calc. for C38H53N5O6: C 67.53, H 7.90, N 10.36%; found: C 65.77, H 7.72, N 9.74%. 

The compound was found to strongly retain CHCl3 calc. for C47H82N6O6·0.2CHCl3: C 

64.32, H 9.38, N 9.48%. The residual CHCl3 can be observed by 1H NMR at  8.34 (s). 
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3.2.2.10 Compound 6a 

 

 

Figure 3.12 Synthetic pathway of compound 6a. 

 

Compound 6b was suspended in 1 M aqueous HCl (250 ml), and then sonicated 

for 30 min. The suspension was filtrated and washed by water and cold CHCl3. White 

solid was achieved (0.594 g, 1.03 mmol, 63 % yield) mol. wt. = 574.28. 1H NMR (400 

MHz, DMSO-d6)  12.57 (s, 2H, OH) 7.47-7.04 (m, 14H, ArH), 6.51 (s, 2H, NH), 6.04 

(d, 3J= 8 Hz, 2H, NH), 4.31 (q, 3J= 8 Hz, 2H, CH2CHNH), 2.98 (dd, 3J= 4 Hz, 2H, 

CHxHyAr), 2.85 (dd, 3J= 4 Hz, 2H, CHxHyAr), 1.47 (d, 3J= 4 Hz, 12H, ArCH2CH3); 

13C{1H} NMR (400 MHz, DMSO-d6)  174.35 (CO2H), 156.85 (C=O), 148.64 (ArC), 

137.81 (ArC), 129.71 (ArC), 128.59 (ArC), 127.60 (ArC), 126.84 (ArC), 122.71 (ArC), 

121.71 (ArC), 54.81 (CCH3), 53.87 (CH), 38.24 (CH2), 30.69 (CH3x), 30.56 (CH3y); 

ESI (m/z): 575.48 m/z [M+H]+ (calc. 575.28 m/z), 597.49 m/z [M+Na]+ (calc. 597.49 

m/z); analysis calc. for C32H38N4O6: C 66.88, H 6.67, N 9.75%; found: C 66.50, H 

6.83, N 9.64%. 
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3.2.3 Gel screening test 

 The gelation behavior of gelator was examined in several solvents with different 

polarity, including, water, ethanol (EtOH), methanol (MeOH), 1-propanol, acetone, 

dimethyl sulfoxide (DMSO), chloroform, hexane, cyclohexane and cyclohexanone. 

The conditions of sample in each system were studied as shown in Table 3.1. 0.5 mL 

of each solvent was added to 5 mg (1% wt) of each gelator in a sealed vial. The mixture 

was sonicated for 30 seconds, and then heated by using heat gun for 30 seconds. The 

gel formation was carried out by turning vial upside down under ambient temperature. 

Table 3.1 Various conditions used in gels screening test.  

Exp. 

 

Compound wt% Solvent Time 

measurement 

1. 1 – 6b 1 Water 5 min-7day 

2. 1 – 6b 1 EtOH 5 min-7day 

3. 1 – 6b 1 MeOH 5 min-7day 

4. 1 – 6b 1 1-Propanol 5 min-7day 

5. 1 – 6b 1 Acetone 5 min-7day 

6. 1 – 6b 1 DMSO 5 min-7day 

7. 1 – 6b 1 Chloroform 5 min-7day 

8. 1 – 6b 1 Hexane 5 min-7day 

9. 1 – 6b 1 Cyclohexane 5 min-7day 

10. 1 – 6b 1 Cyclohexanone 5 min-7day 

11. 1 – 6b 1 10% EtOH 5 min-7day 

12. 1 – 6b 1 20% EtOH 5 min-7day 

13. 1 – 6b 1 50% EtOH 5 min-7day 

 

3.2.4 Preparation of hybrid GQDs/Gels  

 The GQDs/Gels were prepared by following method. GQDs solution and 

phosphate buffer (0.5 mL of mixture solution in various condition) was added to 0.25 

mg of gelators (0.5% wt) in a sealed vial. The various conditions of samples were listed 

in Table 3.2. Then the suspension was sonicated for 30 seconds and heated for 30 

seconds until the suspension was dissolved and ended up with sonicating for 10 

seconds. The gel formation was monitored by turning vial upside down under ambient 

temperature. 
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Table 3.2 Various conditions used in GQDs/Gels preparation. 

Exp. 

 

Compound wt% Solvent GQDs 

(mg/mL) 

PB buffer 

(mM) (pH) 

1. 1 – 6b 1 water 2 - - 

2. 4a, 4b, 4c 0.25, 0.5, 1 water 2 - - 

3. 4a, 4b, 4c 0.5 water 2 10 8 

4. 4b 0.3, 0.5, 1, 2, 3 water - 10 8 

5. 4b 0.3, 0.5, 1, 2, 3 water 2 10 8 

6. 4b 0.5 water 0, 0.5, 1, 2, 3 10 8 

7. 4b 0.5 water 2 10 6,7,8,9 

8. 4a, 4b, 4c 0.5 water 2 10, 25, 50 8 

 

3.2.5 Impact of H2O2 toward the GQDs/Gels 

The hybrid GQDs/Gels were screened to study the H2O2-responsive by 

monitoring the naked-eyed fluorescence changing after addition of H2O2 under UV 

lamp (ex 365 nm). Initially, 0.2 mL of 1M H2O2 was added to 0.5 mL of GQDs/Gels 

(0.5 wt% and 1 wt% of 4b with 2 mg/mL of GQDs in 10 mM phosphate buffer pH 8) 

in sealed vial at room temperature. 

The hybrid GQDs/Gels were reasonably utilized to study the H2O2-responsive 

by following their photoluminescence intensity after adding H2O2. Initially, 0.2 mL of 

H2O2 with various concentration and 0.2 mL of water were added to 1.2 mL of 

GQDs/Gels in sealed vial and incubated at 37 oC for 20 min. After that, the sample was 

heated and transferred to a cuvette and left for 15 min under ambient condition before 

measuring the photoluminescence intensity. The GQDs/Gels were studied upon the 

final concentration of 1.25 mg/ml of GQDs and 0.3125 %wt of 4b in 12.5 mM 

phosphate buffer. 

 

3.2.6 Preparation of hybrid GQDs/Enz/Gels   

The 2 mg/mL GQDs solution and 10 mM pH 8 of phosphate buffer was added 

to 0.5 mg of 4b (0.5 wt% of gelator in 1 mL of mixture solution) in a sealed vial. Then 

the suspension was sonicated for 30 seconds followed by heating for 30 seconds until 

the suspension was dissolved and ended up with sonicating for 10 seconds. After 5 min, 

0.1 mL of acetylcholinesterase (AChE) and 0.1 mL choline oxidase (ChOx) in 10 mM 
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phosphate buffer were added to the partial gels and the mixture was left under 5 oC for 

24 h to form hybrid hydrogels of GQDs/Enz/Gels biosensor.  

The enzyme activity of GQDs/Enz/Gels was carried out by addition of 

acetylcholine (ACh). Parameters such as temperature, pH, concentration of enzyme and 

acetylcholine were studied to improve the signal of sensor or signal amplification which 

were collected in Table 3.3.  

Table 3.3 Parameters used in signal amplification of GQDs/Enz/Gels. 

Exp. Parameter Studied range unit 

1. Temperature 25 and 37 oC 

2. pH 7-9 - 

3. Concentration of AChE 0.625-2.5 U/mL 

4. Concentration of ChOx 0.15625-0.625 U/mL 

5 Concentration of ACh 2.5-10 mM 

 

3.2.7 The determination of organophosphate pesticides 

 The hybrid GQDs/Enz/Gels were utilized to determine the organophosphate 

pesticides (OPs) by monitoring their photoluminescence intensity after adding OPs. 

Firstly, 0.2 mL OPs with various concentrations were added to 1.2 mL of 

GQDs/Enz/Gels in sealed vial and incubated at 37 oC for 15 min. After that, 0.2 mL of 

40 mM of acetylcholine (ACh) was added to the sample solution and the mixture was 

continuously incubated at 37 oC for 20 min. Then the mixture was re-heated by heat 

gun. After 1 min cooling down, the mixture was transferred to a cuvette and left to form 

gel for 15 min. The PL intensity was measured with the same method as H2O2-

responsive study. Each experiment was repeated 3 times. The GQDs/Enz/Gels were 

studied under the final concentration of 1.25 mg/ml of GQDs, 1.25 U/mL of AChE, 

0.3125 U/mL of ChOx and 0.3125 %wt of 4b in 12.5 mM phosphate buffer pH 8. The 

concentration of each component and the preparation of hybrid biosensor before and 

after OPs detection were defined in stage 1-3 and shown in Table 3.4 and Figure 3.13. 
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Table 3.4 Final concentration of component in GQDs/Enz/Gels for organophosphate 

detection. 

Component Stage 1 

(GQDs/Gels) 

Stage 2 

(GQDs/Enz/Gels) 

Stage 3 

OPs detection 

GQDs (mg/mL) 2.00 1.67 1.25 

Gelator 4b (wt%) 0.50 0.4167 0.3125 

Phosphate buffer pH 8 (mM) 10.00 16.67 12.50 

AChE (U/mL) - 1.67 1.25 

ChOx (U/mL) - 0.4167 0.3125 

OPs (M) - - 1.25x10-9 – 1.25x10-4 

ACh (mM) - - 5.00 

Vfinal (mL) 1.0 1.2 1.6 

 

 

Figure 3.13 Preparation of GQDs/Enz/Gels for organophosphate pesticides (OPs) 

detection. 

