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Enhance of an efficient sensitivity for the diclhovors detection by a 
low-weighted gelator based bolaamphiphile amino acid 
derivatives decorated with a hybrid graphene quantum 
dots/enzyme/ hydrogel 

Chonticha Sahuba, Jessica L. Andrewsb, James P. Smithb, Maya A. Mohamad Arifb, Boosayarat 
Tomapatanageta*, Jonathan W. Steedb* 

Going beyond an efficient sensitivity of optical biosensor motivates the exploration of amplification strategy that 

incorporated the biosensor system in the supramolecular hydrogel.  We established the novel fluorescent hybrid materials 

comprising graphene quantum dots and enzymes supported in L-phenylalanine derived bis(urea) supramolecular hydrogels 
(GQDs/Enz/Gels) for detection of organophosphate. Addition of acetylcholinesterase (AChE) and choline oxidase (ChOx) 
during the formation of the self-assembled GQDs/Gel materials, resulted in enzyme-functionalized gel networks. Significant 

turn-off fluorescence of the encapsulated GQDs in the hydrogels was due to the hydrogen peroxide generated from the 

active enzymatic reaction. Addition of the insecticide dichlorvos to the GQDs/Enz/Gels materials resulted in the recovery of 

the fluorescence in proportion to the concentration of dichlorvos, with a detection limit of 2.61x10-8 M which outperforms 

analogous in solution by 100-fold improvement and a wider linear range of 1.25x10-8 – 1.25x10-4 M compared to biosensor 

in solution. These hybrid hydrogels show promising sensitivity for detection of oxy-form organophosphate pesticide and 

expectedly offer scope for the development of rapid and environmentally friendly techniques. 

Introduction 

Supramolecular, or low molecular weight gels, and particularly 

hydrogels, have wide ranging applications in areas such as controlled 

drug release1-2, enzyme stabilization and immobilization3-5, 

pharmaceutical polymorph control 6-8, anion or metal ion sensing 9-

13, and as biosensors 14-16. Supramolecular hydrogels arise from the 

self-assembly of low molecular weight gelators (LMWG) and large 

amount of water (typically higher than 99% by mass) using non-

covalent interactions.  Bolaamphiphilic molecules comprise of at 

least two parts including a hydrophobic skeleton such as alkyl chains, 

a steroid, or a porphyrin and two hydrophilic groups on both ends 

which are symmetric or asymmetric end group.  Most 

bolaamphiphiles with the hydrophobic spacers have been designed 

as low molecular mass gelators17-19 which is a technical advantage in 

terms of the low concentration required for formation of aqueous or 

organic gels. For gel formation, the interaction between 

bolaamphiphilic based gelator stemmed from the hydrogen bonds, 

hydrophobic effect, – stacking interaction. These noncovalent 

interactions of bolas can form self-assemble to generate the sheets, 

micelles, vesicle, fibers and nanotubes. 20-22   Work of Minghua Liu23 

demonstrated the novel bolaamphiphilic gelators with L-glutamic 

acid as end group, connecting with the rigid aromatic substituents by 

varying the different lengths of alkyl chains as spacers which greatly 

changes the gelation property and the gel structures.  Particularly, 

the even-odd alkyl chain would influence to the gelating and self-

assembly under the hydrogen bonding from amide groups and a 

strong – stacking interaction.  Arindam Banerjee24 reported the 

metal-ion-induced, pH-responsive hydrogel formation using 

phenylalanine-based bolaamphiphilic molecule.  One of these 

metallo-hydrogels showed a benefit for encapsulation of vitamin B12 

molecules with slowly releasing under various pH system.  Moreover, 

there are the research presenting that inorganic silica gel and gold 

particles exhibited much more stable under an organic 

Bolaamphiphilic molecules monolayer. A technical advantage of the 

Bolaamphiphilic molecules is attractive in terms of the low 

concentration at which aqueous or organic gels are formed25.   Non-

chemically crosslinked hydrogels have been extensively studied in 

the context of enzyme encapsulation and stabilization3. However, a 

flexible and porous structure is required to facilitate full penetration 

of the enzyme into the substrate and therefore, solid-phase 

substrates such as metal nanoparticles, or even a mobile gel-type 

networks without well-defined pores, have seen less success26-28.  