 

The photoluminescence spectra of GQDs/Enz/Gels were recorded via PTI 

QuantaMasterTM spectrofluorometer at room temperature as a function of time under 

following condition.  

 

 

 

 

Parameter  

Start (nm) 368 

End (nm) 700 

Excitation (nm) 360 

Excitation Slit 2.5 

Emission Slit 1.5 

Emission (nm) 465 
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The percentage of enzyme inhibition (I%) was plotted as a function of the 

concentration of organophosphate pesticide to obtain calibration curve. 

 

3.2.8 Rheology 

 Rheological measurements were carried out with an AR2000 rheometer at 10 

oC. Frequency sweep experiments were performed at a constant oscillation stress of 0.5 

Pa for the angular frequency of 0.1–100 rad/sec. The stress sweep was performed at a 

constant angular frequency of 1 Pa for the oscillation stress of 0.1–1000.  

 

3.2.9 Scanning electron microscopy 

 The GQDs/Gels and GQDs/Enz/Gels samples were prepared for 1 and 30 min, 

respectively, and then dropped on glass slide and dried in air at room temperature for 2 

days. The sample on glass slide was coated with Au ions and SEM images were 

measured by using a scanning electron microscope JSM-IT100. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 62 

3.3 Result and discussions 

In this work, we attempt to explore the novel supramolecular hydrogels which 

can encapsulate small smolecules such as graphene quantum dots and especially 

enzymes. This hybrid enables to retain their activity. In our previous work [56], the 

hydrogels based urea and ionisable salicylic acid system have established the key of gel 

formation depending on the carboxyl-terminal group of salicylic acids and the non-

steric hindrance around the urea carbonyl group of gelator.  

Predictable gelators based on bis(urea) system have been studied by varying 

two hydrophobic central spacers including methylenebis(diethylphenyl) (compound 1-

4) and bis(methylethyl)benzene (compound 5-6) conjugated to the end group of 

biocompatible amino acid derivatives, including amino acid methyl ester based L-

valine methyl ester (1) and L-phenylalanine methyl ester (3 and 5); aliphatic amino acid 

based L-leucine (2c); and aromatic amino acid based L-phenylalanine (4a-c and 6a-b; 

the a, b and c are composed of 0, 1 and 2 of triethylammonium cations in structure, 

respectively). As we expect, the bis(urea) system and methylene bis(diethyl phenyl) 

spacer could promote the gelation via hydrogen bonding and hydrophobic interaction, 

respectively. Furthermore, ionizable amino acid system possibly encourages water 

solubility and enzyme compatibility. 
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3.3.1 Characterization of compound 1-6b 

 

Figure 3.14 The molecular structures of compound 1-6b. 

 

All molecular structures of attractive gelators were showed in Figure 3.14. The 

synthesis of all compounds was achieved from one-step reaction of isocyanate and 

amino acid derivatives in the presence of triethylamine base. Then, the characterization 

of all compounds was investigated by 1H NMR, 13C{1H} NMR, mass spectrometry and 

elemental analysis. The 1H NMR spectra and analytical data can confirm the presence 

of carboxylic acid at the C-terminal or the carboxylate moiety with different number of 

triethylammonium cations 0, 1 and 2 Et3NH+ (characteristic peak at  2.70 and 1.05 

ppm) in compounds 4a, 4b and 4c, respectively, as shown in Figure 3.15. To confirm 

the conjugation between hydrophobic central spacer and amino acid, D2O exchanged 

experiment was carried out by monitoring the decrease of NH-bis(urea) protons at  

7.59 and 6.28 ppm upon the increment of D2O. The 1H-NMR spectra of 4,4’-

methylenebis(2,6-diethylphenyl isocyanate), 1, 2c, 3, 5, 6a and 6b were displayed in 

Figure A1 to A7 (in Appendix). Mass spectra of all compounds revealed in Figure A8 

to A16. The mass spectra of 4a, 4b and 4c showed 693.36 m/z, regarding to [M+H]+ 

without Et3NH+ counter ion in molecular structure (Figure A11 to A13 in Appendix). 
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Fortunately, 1H-NMR and elemental analysis can prove the existence of Et3NH+ in 

structure.  

 

 

Figure 3.15 NMR spectra of compounds 4a-4c and D2O experiment of compound 4b. 
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3.3.2 Gel screening  

Owing to a well-constructed hydrogel property, the gelation behavior of all 

synthesized compounds was tested in several solvents and recoded in Table 3.5. The 

behavior of solution (S), insoluble (I), rapid precipitate formed from solution (P), partial 

gel (PG), gel (G) and collapsed gel (CG) were observed upon the assigned picture in 

Figure 3.16  

 

Figure 3.16 The assigned behavior of solution (S), insoluble (I), rapid precipitate 

formed from solution (P), partial gel (PG), gel (G) and collapsed gel (CG). 

 

Table 3.5 Gel formation studies of compounds 1-6b. 
Compound wt% Solvent Time comment 

1 

min 

5 

min 

30 

min 

4  

h 

24 

h 

48  

h 

7 

days 
1 1.0 Water I I I I I I I  

1 1.0 EtOH S P P P P G G  

1 1.0 MeOH S P P P P P P  

1 1.0 1-Propanol S P P P P P G  

1 1.0 Acetone S G G G G G G  

1 1.0 DMSO S S S S P P P  

1 1.0 Chloroform S P P P P P P  

1 1.0 Hexane I I I I I P P  

1 1.0 Cyclohexane I I I I I P P  

1 1.0 Cyclohexanone S G G G G G G  

1 1.0 10% EtOH/Water P P P P P P P  

1 1.0 20% EtOH/Water P P P P P P P  

1 1.0 50% EtOH/Water S P P P P P P  

           

2c 1.0 Water I I I I I I I  

2c 1.0 EtOH I I I I I I I  

2c 1.0 MeOH I I I I I I I  

2c 1.0 1-Propanol P P P P P P P  

2c 1.0 Acetone I I I I I I I  

2c 1.0 DMSO S S P P P P P  

2c 1.0 Chloroform P P P P P P P  

2c 1.0 Hexane I I I I I I I  

2c 1.0 Cyclohexane P P P P P P P  

2c 1.0 Cyclohexanone S S S S S S S  

2c 1.0 10% EtOH/Water I I I I I I P  

2c 1.0 20% EtOH/Water I I I I I I P  

2c 1.0 50% EtOH/Water S P P P P P P  
     G = gel, PG = partial gel, CG = collapsed gel, S = Solution, I = insoluble, P = rapid precipitate formed from solution 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 66 

Table 3.5 Gel formation studies of compounds 1-6b (continued). 
Compound wt% Solvent Time comment 

1 

min 

5 

min 

30 

min 

4  

h 

24 

h 

48  

h 

7 

days 
3 1.0 Water I I I I I I I  

3 1.0 EtOH G G G G G G G  

3 1.0 MeOH G G G G G G G  

3 1.0 1-Propanol G G G G G G G  

3 1.0 Acetone G G G G G G G  

3 1.0 DMSO S S S S S S S  

3 1.0 Chloroform S S S S PG G G  

3 1.0 Hexane P P P P P P P  

3 1.0 Cyclohexane P P P P P P P  

3 1.0 Cyclohexanone S G G G G G G  

3 1.0 10% EtOH/Water I P P P P P P  

3 1.0 20% EtOH/Water P P P P P P P  

3 1.0 50% EtOH/Water P P P P P P G  

           

4a 1.0 Water I I I I I I I  

4a 1.0  EtOH S P P P P P P  

4a 1.0  MeOH S P P P P P P  

4a 1.0  1-Propanol S P P G G G G  

4a 1.0  Acetone P G G G G G G  

4a 1.0  DMSO S S S S S S S  

4a 1.0  Chloroform P P P P P P P  

4a 1.0  Hexane P P P P P P P  

4a 1.0  Cyclohexane P P P P P P P  

4a 1.0  Cyclohexanone S G G G G G G  

4a 1.0  10% EtOH/Water P P P P P P P  

4a 1.0  20% EtOH/Water P P P P P P P  

4a 1.0  50% EtOH/Water S G G G G G G  

           

4b 1.0 Water S PG PG PG PG PG PG  

4b 1.0 EtOH S P P P P P P  

4b 1.0 MeOH P P P P P PG PG  

4b 1.0 1-Propanol S P P P P P P  

4b 1.0 Acetone P P P P P P P  

4b 1.0 DMSO S S S S S S S  

4b 1.0 Chloroform S PG PG G G G G  

4b 1.0 Hexane I I I I I I I  

4b 1.0 Cyclohexane I I P P P P P  

4b 1.0 Cyclohexanone S G G G G G G  

4b 1.0 10% EtOH/Water S S S S PG PG PG  

4b 1.0 20% EtOH/Water G G G G G G G  

4b 1.0 50% EtOH/Water G G G G G G G  

           

4c 1.0 Water S S S S PG PG PG Clear PG 

4c 1.0 EtOH S S S S P P P  

4c 1.0 MeOH S S S S P P P  

4c 1.0 1-Propanol S S S S P P P  

4c 1.0 Acetone S G G G G G G  

4c 1.0 DMSO S S S S S S S  

4c 1.0 Chloroform S G G G G G G  

4c 1.0 Hexane I I P P P P P  

4c 1.0 Cyclohexane I I P P P P P  

4c 1.0 Cyclohexanone S G G G G G G  

4c 1.0 10% EtOH/Water S S S S PG PG G  

4c 1.0 20% EtOH/Water S S S S PG PG G  

4c 1.0 50% EtOH/Water S S S S P P P  
     G = gel, PG = partial gel, CG = collapsed gel, S = Solution, I = insoluble, P = rapid precipitate formed from solution 
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Table 3.5 Gel formation studies of compounds 1-6b (continued). 
Compound wt% Solvent Time comment 

1 

min 

5 

min 

30 

min 

4  

h 

24 

h 

48  

h 

7 

days 
5 1.0 Water I I I I I I I  

5 1.0 EtOH S S S S S S S  

5 1.0 MeOH S S S S S S S  

5 1.0 1-Propanol S S S S S S S  

5 1.0 Acetone S S S S S S S  

5 1.0 DMSO S S S S S S S  

5 1.0 Chloroform S S S S S S S  

5 1.0 Hexane P P P P P P P  

5 1.0 Cyclohexane P P P P P P P  

5 1.0 Cyclohexanone S S S S S S S  

5 1.0 10% EtOH/Water S I I I I I I  

5 1.0 20% EtOH/Water S I I I I I I  

5 1.0 50% EtOH/Water S S S S S S P  

           

6a 1.0 Water I I I I P P P  

6a 1.0 EtOH S S S P P P P  

6a 1.0 MeOH S S S P P P S  

6a 1.0 1-Propanol S S S P P P P  

6a 1.0 Acetone I I P P P P P  

6a 1.0 DMSO S S S S S S S  

6a 1.0 Chloroform I I I I I I I  

6a 1.0 Hexane I P P P P P P  

6a 1.0 Cyclohexane I P P P P P P  

6a 1.0 Cyclohexanone S S PG PG PG PG PG  

6a 1.0 10% EtOH/Water I P P P P P P  

6a 1.0 20% EtOH/Water I P P P P P P  

6a 1.0 50% EtOH/Water S P P P P P P  

           

6b 1.0 Water S I I I I I I  

6b 1.0 EtOH S S S S S S S  

6b 1.0 MeOH S S S S S S S  

6b 1.0 1-Propanol S S S S S S S  

6b 1.0 Acetone S S S S S S S  

6b 1.0 DMSO S S S S S S S  

6b 1.0 Chloroform S S S P P P P  

6b 1.0 Hexane I I P P P P P  

6b 1.0 Cyclohexane S I I P P P P  

6b 1.0 Cyclohexanone S S S S S S S  

6b 1.0 10% EtOH/Water S I I P P P P  

6b 1.0 20% EtOH/Water S I I P P P P  

6b 1.0 50% EtOH/Water S S S S S S S  
     G = gel, PG = partial gel, CG = collapsed gel, S = Solution, I = insoluble, P = rapid precipitate formed from solution 

 

The gel formation studies in various solvent under varying time were carried 

out by turning the vials upside down under ambient temperature. The results listed in 

Table 3.5 showed the different properties of each gelator for gel formation in various 

solvents. As a result, 1%wt of compounds with bis(methylethyl)benzene space group 

(5, 6a and 6b) cannot form gel in any solvents due to an interruption of hydrogen 

bonding formation from steric hindrance around urea carbonyl group [56]. In case of 

1%wt of compounds with methylenebis(diethylphenyl) space group (1, 3, 4a, 4b and 

4c, except 2c), they showed a good gelation behavior in many solvents, for example 
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EtOH, 50%EtOH, MeOH, acetone, chloroform and cyclohexanone. Deeply 

considering, the gelators containing the aromatic amino acid in carboxylic form as the 

end group of molecules including 4b and 4c exhibited the potential soluble and form 

partial gel in water. The gelation studied for only compound 4b was illustrated in Figure 

3.17. 

 

 

Figure 3.17 Gel formations of 1wt% of compounds 4b in various solvents. 
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3.3.3 Preparation of hybrid GQDs/Gels  

 

Figure 3.18 Proposed primary, secondary and tertiary structures of hybrid GQDs 

hydrogel materials (GQDs/Gels). 

 

Taking on a broad of sensing application, most of numerous sensing system has 

demonstrated in water since most target analyte is soluble in water. Regarding to gelator 

formation study, no gel formation was observed in water. Previous work by our group 

[56], GQDs enable to encourage the gel formation of gelator in water. We, thus, 

investigated the hybrid hydrogel formation of each gelator integrated with GQDs in 

water. The preparation was divided into two pathways; (i) sample was sonicated for 30 

seconds followed by heating for 30 seconds, called M1; (ii) sample was sonicated for 

30 seconds followed by heating for 30 seconds and ended up with sonicating for 10 

seconds, called M2. In Figure 3.19, method 2 (M2) with a good dispersion of GQDs in 

gels was selected for further studies.  

 

Figure 3.19 Comparison between hybrid GQDs/Gels from 4a and 4b that formed by 

method 1 (M1) and method 2 (M2). 
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Table 3.6 GQDs/Gels formation studies of compounds 1-6b. 
Compound wt% Solvent GQDs 

(mg/ml) 

Time Comment 

1 

min 

5 

min 

30 

min 

4  

h 

24 

h 

48  

h 

7 

days 
1 1.0 water 2 I I I I I I I  

2c 1.0 water 2 I I I I I I I  

3 1.0 water 2 I I I I I I I  

4a 1.0 water 2 S G G G G G G  

4a 0.5 water 2 S PG PG G G G G  

4a 0.25 water 2 S PG PG PG PG PG PG  

4b 1.0 water 2 G G G G G G G  

4b 0. 5 water 2 PG PG G G G G G  

4b 0. 25 water 2 S PG PG PG PG PG PG  

4c 1.0 water 2 S PG PG G G G G  

4c 0.5 water 2 S S S PG PG PG PG  

4c 0.25 water 2 S S S S S PG PG  

5 1.0 water 2 S P P P P P P  

6a 1.0 water 2 S P P P P P P  

6b 1.0 water 2 S I I I I P P  
       G = gel, PG = partial gel, CG = collapsed gel, S = Solution, I = insoluble, P = rapid precipitate formed from solution 

 

The hybrid hydrogel formation of each gelator integrated with GQDs in water 

was illustrated in Table 3.6. Surprisingly, the gel formation in water was observed for 

compounds 4a and 4b within 5 min. Of particular interest in the organophosphate 

detection based on enzymatic reaction is the fact that the enzyme would be immobilized 

in the hybrid hydrogel. Therefore, we attempt to retard the hydrogel formation to 

facilitate the penetration of enzyme in the hydrogel. Presumably, decrease of amount 

of gelators at 0.5%wt and 0.25 %wt would retard the hydrogel formation time. From 

Table 3.6, the hybrid hydrogels formation by 4b (0.5 wt%) in water was found to be 

retarded within 30 min. In contrast to other gelators, the gel formation has not been 

success except 4c (0.5 wt%) with a gel formation time in 4 h.    
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3.3.3.1 The effect of GQDs toward GQDs/Gels formation 

To the best our knowledge, supramolecular gels were spontaneously formed 

primary structure in solution by interactions between each low molecular weight 

hydrogelators (LMWGs) via non-covalent interactions such as hydrogen bonding, van 

der Waals interaction and hydrophobic forces. The secondary and tertiary structures 

were further arisen from the aggregation of primary strand into -helix/-sheet and 

fibrous network[52, 53]. Conversely, in water, the hydrogen bonding between gelators 

in primary structure was interrupted. Undoubtedly, the dominant force of a self-

assembled hydrogels was the hydrophobic interaction[87]. The GQDs in this work have 

the sp2-hybidized carbon network surrounded by –COOH- and –OH- functional groups 

at the edge of graphene. They might easily interact with the gelators using - stacking 

between the hydrophobic spacer or aromatic of phenylalanine, and hydrogen bonding 

between carboxylate terminal of amino acid resulting in the water gel formations [36, 

53, 84, 88]. The proposed primary, secondary and tertiary structures of hybrid GQDs 

hydrogel materials (GQDs/Gels) was illustrated in Figure 3.18. It was confirmed by 

the increment of the concentration of GQDs from 0-3 mg/ml as shown in Table 3.7. 

The data showed that the gelator preferred to form the hybrid hydrogels upon the 

increment of GQDs. It suggested that the gelation process was gradually observed 

within 30 minutes in the presence of 2 and 3 mg/ml of GQDs and 4b at 0.5 wt%.  

https://r.search.yahoo.com/_ylt=AwrPg02LkHJbLkUAOAubSwx.;_ylu=X3oDMTBycWJpM21vBGNvbG8Dc2czBHBvcwMxBHZ0aWQDBHNlYwNzcg--/RV=2/RE=1534263564/RO=10/RU=https%3a%2f%2fwww.thefreedictionary.com%2fundoubtedly/RK=2/RS=oDUqak8Mus_s1M6wYGrfEr7QblA-
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Figure 3.20 The gelation behavior by 0.3%wt of 4b (A) and 0.5%wt of 4b (B) at 

various amount of GQDs at 0 (b, h), 0.5 (c, i), 1 (d, j), 2 (e, k) and 3 mg/mL (f, l). For 

GQDs solution at 2 mg/mL (a, g) in 10 mM phosphate buffer pH 8 for 24 h. The left 

picture was taken in normal light and right picture was taken under 365 nm UV light. 