Hence, the immobilization of amphiphilic GQDs and enzymes into 

hydrogels remains of great interests for amplifying a signal to give 

high sensitivity for sensing applications and maintaining enzymatic 

activity in biological applications.  Considerably, carbon dots 

mediated through the hydrogel encapsulation show advantageously 

in high fluorescent intensity compared to those in solution.29-30 Its 

benefit of high sensitivity for sensing application is of great merits.  

a. Address here. 
b. Address here. 
c. Address here. 
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Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x 



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Organophosphate pesticides (OPs) such as dichlorvos, paraoxon 

and parathion are insecticides used worldwide in the agricultural 

industry. Several organophosphate pesticides can directly disturb the 

active site of acetylcholinesterase (AChE) enzyme in the insect’s 

nervous system subsequently leading to insect death31-32. However, 

they can also persist as contaminants in food, soil, water, and the 

environment, which can seriously impact human health.33-36 

Scheme 1. Hybrid hydrogels of GQDs/Enz/Gels and proposed mechanism of 

organophosphate pesticide detection. 

In our previous work, we have reported the determination of 

organophosphate pesticides by using GQDs in the solution phase 

under an enzymatic reaction37. However, the requirement of 

materials for highly sensitive and easy to engineer as a sensing device 

for the detection of organophosphate pesticides remains.  

In this work, we have constructed a highly sensitive and 

convenient organophosphate sensing system based on a hybrid 

hydrogel system integrating GQDs, enzymes and small molecule 

hydrogelators to selectively detect organophosphate with extremely 

high sensitivity. The design incorporates bolaamphiphile gelators 

based on bis(urea)s and amino acid derivatives. These functionalities 

impart compatibility with the water-soluble double-enzyme system 

(AChE and ChOx) in phosphate buffer. Bis(urea) derivatives are an 

effective supramolecular gelators because their hydrogen-bonded α-

tape motif promotes one-dimensional fibril formation in conjunction 

with hydrophobic and -stacking interactions38-40. Quantitative 

analysis of OPs using this hybrid material arises from the turn-on PL 

response observed in the presence of the pesticide and is caused by 

inhibition of the enzymatic production of hydrogen peroxide, which 

quenches luminescence as shown in Scheme 1. To the best of our 

knowledge, this hybrid hydrogel material is the first fluorescent 

hydrogel probe integrating GQDs and enzymes with a small-

molecular gelator. Fantastically, this system gives extremely high 

sensitivity, down to nanomolar levels of detection. 
 

Results and Discussion 

 

Synthesis and characterization of hybrid hydrogel materials 

 

In the present work we have screened a range of bolaamphiphile 

moiety, amino acid derived gelators with hydrophobic central 

spacers. The structures are based on tetraethyldiphenyl methane 

(compounds 1-4) and bis(methylethyl)benzene linkers (compound 5-

6), with a chemically diverse range of end groups derived from 

biocompatible amino acids, including L-valine methyl ester (1), L-

phenylalanine methyl ester (3 and 5), L-leucine (2c); and L-

phenylalanine (4a-c and 6a-b). Depending on the pH, these gelators 

exist either as the free acids, or as singly or doubly deprotonated 

forms. Free acids are denoted with the ‘a’ suffix, singly deprotonated 

species as ‘b’ and doubly deprotonated as ‘c’. The molecular 

structures of all gelators are shown in Fig. 1. The synthesis of all 

compounds was achieved via a one-step reaction of the precursor 

diisocyanate and the requisite amino acid derivatives in the presence 

of triethylamine.  With the characterization of all gelators, the 1H 

NMR spectra and analytical data are sensitive to the protonation 

state and the representative 1H NMR spectra for compounds 4a, 4b 

and 4c are shown in the supporting information, Fig. S8. The 

assignment of the acidic OH and NH resonances was confirmed by 

D2O exchange.  