 

Table 3.7 GQDs/Gels formation studies in various concentration of gelator 4b and 

GQDs. 
Gelator 

4b 

(wt%) 

Solvent GQDs 

(mg/ml) 

Time Comment 

1 

min 

5 

min 

30 

min 

4  

h 

24 

h 

48  

h 

7 

days 
0.3 10 mM Phosphate pH 8 - S PG PG PG PG PG PG  

0.5 10 mM Phosphate pH 8 - S PG PG PG PG PG PG  

1 10 mM Phosphate pH 8 - S PG PG PG PG PG PG  

2 10 mM Phosphate pH 8 - S PG G G G G G Opaque 

3 10 mM Phosphate pH 8 - S G G G G G G Opaque 

           

0.3 10 mM Phosphate pH 8 2 S PG PG G G G G  

0.5 10 mM Phosphate pH 8 2 S PG G G G G G  

1 10 mM Phosphate pH 8 2 S G G G G G G Robust 

2 10 mM Phosphate pH 8 2 S G G G G G G Opaque 

3 10 mM Phosphate pH 8 2 S G G G G G G Opaque 

           

0.3 10 mM Phosphate pH 8 0 S PG PG PG PG PG PG  

0.3 10 mM Phosphate pH 8 0.5 S PG PG PG PG PG G  

0.3 10 mM Phosphate pH 8 1 S PG PG PG G G G  

0.3 10 mM Phosphate pH 8 2 S PG PG G G G G  

0.3 10 mM Phosphate pH 8 3 S PG PG G G G G  

           

0.5 10 mM Phosphate pH 8 0 S PG PG PG PG PG PG  

0.5 10 mM Phosphate pH 8 0.5 S PG PG PG PG G G  

0.5 10 mM Phosphate pH 8 1 S PG PG G G G G  

0.5 10 mM Phosphate pH 8 2 S PG G G G G G  

0.5 10 mM Phosphate pH 8 3 S PG G G G G G  

           

1 10 mM Phosphate pH 8 0 S PG PG PG PG PG PG  

1 10 mM Phosphate pH 8 0.5 S PG PG PG PG G G  

1 10 mM Phosphate pH 8 1 S PG G G G G G Robust 

1 10 mM Phosphate pH 8 2 S G G G G G G Robust 

1 10 mM Phosphate pH 8 3 S G G G G G G Robust 
       G = gel, PG = partial gel, CG = collapsed gel, S = Solution, I = insoluble, P = rapid precipitate formed from solution  
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3.3.3.2 The effect of pH toward GQDs/Gels formation 

 

Figure 3.21 Photographs of gel behavior at 30 min (A) gel formation studies of gelators 

4a, 4b and 4c without GQDs in various concentration of phosphate buffer pH 8; the 

GQDs/Gels from 1wt% gelators 4a, 4b and 4c in water (B); and 0.5% wt gelator under 

different concentration of phosphate buffer (C) and different wt% of gelator 4b, in 10 

mM phosphate buffer pH 8 (D) respectively. 

 

The pH effect is one crucial factor which might impact on enzymatic activities. 

Thus the gelation behavior of 4a-4c integrated with GQDs in different pH of 6-9 at 10 

mM buffer solution was investigated and the results were collected in Table 3.8 and 

pointed out the similarly efficient gelation behavior in case of water and phosphate 

buffer solution pH 8. Furthermore, the study on the different concentration ranged 10-

50 mM of buffer solution pH 8 surprisingly revealed the complete hydrogel formation 

at the concentration of buffer at 25 and 50 mM with and without GODs incorporation 

(as shown in Table 3.9). For visual study in gelation behavior, Figure 3.21A-D 

demonstrated the gelation behavior in the different concentration of phosphate buffer 

pH 8 from 10 to 50 mM with and without GQDs. Surprisingly, the good gel formation 

without GQDs was observed by 0.5wt% of 4a and 4b in phosphate buffer pH 8.0 at the 

concentration of 25-50 mM for gelation time of 30 min (Figure 3.21A). Deeply 

considering Figure 3.21C and Figure 3.21D, gelator 4b at concentration of 0.5 wt% 

incorporated GQDs can form a potential hybrid hydrogel and high brightness in 10 mM 

phosphate buffer solution pH 8.0. The results show that the neutral compound of 4b 

(pH 7.52) bearing one Et3NH+ can form hydrogels better than compounds 4a (pH 4.87) 

and 4c (pH 9.98) containing 0 and 2 of Et3NH+, respectively, owing to the easy 
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adjustment to equilibrium between carboxylic acid and carboxylate forms at amino 

group[49]. 

Accordingly, we assumed that the GQDs and phosphate buffer (pH) are the 

important roles for the formation of hybrid hydrogels by acting as the cooperative 

species in this work. Hence, the concentration of the bis(urea-phenylalanine) based 

compound 4b in 10 mM phosphate buffer pH 8 was carried out in the range of 0-3 wt% 

as displayed in Figure 3.21D. Interestingly, the transparent hybrid GQDs/Gels at the 

concentration of 0.5 and 1 wt% of 4b in a presence of 2 mg/ml of GQDs in 10 mM of 

phosphate buffer pH 8 were chosen for further photoluminescent (PL) applications.  
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Table 3.8 Gel formation studies of gelators 4a-4c in a range of pH between 6-9. 
Gelator % Solvent GQDs 

(mg/ml) 

Time Comment 

1 
min 

5  
min 

30 
min 

24 
h 

7 
days 

4a 0.5 Water - I I I I I  

4a 0.5 Water 2 S PG PG G G  

4a 0.5 10 mM Phosphate pH6 2 S PG PG G G  

4a 0.5 10 mM Phosphate pH7 2 S PG PG G G  

4a 0.5 10 mM Phosphate pH8 2 S PG PG G G  

4a 0.5 10 mM Tris pH8 2 S PG PG PG G 4a is not all dissolved 

4a 0.5 10 mM Tris pH9 2 S PG PG PG G  

          

4b 0.5 Water - PG PG PG PG PG  

4b 0.5 Water 2 PG PG G G G  

4b 0.5 10 mM Phosphate pH6 2 S PG PG G G  

4b 0.5 10 mM Phosphate pH7 2 S PG PG G G  

4b 0.5 10 mM Phosphate pH8 2 S PG G G G  

4b 0.5 10 mM Tris pH8 2 S PG G G G 4b is not all dissolved 

4b 0.5 10 mM Tris pH9 2 S PG PG PG G  

          

4c 0.5 Water - S S S S PG  

4c 0.5 Water 2 S S PG PG PG  

4c 0.5 10 mM Phosphate pH8 2 S S PG G G  

 

Table 3.9 Gel formation studies of gelators 4a-4c in different concentration of 

phosphate buffer pH 8. 

G = gel, PG = partial gel, CG = collapsed gel, S = Solution, I = insoluble, P = rapid precipitate formed from solution 

Gelator %wt Phosphate 

buffer pH 8  
(mM) 

GQDs 
(mg/ml) 

pH 
(measured) 

Time comment 
1  

min 

5 

min 

30 

min 

4a 0.5 - - 4.87 I I I  

4b 0.5 - - 7.52 S PG PG  

4c 0.5 - - 9.98 S S S  

         

4a 0.5 10 - 7.71 S PG PG  

4b 0.5 10  - 7.80 S PG PG  

4c 0.5 10 - 8.78 S S S  

         

4a 0.5 25 - 7.89 S PG G  

4b 0.5 25 - 7.97 S G G Robust 

4c 0.5 25 - 8.62 S S PG  

         

4a 0.5 50 - 7.86 S G G  

4b 0.5 50 - 7.93 S G G Opaque  

4c 0.5 50 - 8.41 S PG PG Opaque 

         

- 0.0 - 4  7.70 - - -  

4a 0.5 10 2 7.76 S PG PG  

4b 0.5 10 2 7.84 S PG G Robust 

4c 0.5 10 2 8.68 S S PG  

         

4a 0.5 25 2 7.83 S G G Robust 

4b 0.5 25 2 7.90 S G G Robust 

4c 0.5 25 2 8.42 S PG PG  

         

4a 0.3125 12.5 1.25 7.84 S PG PG  

4b 0.3125 12.5 1.25 7.93 S PG G  

4c 0.3125 12.5 1.25 8.17 S S S  
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3.3.3.3 The rheological properties 

 

Figure 3.22 (A) Stress sweep and (B) frequency-sweep rheology of gelator 4b and 

GQDs/Gels from 4b in different conditions. 

 

Table 3.10 Summarized values of storage modulus and loss modulus of GQDs/Gels 

in various condition 
Gelator wt% GQDs 

(mg/ml) 

PB buffer 

(mM) 
Storage modulus, G 

(Pa) 

Loss modulus, G 
(Pa) 

4b 0.5 - 0 30±2 14±1 

4b 0.5 - 10 28±1 9±0.2 

4b 0.5 - 25 187±12 26±2 

4b 0.5 2 0 60±1 11±0.3 

4b 0.5 2 10 1160±75 112±14 

4b 0.5 2 16.7 1011±28 100±5 

 

To gain more informative gelation properties, the studies of frequency and stress 

sweep rheometry were examined. The rheological properties of salt-compound 4b and 

GQDs/Gels in water and phosphate buffer pH 8 were shown in Figure 3.22A-B. The 

storage modulus (G) and loss modulus (G), which represent the solid and liquid-like 

behavior, respectively, were summarized in Table 3.10. The salt-compound 4b exposed 

some very weak partial gels in water with low G value. The gelator integrated with 

GQDs and phosphate buffer enhanced the G value for gel formation. Interestingly, the 

gel formation under optimized condition by 4b is relatively weak with G values of 30-

1100 Pa and yield stress around 10-100 Pa which are accepted for effective hydrogel. 

Concerning the G value of gelation properties, the results are consistent with the 

gelation behavior by visual studies suggesting the strong hybrid hydrogel obtained by 

the incorporating 4b with GQDs and phosphate buffer, which can support the proposed 

structure of GQDs/Gels as in Figure 3.18 at the primary stage.   
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3.3.4 Preparation of hybrid GQDs/Enz/Gels materials 

In this work, the hybrid hydrogel for sensing application was prepared in 3 

stages. For stage 1 (S1), the adaptive partial gels of the integrated gelator and GQDs 

were performed. After that, AChE and ChOx in phosphate buffer were added to the 

partial gels and the as-prepared materials were left for 24 h until the complete gels 

formation, defined as stage 2 (S2). The final stage (S3) was carried out in the sensing 

step.  

 

Figure 3.23 The fluorescent images of GQDs, GQDs/Enz, GQDs/Gels and 

GQDs/Enz/Gels before (A) and after incubation in acetylcholine for 30 (B), 60 (C) and 

120 min (D). The GQDs/Enz/Gels were prepared by cooling down of GQDs/Gels from 

1 to 5 min, and then, enzymes were added and kept at 5 oC for 24 h prior activity tests. 

(E) The temperature of GQDs/Gel after cooling at room temperature from 0-15 min.  

 

To prepared GQDs/Enz/Gels (stage 2), the cooling time of GQDs/Gels (stage 

1) before addition of bi-enzyme was considerably studied for enzyme activity. The 0.5 

mL of each GQDs/Gels was prepared and cooled between 1 to 5 min at ambient 

condition (20 oC in UK), then, 0.1 mL of AChE and ChOx was added and kept at 5 oC 

for 24 h (see Figure 3.23). 

The 0.1 mL of 10 mg/mL (55 mM) acetylcholine (ACh) was added to the 

GQDs/Enz/Gels. The observation of the enzyme activity by naked-eyed under UV-

light (ex 365 nm) was realized at 30, 60 and 120 min, respectively, (Figure 3.23B-D). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 78 

From Figure 3.23B, the PL response of sensing platform reacted with ACh for 30 min 

exhibited a large PL quenching in the system by cooling time in a range of 2 to 5 min. 

The high efficiency of enzymatic reaction was address under the proper temperature 

about 32-20 oC regarding to the cooling time of 2 to 15 min, respectively, (Figure 

3.23E). These results proved that the enzyme activity was destroyed at high temperature 

with a respect of cooling time of 1 min. The cooling time over 2 min can retain the 

enzyme activity. The addition of enzyme during the partial gel formation process at 5 

min was well suited for further experiments. 

 

 

Figure 3.24 SEM image of gelator 4b in 10 mM phosphate buffer. 

 

To study the formation of hybrid hydrogels with enzymes, SEM images were 

expected to gain more informative network structure of GQDs/Gels (S1) and 

GQDs/Enz/Gels (S2). The gelator 4b in 10 mM phosphate buffer solution showed 

SEM image of nucleated dots and few fibrous networks with average diameter of 200 

nm as shown in Figure 3.24. In case of GQDs/Gels (S1), SEM image of xerogel in 

Figure 3.25B exhibited several short and small nanofiber or fibrous gel with average 

diameter of 290 nm (calculated 100 particles from SEM by using ImageJ software) 

ascribing by the initially self-assembling cooperative GQDs and amino acid gelators 

after heating for 1 min. The well-constructed supramolecular networks of 

GQDs/Enz/Gels (S2) have been found after 30 min of the gelation with enzyme and 

the inset showed longer fibrous network, which was additionally surrounded by many 

small fibres with average diameter of 50 nm (blue arrow). It was assumed that the small 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 79 

fibers gradually self-assembled formed with GQDs to be hydrophobic hybrid 

supramolecular networks via hydrophobic interaction (- interaction) and hydrogen 

bonding[41, 46, 84-86]. Particularly, the hydrophilic enzymes could be entrapped 

inside the aqueous cavity or the surface of hydrophobic nano/microfiber of hydrogel as 

shown in Figure 3.25A to retain their activity [50, 89]. Unfortunately, the GQDs with 

size distribution less than 10 nm could not be observed in SEM image of this hybrid 

material[58].  

 

Figure 3.25 (A) Preparation of partial GQDs/Gels (stage 1) and GQDs/Enz/Gels 

hybrid hydrogels (stage 2). (B) SEM images of the partial gels in stage 1 that was 

prepared for 1 min and the hybrid hydrogels in stage 2 that was prepared for 30 min 

before dropping on stuff and dried for 2 days.  
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The FT-IR spectra of xerogel of hybrid GQDs/Enz/Gels materials were 

represented the combination of GQDs, enzymes and gelator 4b as illustrated in Figure 

3.26. Spectrum of these hybrid materials showed a board absorption band at 3000-3500 

cm-1 (νO-H), shifted peaks at 1633-1645 cm-1 (νasCOO and νCN of amide I of enzymes), 

1574 cm-1 (νasCOO- of GQDs), 1574-1496 (δNH and νCN of urea in gelator 4b and amide 

II of enzymes) in both of both of gelator 4b and enzymes[61, 62] as well as 1386 cm-1 

(νsCOO-) and 1077 cm-1 (νC-OH), belonging to the characteristic peak of -COOH and -OH 

group of the edge of GQDs, respectively. Additionally, the appearance of a small peak 

at 1641 cm-1 and the peak shift at 1574 cm-1 are indicative of an amide I and amide II, 

respectively, of enzyme backbone[61, 62]. However, the low intensity of enzyme is 

possibly caused by very low concentration of bi-enzymes compared to a large amount 

of GQDs and gelator 4b in these materials. Consequently, these results reveal the 

cooperative formation of hybrid GQDs gels with enzymes upon cooling down to room 

temperature. 
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Figure 3.26 FT-IR spectra of starting materials and xerogel of the hybrid hydrogels. 
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3.3.5 Impact of H2O2 toward GQDs/Gels  

Nowadays, the detection of H2O2 is widely utilized for many clinical diagnostics 

because it is an important by-product in many bio-reactions, for example, the catalytic 

reaction of glucose and choline by glucose oxidase and choline oxidase, 

respectively[49]. Carbon quantum dots species (CQDs) were reported as the peroxide-

responsive materials, which exhibited the catalytic properties toward the oxidation of 

3,3,5,5,-tetramethylbenzidine (TMB) in a reaction with H2O2 for detecting glucose[20, 

21]. Likewise, GQDs themselves demonstrated a good capability to catalyze H2O2 to 

be H2O [26, 58].  

 

Figure 3.27 (A) Illustration of peroxidase-catalytic reaction of GQDs/Gels. (B) 

Comparison between concentration of 4b (0.5 and 1 wt%) toward naked-eyed 

brightness quenching by slow passing of H2O2 from top to bottom of vials at room 

temperature. (C) Concentration-dependent PL changes of GQDs/Gels after interaction 

with H2O2 between 0 and 1250 mM at 37 oC for 20 min. Inset of C is Stern-Volmer 

plots from PL of GQDs/Gels after interaction with H2O2 at concentration ranging from 

0 to 125 mM. 

 

According to the good photoluminescent (PL) properties of our hybrid 

GQDs/Gels, we attempt to utilize these hybrid materials for study on the H2O2-

responsive ability via the PL quenching upon interaction with H2O2. The concentration 

of 4b at 0.5 and 1 wt% was used to prepare the hybrid GQDs hydrogels in 10 mM 
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phosphate buffer pH 8. The time-dependent naked-eyed brightness of hybrid 

GQDs/Gels upon the addition of 200 µL of 1 M H2O2 was monitored in Figure 3.27B. 

At 60 min, the brightness quenching of hybrid GQDs/Gels by 0.5 wt% of 4b was higher 

than 1 wt% of 4b. It was implied that the 0.5 wt% of gelator 4b might form the weak 

gels resulting in an easier penetration of H2O2 through the weak gels than a strong one. 

The 0.5 wt% of 4b was selected to further study on the H2O2-reponsive ability. The 

intensity of PL spectra of GQDs/Gels was gradually deceased upon an increment of 

H2O2 from 0 to 1250 mM as shown in Figure 3.27C. The Stern-Volmer equation[66, 

67] (I0/I = 1.0 + Ksv[Analytes]) of the relative PL quenching of GQDs/Gels was plotted 

in Figure 3.27C-inset. This reveals the quenching effect relied on the concentration of 

H2O2 with the Stern-Volmer constant, Ksv of 36.92 L/mol. Notably, the GQDs-

quenched mechanism has not been clearly identified. However, the peroxidase-like 

catalytic activity by graphene oxide and graphene dots was anticipated via an electron 

transfer process[20, 26]. It was implied that the abundant electrons on the surface of 

small particles of GQDs in hybrid hydrogels could transfer to the LUMO of H2O2, then, 

generating GQDs+ species[26] with low PL intensity and releasing H2O as following 

the proposed mechanism in Figure 3.27A.  
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3.3.6 Responsibility of H2O2-generated in situ by the hybrid GQDs/Enz/Gels  

As mentioned above, the encapsulated enzymes on materials have been 

remarkably served their sensitivity and stability[14, 37]. If the entrapment of enzymes 

in this hybrid hydrogels was successfully performed, H2O2 generated in situ by active 

AChE and ChOx could encourage the PL quenching of this material.  

The GQDs/Enz/Gels were incubated with analyte (this case was acetylcholine) 

under 37 oC for 20 min, called stage 3 (S3). Moreover, the rheological studies were 

used to verify the gel properties as illustrated in Figure 3.28. Decrease of gel strength 

assumedly depended on the dilution effect of hybrid material (S1) and in the presence 

of enzymes (S2) as well as acetylcholine solution (S3), respectively. However, all 

stages exhibited an elastic modulus G higher than the viscous modulus G (the G value 

of S1 to S3 is 1100 to 50 Pa and yield stress of 100 to10 Pa), which gave a potential gel 

state [90] for the sensing application in further sections.  