Fig 1. Synthetic pathway route of gelators 4b, 4a and 4c, and molecular 

structures of gelators 1-6b based on bis(urea) and amino acid derivatives 

The gelation behavior of all compounds was tested in various 

solvents as shown in Tables S1 – S9. They were found that the 

sterically bulky bis(methylethyl)benzene spacer group (5, 6a and 

6b)41 did not form gels in any solvents and compounds with the 

tetraethyl diphenylmethane spacer (1, 3, 4a, 4b and 4c), showed 

good gelation behavior in many solvents at 1 wt%, especially for 4b 

in Fig. S9. For enzyme compatibility, the gelation in water to form 

hydrogels is of key importance, particularly since the target 

organophosphate analytes are also water soluble. Moreover, 

previous work by our group42 reported that carbon dots encourage 

hydrogel formation. Hence, we investigated hybrid hydrogel 

formation of each gelator in conjunction with GQDs in water (Table 

S10).   Gel formation in water was observed for compounds 4b and 

4a within 5 min, in contrast to the same system in the absence of 

GQDs.  To facilitate organophosphate detection via an enzymatic 

reaction, the enzymes must be immobilized in the hybrid hydrogel. 

Therefore, we attempt to retard the hydrogel formation to facilitate 

penetration of the enzyme into the gel matrix. As expectation, 

decreasing the gelator concentration to 0.25 – 0.5%wt resulted in 

increasing the hydrogel formation time. From Table S10 showing the 
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gel formation of all gelators, it was found that the gel formation by 

4b in water was found to take 30 min, while 4a exhibited a gel 

formation time of 4 h under these conditions.  

Focusing on 4b, the gelation behavior was studied at 0.3-1 wt% 

by increasing the concentration of GQDs from 0-3 mg/ml (Table S11 

and Fig. S12). The data showed that the gelator preferentially formed 

the hybrid gel in the presence of GQDs. Gelation for the mono-

deprotonated 4b was observed within 30 minutes in the presence of 

2 and 3 mg/ml of GQDs at 0.5 wt% gelator. In contrast to pure water, 

gelation of phosphate buffer solution at pH 8 proved to be 

significantly more efficient with 4b forming gels at 2 wt% after 30 min 

even in the absence of GQDs.  

The mechanism by which the GQDs enhance gelation is not clear, 

however it may result from additional cross-linking of the gel fibrils 

by adsorption of the GQDs onto the hydrophobic surface of the gel 

fibril. The dominant driving force for gel fibril assembly is the 

hydrophobic interaction43 .  We postulate that GQDs interact with 

the gelators via - stacking between the hydrophobic spacer or 

aromatic residue of the phenylalanine substituent, and hydrogen 

bonding between the terminal carboxylate of the amino acid and the 

GQD peripheral groups resulting in an enhanced hydrogel formation 
44.  

 Since enzyme activity is usually affected by the pH condition, 

thus,pH and buffer concentration should be investigated in this 

sensing system. The gelation behavior of 4a – 4c integrated with 

GQDs was therefore examined at pH of 6 – 9 in different 

concentration of phosphate buffer collected in Table S12. In general, 

the pH changes in 6-9 range showed similar gelation behavior. 

However, our previous work reported the efficient activity of enzyme 

at pH 8.  Hence, the dependence on buffer concentration at pH 8.0, 

thus, was examined from 10 – 50 mM of phosphate buffer solution. 

Surprisingly, complete hydrogel formation was observed at 25 and 

50 mM of buffer solution, both with and without GQDs (Table S13).  

Considering in Fig. 2A, gel formation without GQDs was also 

observed within 30 min, at 0.5wt% of 4a and 4b in 25 – 50 mM 

phosphate buffer, at pH 8.0. However, regards of the optimal GQD 

hybrid gel formation is shown in Fig. 2(C–D), indicating that 0.5 wt% 

of 4b, combined with GQDs showed a well-formed hydrogel and 

transparent gels in 10 and 25 mM phosphate buffer solution pH 8.0. 