 

 

Figure 3.28 Stress sweep and (A) frequency-sweep(B) rheology of GQDs/Gels before 

(S1) and after (S2) adding enzyme, and GQDs/Enz/Gels after reacting with 

acetylcholine (S3). 

 

Fluorescent spectrometry was further used for gelation and in situ studies. All 

hybrid hydrogel samples were prepared and kept at 5 oC for 24 h prior to use. Firstly, 

the GQDs/Gels hybrid materials were re-heated and then transferred to cuvette for PL 

measurement from 1 min until 20 min. The PL intensity at 465 nm as a function of time 

was remained unchange after cooling down for 15 min as shown in Figure 3.29 
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demonstrating an effective gel-reforming of this hybrid materials. Additionally, the 

concentration range of acetylcholine and organophosphate pesticide did not influence 

on the PL response of GQDs/Gels (Figure 3.30).  

 

   

Figure 3.29 Fluorescent intensity of GQDs/Gels from gelator 4b showed stable 

intensity after re-heating and forming gel again in a cuvette for 15 minutes. The 

GQDs/Gels was prepared under condition of 1.25 mg/ml of GQDs with 0.3125 wt% of 

4b in 12.5 mM phosphate buffer pH 8. 

 

 

Figure 3.30 Fluorescent intensity of GQDs/Gels after addition of ACh and dichlorvos 

(DV) in a range of 1.25 x 10-8 to 1.25 x 10-4 M. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 86 

Incorporation of the GQDs and bi-enzymes in the gels arised the PL intensity 

compared to the GQDs without gels as displayed in Figure 3.31B. It is noticed that the 

PL intensity depended on the quantum confinement with regarding to the size, surface 

and edge of GQDs [24, 27-29]. However, the GQDs solution significantly aggregates 

at high temperature resulting in the continuous change of PL intensity. Hence, the 

enhanced PL intensity of this hybrid hydrogels stemmed from the interaction between 

gelators and GQDs. It was implied that the gelator 4b with two carboxylic groups would 

stabilize the single sheet of GQDs resulting in the aggregated prevention[56, 91].  

 

Figure 3.31 (A) Scheme of H2O2-responsive in situ of GQDs/Enz/Gels biosensor 

(stage 3; S3). (B) The PL quenching of biosensor after adding acetylcholine. (C) In 

comparison of relative enzyme activity between in aqueous solution and gel phase after 

incubated in 5, 25 and 37 oC for 4 h. 

 

To the best our knowledge, the enzymatic reaction of AChE and ChOx in the 

presence of acetylcholine was hydrolyzed to be choline and acetate by AChE, and then 

choline was further oxidized by ChOx to generate H2O2.  

𝑎𝑐𝑒𝑡𝑦𝑙𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝐻2𝑂     
            𝐴𝐶ℎ𝐸           
→                  𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑎𝑐𝑒𝑡𝑎𝑡𝑒              (3.1) 

𝑐ℎ𝑜𝑙𝑖𝑛𝑒 + 𝑂2                      
           𝐶ℎ𝑂𝑥            
→                 𝐻2𝑂2                                          (3.2) 
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The GQDs/Enz/Gels were incubated with acetylcholine under 37 oC for 20 min 

(stage3 in Figure 3.31A) and their PL intensity was measured by a spectrofluorometer. 

From Figure 3.31B, the PL quenching of GQDs/Enz/Gels stemmed from H2O2 

generated from enzymatic reation as shown in equation 3.1 and 3.2. This material is 

reliably constructive for further clinical diagnosis as a biomarker or effective 

organophosphate pesticide sensing. 

The immobilization of enzyme in hydrogels for increasing of their thermal 

stability in industrial and agricultural application has been considerably studied[37, 92]. 

Generally, average temperature in Thailand is about 19-38 oC, thereby the stability of 

hybrid material at mild condition from 5-37 oC was reliably concerned. The comparison 

of relative enzyme activity in aqueous solution and in gel phase was monitored by PL 

quenching as showed in Figure 3.31C. At 5 oC for 4 h, the relative enzyme activity (%) 

in both systems showed a similar to the same condition at the initial time (control). The 

activity of materials stored at room temperature (25 oC) was slightly decreased. 

Remarkably, the activity of materials was significantly reduced under the storage 

temperature at 37 oC. Interestingly, the relative enzyme activity after incubated in 37 

oC for 4 h in gel phase (more than 50%) were much greater than those in aqueous 

solution (less than 10%). The results suggested that hydrogels obtained from gelator 4b 

based on bis urea spacer and phenylalanine amino acid as end group can stabilize an 

enzyme. This property is suitable for industrial and agricultural applications in term of 

a mild temperature using. Furthermore, the activity of GQDs/Enz/Gels is more than 90 

% upon storing at 5 oC for 15 days as shown in Figure 3.32. 
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Figure 3.32 (A) Relative F/F0 of GQDs/Gels. (B) Relative enzyme activity (%) of 

GQDs/Enz/Gels that were kept in 5 oC and room temperature from 4h to 15 days.   
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3.3.7 Signal amplification for increasing responsive sensing of 

GQDs/Enz/Gels 

Base on the organophosphate pesticide detection, the optimized conditions such 

as temperature, pH and concentration of enzymes and acetylcholine are necessary 

requirement.  

 

Figure 3.33 Optimized condition such as temperature (A), pH (B), concentration of 

two enzymes (C) and acetylcholine (D) for sensing application. 

 

For all manipulation, the hybrid hydrogel (GQDs/Gel) in the partial state was 

incubated in ACh for 20 min, then heated and transferred to a cuvette. The mixture was 

left for 15 min prior to PL measurement. The comparison of normalized PL quenching 

(F0-F/F0) was exhibited in Figure 3.33, where F0 and F are PL intensity of GQDs/Gels 

and GQDs/Enz/Gels, respectively, after incubation with ACh for 20 min. Figure 3.33A 

and B showed that the normalized PL quenching of GQDs/Enz/Gels was increased 

upon the increment of temperature from 25 oC to 37 oC and pH from 7 to 8, after that 

the PL quenching were slightly decreased at pH 9. The proper condition for sensing of 

this materials is 12.5 mM phosphate buffer pH 8 at 37 oC which is an effective condition 
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of AChE and ChOx for acetylcholine hydrolyzing with a consistent of the previous 

researches [70-72].  

The large photoluminescent quenching of GQDs/Enz/Gels was discovered 

upon the introduction of the enzymes AChE and ChOx at 2.5 U/mL and 0.625 U/mL, 

respectively, (Figure 3.33C). Interestingly, the PL quenching of GQDs/Enz/Gels was 

increased upon the increment of the concentration of both enzymes. However, the 

proper concentration of ACh at 5 mM provided the largest PL quenching (Figure 

3.33D). Compared to the PL quenching of GQDs/Enz/Gel, the GQDs in gel showed 

an increase of PL quenching upon increment of ACh. However, a high amount of ACh 

(7.5 and 10 mM) showed poor PL quenching. It is rationalized that ACh enabled to 

directly interfere the GQDs in hybrid materials even no enzyme. Based on a cost-

effective alternative for sensing purpose, low concentration of enzyme at 1.25 U/mL of 

AChE, and 0.3125 U/mL of ChOx was employed for all sensing manipulation of this 

enzymatic biosensor.  
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3.3.8 Study on the detection of GQDs/Enz/Gel toward organophosphate 

Typically, the organophosphate pesticides (OPs) are widely used in agricultural 

industry that can generate a serious problem for animal and human health[6]. 

Consequently, an easy, fast and highly effective detection of OPs are the crucial 

challenges. In this work, the hybrid GQDs/Enz/Gels is an alternative material to 

expectedly serve as a high potential sensing approach. The proposed mechanism for 

OPs detection were illuminated in Figure 3.34A. To the best knowledge, the AChE and 

ChOx can catalyze acetylcholine (ACh) to generate H2O2. OPs preferred to bind the 

covalent bond with the active site of AChE [7], thereby, leading the inactive AChE and 

a consequent inhibition of H2O2-genaration in the presence of ACh addition.  

Consequently, the turned-on PL response was observed. Moreover, it was found that 

the PL intensity of GQDs/Enz/Gels depended on the concentration of dichlorvos which 

inhibited the activity of AChE in this hybrid hydrogels (Figure 3.34B). Other 

organophosphate pesticide including, parathion, malathion, and methyl-paraoxon at the 

concentration of 1.25 and 12.5 M were further examined in the inhibition efficiency 

(I%) towards AChE, which was calculated via equation 3.3, where K20without and 

K20withOP are the photoluminescent quenching with and without OP after incubation in 

ACh for 20 min (K20 = F0-F20/20, where F0 and F are PL intensity of GQDs/Enz/Gels 

in the presence and absence of ACh followed by incubation time for 20 min)[10].  

𝐼(%) = (
𝐾20𝑤𝑖𝑡ℎ𝑜𝑢𝑡 − 𝐾20𝑤𝑖𝑡ℎ𝑂𝑃

𝐾20𝑤𝑖𝑡ℎ𝑜𝑢𝑡
) × 100              (3.3) 
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Figure 3.34 (A) Proposed mechanism of hybrid GQDs/Enz/Gels for organophosphate 

pesticide detection. (B) PL intensity of GQDs/Enz/Gels upon increment of dichlorvos 

concentration between 1.25x10-9 to 1.25x10-4 M (ex 360 nm). (C) Comparison of 

inhibition efficiency (%) of AChE in hybrid hydrogels after incubated in 1.25x10-6 and 

12.5 x10-6 M of four OPs. (D) and (E) Inhibition efficiency (%) of AChE in this material 

after incubation in various concentration of dichlorvos and methyl-paraoxon. Insets of 

D and E showed linear range of dichlorvos and methyl-paraoxon detections in log 

concentration of 1.25x10-8 to 1.25x10-4 M and 1.25x10-9 to 0.625x10-4 M, respectively. 

 

From Figure 3.34C, the inhibition efficiency (I%) in two concentrations showed 

the similar trend of the I% for both methyl-paraoxon and dichlorvos which are higher 

than malathion and parathion, respectively. The inhibition efficiency of AChE by OPs 

in the oxo-form (P=O) proved to be higher inhibition efficiency (I%) than that of OPs 
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in thio-form (P=S) possibly caused by the effect of more electrophile phosphorus atom 

in oxo-form of methyl-paraoxon and dichlorvos than the thio-form of malathion and 

parathion resulting in the favorable covalent formation between oxygen based enzyme 

and phosphorus atom of OPs [13, 19]. Therefore, we further studied the sensing ability 

of GQDs/Enz/Gel toward the oxo-form of dichlorvos and methyl-paraoxon in 

phosphate buffer solution pH 8.0. In particular of quantitative analysis of 

GQDs/Enz/Gel, the PL titration in term of the correlation between an inhibition 

efficiency (I%) and concentration of OPs was demonstrated, and the calibration curve 

was plotted in Figure 3.34D and E. The inhibition efficiency (%I) of AChE towards 

dichlorvos (DV) and methyl-paraoxon (MP) in linear range of 1.25x10-8 to 1.25x10-4 

M and 1.25x10-9 to 0.625x10-4 M, respectively, that are better linearity than our previous 

work in the range of 0.45x10-6 to 0.45x10-4 M for DV and 0.4x10-6 to 0.4x10-5 for MP, 

respectively, as shown in Table 3.11. Most sensory system based on enzymatic reaction 

showed the detection limit of pesticide at 10% inhibition of AChE [73]. Fascinatingly, 

the LOD of this hybrid material towards DV and MP are 2.61x10-8 M and 6.79x10-9 M, 

which are more effective than our previous work providing the LOD of DV and MP of 

0.78x10-6 M and 0.34x10-6 M, respectively. 

 

Table 3.11 The comparison of linear range and LOD between GQDs/Enz and 

GQDs/Enz/Gels. 

Organophosphate Method Linear range 

(µM) 

LOD 

(µM)   

LOD 

(ppm) 

dichlorvos aqueous 0.45-45 0.78 0.172 

 hydrogel 0.0125-125 0.0261 5.76x10-3 

methyl-paraoxon aqueous 0.40-4.05 0.34 0.084 

 hydrogel 0.00125-62.5  0.00679 1.67x10-3 
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3.3.9 Comparison of the GQDs/Enz in aqueous and in hydrogel state 

As previous works, the small molecule detection using hydrogel based biosensor 

in both electrochemical and optical transduction have been reported such that the 

responsive sensor and linearity would be improved by signal amplification, particularly 

by optimum enzyme loading and concentrations, hydrogel networks, optimum buffer 

strength and pH [93-101]. Generally, in electrochemically methods, the enzyme needs 

to be deposited on the electrode by using hydrogels for analysis detection such as 

glucose, glutamase and lactase in electrochemical method. In comparison, increasing 

amount of immobilized enzyme can generate a highly sensitive sensor (or the detection 

limit is very low), but the linearity is limited. Interestingly, the linear range can be 

extended by a ticker membrane or using selective membrane such as polyurethane due 

to diffusion-limiting membrane. Then, the sensitivity must be sacrificed [96, 97, 99, 

101].  

According to our previous work, the different concentration of enzyme in the 

GQDs/Enz platform without gels was for OPs sensing approach. To compare the 

sensing affinity of GQDs/Enz and GQDs/Enz/Gel under same condition, methyl-

paraoxon was chosen as a model for investigation as shown in Figure 3.35A and B. Our 

hypothesis in the enhancement of the sensitivity and linearity of this biosensor was 

reasonably addressed.  

 

Figure 3.35 PL emission spectra of GQDs/Enz (A) and GQDs/Enz/Gels (B) upon the 

increasing of methyl-paraoxon (MP) at concentration between 1.25x10-9 to 1.25x10-5 

M (ex 360 nm).  
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As comparison of this work with the previous work without gels, the GQDs/Enz 

in aqueous phase at higher concentration of enzyme gives lower response to methyl-

paraoxon. It is indicated that this concentration of enzyme is not suitable for aqueous 

phase (overloaded enzyme). Deeply considering, the rate of fluorescent change for 

GQDs/Enz/Gel in the presence of the same amount of OPs is higher than that of 

GQDs/Enz in solution possibly caused by the diffusion-limiting role of hydrogels[96, 

97, 99, 101] which can extend the linear range of detection.  

An effective detection limit should be reliably realized. By careful adjustment of 

parameter, such increasing of enzyme concentration and the higher PL intensity of 

GQDs signal in hybrid materials may encourage the sensitivity of sensing aspect. 

Moreover, the hydrophobic molecule of OPs might be well compatible with 

hydrophobic nano/microfibers of hybrid hydrogel media and consequently, it takes high 

impact interaction with enzyme incorporated in gel resulting in a large turn-on PL even 

in the presence of small amount of OPs [10, 50, 91]. Hence, we supposed that the 

properties of the diffusion-limiting role, the PL enhancing, and the stabilization of the 

hydrophobic-induced interaction of OPs-AChE hold out tremendous promise for 

improving the linear range and detection limit for sensing approach by this hydrogel 

system. 
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3.3.10 Lab on chips 

Furthermore, the development of small scale of rapid, convenient and high-

throughput sensing system is currently of increasing interest. Portable lab of small scale 

of hybrid hydrogels on glass slide was prepared to screen the amount of dichlorvos 

(DV) illustrated in Figure 3.36. The naked eyed fluorescence image obtained by smart 

phone for a sensing of GQDs/Enz/Gels with DV under UV-light at 365 nm displayed 

a significant brightness change upon the increment of DV from 1x10-3 to 1x10-6 M. 

After adding ACh for 20 min, the RGB values were evaluated by using imageJ 

software[18], which showed an increase of green value as a function of DV 

concentration (Figure 3.37). This result suggested that GQDs/Enz/Gels enable to be 

developed for the fundamental sensor with rapid and convenient system and applied to 

be a portable OPs sensor in food, water and environment. 

 

 

Figure 3.36 Photographs of hybrid GQDs/Enz/Gels sensory chips in the presence of 

various concentration of dichlorvos (DV) and time of measurement. 
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Figure 3.37 RGB of green value of 50 L GQDs/Enz/Gels on glass slide 2h after 

addition of 10 L of dichlorvos (DV) in a range of 1x10-6 to 1x10-3 M and followed by 

10 L of 80 mM ACh. The final concentration of these hydrogels is 1.25 mg/mL of 

GQDs, 0.3125%wt of 4b, 20 U/mL of AChE and 2 U/mL of ChOx. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

4.1 Conclusion 

 

 

Figure 4.1 Proposed GQDs/Enz and GQDs/Enz/Gels biosensor systems for detection 

of organophosphate pesticide 

 

In summary, we have successfully demonstrated the real time sensor of graphene 

quantum dots based enzymatic reaction (GQDs/Enz) for adaptive determination ability 

toward organophosphate pesticides (OPs) as shown in Figure 4.1. Taking an advantage, 

GQDs/Enz biosensor would be easily oxidized by H2O2 at pH 8 condition inducing the 

fluorescence quenching. Upon the addition of dichlorvos and methyl-paraoxon, it will 

react with acetylcholinesterase (AChE) to inhibit the generation of H2O2 in the system 

resulting in a strong fluorescence response. This biosensor highlighted sensitive and 

rapid detection of dichlorvos with detection limit of 0.172 ppm (0.778 μM). 

Additionally, this approach offered the benefit for determination of the dichlorvos in 

real samples. 

Furthermore, a new low molecular weight gelator (LMWG) based on 

methylenebis(diethylphenyl) spacer conjugated to bis-urea and phenylalanine amino 

acid as end group which performed an excellent gelation by integrating with graphene 

quantum dot (GQDs) and phosphate buffer. The advantage of this gelator formation is 

its preparation in phosphate buffer which offers a benefit for compatibly biological 

system and easy accessibility. Moreover, enzymes AChE and ChOx were incorporated 

in hydrogel containing GQDs as signaling unit. Therefore, the sensing affinity of 
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GQDs/Enz/Gel material for detection of organophosphate (OPs) have been 

investigated and found that GQDs/Enz/Gel is exploited to significantly improve the 

performance of OPs sensing. This hybrid hydrogel material showed 10-100 folds 

improvement in the limit of detection (LOD of dichlorvos is 0.0261 μM) and linearity 

range compared to the analogue enzymatic reaction by GQDs/Enz material in solution. 

The linear ranges of dichlorvos detection are in 1.25x10-8 to 1.25x10-4 M and 0.45x10-

6 to 0.45x10-4 M for gels and solution phase, respectively. To develop an easily-

visualized sensing approach, the small scale or lab on chips has been screened to 

improve the fundamental sensor in future. This work also provides new insight into 

improving the performance of hybrid hydrogel properties by low molecular weight 

gelator with an assist of GQDs and phosphate buffer and taking an advantage of sensing 

application with a highly potential sensitivity and stability.   