 

  

 

 

 

 

 

Fig 2 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 (B) 1wt% gelators 4a, 4b and 4c in water; 

the GQDs/Gels under (C) different concentration of phosphate buffer and (D) 

different wt% of gelator 4b, respectively. 

 

These results show that the mono-deprotonated compound 4b 

forms significantly more robust hydrogels than either the free acid or 

doubly deprotonated form, compounds 4a and 4c, respectively.  

Moreover, the concentration of the gelator 4b in 10 mM phosphate 

buffer pH 8 was studied over the range of 0–3 wt% as Fig. 2D. 

Transparent hybrid GQDs/Gels were obtained at concentrations of 

0.3 and 0.5 wt% of 4b in the presence of 2 mg/ml of GQDs and 10 

mM phosphate buffer at pH 8. These conditions produced gels with 

optimum properties and were therefore chosen for further 

photoluminescent (PL) sensing studies.   

The formation of the gels and their bulk mechanical properties 

were examined by frequency and stress sweep rheometry. The 

rheological properties of gels of compound 4b, both with and 

without GQDs, in both water and phosphate buffer at pH 8, are 

shown in Figs. 3A and B. Only very weak partial gels are formed from 

0.5wt% of gelator 4b in water.  Gelation can, however, be enhanced 

by the addition of GQDs or by using phosphate buffer as the solvent, 

as shown by the larger G values shown in Table 1.  

Fig. 3. (A) Stress sweep and (B) frequency-sweep rheology of gelator 4b and 

GQDs/Gels from 4b in different conditions. 

 

Under optimized conditions, gels of compound 4b produce G 

values up to 1100 Pa and yield stresses up to 100 Pa. These results 

are consistent with the visual observation that the gels of 4b 

containing GQDs and phosphate buffer are relatively robust. 
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Table 1 Summarized values of storage modulus and loss modulus of samples 

in various conditions 

Gelator GQDs 

(mg/ml) 

PB 

buffer 

(mM) 

Storage 

modulus, 

G (Pa) 

Loss 

modulus, 

G(Pa) 

4b - 0 30±2 14±1 

4b - 10 28±1 9±0.2 

4b 2 0 60±1 11±0.3 

4b 2 10 1160±75 112±14 

 

Preparation of hybrid GQDs/Enz/Gel materials 

Fig 4. (A) Preparation of partial GQDs/Gels (stage1) and GQDs/Enz/Gels 

hybrid hydrogels (stage2). (B) SEM images of the dried partial gels (xerogels) 

from stage 1 prepared for 1 min and the hybrid hydrogels from stage 2 

prepared for 30 min followed by drying under ambient conditions for 2 days.  

  

The enzyme-loaded PL sensing hybrid gel materials (GQD/Enz/Gel) 

were prepared in two stages (S1 – S2) as shown in Fig 4A and the 

methodology preparation was explained in supporting information 

(Figs. S14-15).  The microstructure of the dried (xerogel) stage 2 

materials was examined by SEM.  Gels prepared from compound 4b 

in 10 mM phosphate buffer showed a relatively featureless SEM 

image comprising spots which are likely to be buffer, and isolated 

fibers with average diameter of 200 nm as shown in Fig. S16. In the 

case of the GQDs/Gels formed for 1 min, the SEM image of the 

xerogel (Fig 4B) exhibited short, fibrous particles with an average 

diameter of 290 nm. Well-defined supramolecular networks of 

GQDs/Enz/Gels were found 30 min after initial gelation, in the 

presence of the enzymes, and the inset shows the longer, fibrous 

networks, which were additionally surrounded by many small fibers 

with average diameter of 50 nm (blue arrow).  