 

4.2 Suggestions for future works 

Future work will focus on: 

i) development of small scale or lab on chips sensing system for easy to use 

ii) development of another type of GQDs such as boronic graphene quantum 

dots that show high PL intensity for H2O2 and organophosphate detection. 
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Figure A1. The 1H-NMR of 4,4’-methylenebis(2,6-diethylphenyl isocyanate) in 

DMSO-d6. 

 

 

Figure A2. The 1H-NMR of compound 1 
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Figure A3. The 1H-NMR of compound 2c 

 

 

Figure A4. The 1H-NMR of compound 3 
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Figure A5. The 1H-NMR of compound 5 

 

 

Figure A6. The 1H-NMR of compound 6a 
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Figure A7. The 1H-NMR of compound 6b 
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Figure A8. ESI mass spectrum of compound 1. 

 

 

Figure A9. ESI mass spectrum of compound 2c. 

 

 

Figure A10. ESI mass spectrum of compound 3. 
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Figure A11. Accurate mass spectrum of compound 4a 

 

 

Figure A12. Accurate mass spectrum of compound 4b  

 

 

Figure A13. ESI mass spectrum of compound 4c  
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Figure A14. ESI mass spectrum of compound 5. 

 

 
Figure A15. ESI mass spectrum of compound 6a. 

 

 
Figure A16. ESI mass spectrum of compound 6b. 
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Figure A17. Linear range of dichlorvos detections in tap water by using GQDs/Enz 

platform with spiked dichlorvos in log concentration of 0.2 ppm to 4 ppm. 

 

 

Figure A18. Linear range of dichlorvos detections in field water 1 by using GQDs/Enz 

platform with spiked dichlorvos in log concentration of 0.2 ppm to 4 ppm. 
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Figure A19. Linear range of dichlorvos detections in field water 2 by using GQDs/Enz 

platform with spiked dichlorvos in log concentration of 0.2 ppm to 4 ppm. 

 

 
 

Figure A20. Linear range of dichlorvos detections in Milli-Q water by using LC/MS 

method with spiked dichlorvos in concentration of 1 ppm to 5 ppm. 
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Figure A21. Linear range of dichlorvos detections in tap water by using LC/MS 

method with spiked dichlorvos in concentration of 1 ppm to 5 ppm. 

 

 

Figure A22. Linear range of dichlorvos detections in field water 1 by using LC/MS 

method with spiked dichlorvos in concentration of 1 ppm to 5 ppm. 
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Figure A23. Linear range of dichlorvos detections in field water 2 by using LC/MS 

method with spiked dichlorvos in concentration of 1 ppm to 5 ppm. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VITA 
 

VITA 
 

NAME Miss Chonticha Sahub 

DATE OF BIRTH 31 July 1987 

PLACE OF BIRTH Roi Et 

INSTITUTIONS 

ATTENDED 

A high school diploma from Kaennakhon Wittayalai 

School (Mathematics and Science Programme), Khon 

Kaen in 2005, under the scholarship from the 

Development and Promotion of Science and Technology 

Talent Project (DPST) since 2003 until present.  

Bachelor’s degree of Science in Chemistry with a first 

class honor from Khon Kaen University, Khon Kaen, 

Thailand in 2009.   

Master's Degree (Chemistry), Chulalongkorn University, 

Bangkok, Thailand since 2010 to 2013.   

Doctor of Philosophy degree (Chemistry) and a member of 

supramolecular research unit at Chulalongkorn University, 

Bangkok, Thailand since 2013 to 2018. 

HOME ADDRESS 204, Moo.1, Photong Sub-District, Phontong District, Roi 

Et, 45110. 

PUBLICATION Sahub, C.;  Tumcharern, G.;  Tuntulani, T.;  Ekgasit, S.;  

Palaga, T.; Tomapatanaget, B., Study of Novel Self-

Assembled Coordination Nanoparticles from Surfactants 

and Gadolinium ion to Stabilize Curcumin in Buffered 

Solution. KKU Research Journal, 2013; 18(5).  

 

Sahub, C.;  Tumcharern, G.;  Chirawatkul, P.;  

Ruangpornvisuti, V.;  Ekgasit, S.;  

Wanichweacharungruang, S.;  Tuntulani, T.;  Palaga, T.; 

Tomapatanaget, B., Self-assembly of Gd3+/SDS/HEPES 

complex and curcumin entrapment for enhanced stability, 

fluorescence image in cellular system. Colloids Surf B 

Biointerfaces, 2017, 156, 254-261.  

 

Jeong, Y.;  Tonga, G. Y.;  Duncan, B.;  Yan, B.;  Das, R.;  

Sahub, C.; Rotello, V. M., Solubilization of Hydrophobic 

Catalysts Using Nanoparticle Hosts. Small, 2018, 14 (7).  

 

Sahub, C.;  Tuntulani, T.;  Nhujak, T.; Tomapatanaget, B., 

Effective biosensor based on graphene quantum dots via 

enzymatic reaction for directly photoluminescence 

detection of organophosphate pesticide. Sensors and 

Actuators B: Chemical, 2018, 258, 88-97.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 121 

 

Sahub, C.; Andrews, J. L.; Smith J. P.; Asyikin M. A. M.; 

Tomapatanaget, B., Steed J. W., A hybrid graphene 

quantum dots/enzyme hydrogel for highly efficient 

photoluminescence sensing of organophosphate pesticides. 

Impressed, 2018. 

AWARD RECEIVED ACS Sensors Prize in the 5th International Conference on 

Molecular Sensors and Molecular Logic Gates (MSML 

2016), University of Bath, Bath, UK.  

 

Outstanding Awards in Biological Science in the 8th 

Conference on Synchrotron Light Research Institute (SLRI 

2018), 2 June, 2018, Centara Grand at Central Plaza 

Ladprao, Bangkok, Thailand. 
  

 

 


	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	CHAPTER I
	1.1 Introduction
	1.2 Research objective
	1.3 Literature reviews
	1.4 Scope of this research
	1.5 Benefits of this research

	CHAPTER II Graphene quantum dots for organophosphate sensing
	2.1 Introduction
	2.2 Analytical measurement
	2.3 Experimental
	2.3.1 Materials
	2.3.2 Preparation of the graphene quantum dots (GQDs)
	2.3.3 Preparation of GQDs/AChE/ChOx (GQDs/Enz) biosensors
	2.3.4 UV-visible and photoluminescence (PL) studies of GQDs
	2.3.5 Impact of H2O2 toward the GQDs
	2.3.6 Responsibility of H2O2-generated in situ by GQDs/Enz
	2.3.7 The detection of organophosphate by GQDs/Enz
	2.3.8 Effect of interfering ions
	2.3.9 Organophosphate detection in real samples

	2.4 Results and discussions
	2.4.1 Structural morphology characterizations of GQDs and GQDs/Enz
	2.4.2 Infrared spectroscopy studies
	2.4.3 UV-visible and photoluminescence (PL) studies of GQDs
	2.4.4 Role of GQDs toward peroxidase-catalytic reaction of H2O2
	2.4.5 Responsibility of H2O2-generated in situ by GQDs/Enz
	2.4.6 Signal amplification for increasing responsive sensing of GQDs/Enz
	2.4.7 OPs detection by using the GQDs/Enz nanomaterial
	2.4.8 Effect of interfering ions
	2.4.9 Determination of organophosphate in real samples


	CHAPTER III Hybrid hydrogels for organophosphate detection
	3.1 Introduction
	3.2 Experimental
	3.2.1 Materials
	3.2.2 Synthesis of compound 1 to 6b
	3.2.2.1 4,4’-methylenebis(2,6-diethylphenyl isocyanate)
	3.2.2.2 Compound 1
	3.2.2.3 Compound 2c
	3.2.2.4 Compound 3
	3.2.2.5 Compound 4b
	3.2.2.6 Compound 4a
	3.2.2.7 Compound 4c
	3.2.2.8 Compound 5
	3.2.2.9 Compound 6b
	3.2.2.10 Compound 6a

	3.2.3 Gel screening test
	3.2.4 Preparation of hybrid GQDs/Gels
	3.2.5 Impact of H2O2 toward the GQDs/Gels
	3.2.6 Preparation of hybrid GQDs/Enz/Gels
	3.2.7 The determination of organophosphate pesticides
	3.2.8 Rheology
	3.2.9 Scanning electron microscopy

	3.3 Result and discussions
	3.3.1 Characterization of compound 1-6b
	3.3.2 Gel screening
	3.3.3 Preparation of hybrid GQDs/Gels
	3.3.3.1 The effect of GQDs toward GQDs/Gels formation
	3.3.3.2 The effect of pH toward GQDs/Gels formation
	3.3.3.3 The rheological properties

	3.3.4 Preparation of hybrid GQDs/Enz/Gels materials
	3.3.5 Impact of H2O2 toward GQDs/Gels
	3.3.6 Responsibility of H2O2-generated in situ by the hybrid GQDs/Enz/Gels
	3.3.7 Signal amplification for increasing responsive sensing of GQDs/Enz/Gels
	3.3.8 Study on the detection of GQDs/Enz/Gel toward organophosphate
	3.3.9 Comparison of the GQDs/Enz in aqueous and in hydrogel state
	3.3.10 Lab on chips


	CHAPTER IV
	4.1 Conclusion
	4.2 Suggestions for future works

	REFERENCES
	APPENDIX
	VITA