It is likely that the small fibers gradually self-assemble with GQDs 

to form hybrid supramolecular networks via hydrophobic, - 

stacking and hydrogen bonding interactions. The hydrophilic 

enzymes are likely to be trapped inside the aqueous pores or on the 

surface of the hydrophobic gel fibers, which allows them to retain 

their activity15, 44 . The GQDs are typically less than 10 nm in size  and, 

therefore, could not be observed by SEM. 37  

The ATR-FTIR spectra of the xerogels of the hybrid GQDs/Enz/Gel 

materials comprising a combination of GQDs, enzymes and gelator 

4b are also examined to confirm the GQD and Enz encapsulated in 

Gel as shown in Fig. S17. The spectra of these hybrid materials show 

a board absorption band at 3000-3500 cm-1 (NH and OH stretch), and 

peaks at 1633-1645 cm-1 (νCO 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)45-46   as well as 1386 cm-1 (νsCOO-) and 1077 

cm-1 (νC-OH)47, belonging to the characteristic peak of -COOH and -OH 

groups of the edge of GQDs, respectively. Additionally, the 

appearance of a small peak at 1641 cm-1 and the peak at 1574 cm-1 

are indicative of an amide I and amide II, respectively, of the enzyme 

backbone45-46. The low intensity of peaks assigned to the enzymes is 

likely to be caused by their very low concentration compared to the 

GQDs and gelator 4b in these materials. The spectra of these hybrid 

materials showed characteristic peaks corresponding to the gelator, 

enzymes and edge functionalities of the GQDs48-49. Further 

information can be found in the supporting information.  

 

Responses of hybrid GQDs/Enz/Gels to H2O2 generated in situ 

 

Based on our previous work37, H2O2, generated from the active 

enzymatic reaction of acetylcholinesterase and choline oxidase, can 

react with GQDs, resulting in a “turn-off” fluorescence of GQDs.  

Regarding to a well-known H2O2 behavior in the peroxidase-like 

catalytic activity, the H2O2-responsive behavior of the hybrid 

GQDs/Gels was investigated by following their photoluminescence 

intensity at 465 nm.  As the results in Fig. S18 at 60 min after the H2O2 

addition, the luminescence of hybrid GQDs/Gels containing 0.5 wt% 

of 4b was quenched significantly in the presence of peroxide. This 

implies facile penetration of H2O2 through these relatively weak gels 

which facilitates a strong PL response. This analysis reveals that the 

fluorescence quenching is proportional to the concentration of H2O2.   

To verify the PL response properties sensing materials, the compared 

PL responses of GQDs, GQDs/Gels, and GQDs/Enz/Gels systems 

have been investigated. It was found that an incorporation of the 

enzymes into the GQDs/Gels resulted in a PL intensity higher than 

the GQDs without gels as displayed Fig B.  Hence, the enhanced PL 

intensity of the hybrid hydrogels is likely to stem from the stabilizing 

interaction between gelators and GQDs and hydrophobic surface of 

the gel fiber. Interestingly, the PL quenching of the GQDs/Enz/Gels 

hybrid materials upon adding acetylcholine (stage 3, S3) is highly 

dependent on the enzymatic reaction occurring within the gel. The 

acetylcholine is hydrolyzed by AChE and ChOx to generate H2O2, 

which quenches the PL intensity as in Fig. 5B (orange line). The 

observed quenching behavior confirms the enzymes which have 

been encapsulated into the hybrid hydrogels and corresponds to the 

schematic illustration in Fig.5A.  

Stability of enzyme-based materials under mild conditions 

between 5 – 37 oC is of considerable importance, particularly in 

countries such as Thailand where ambient temperatures can 

routinely reach 37 oC. The relative enzyme activities in both the gel 

and aqueous phase were compared over a range of temperatures, by 

monitoring the PL quenching, Fig.5C. At 5 oC, the relative enzyme 

activity (%) in both systems is similar to the control. The activity of 

materials stored at room temperature (25 oC) was slightly decreased 
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and was significantly reduced upon storage at 37 oC. Interestingly, 

the activity of the enzyme after incubation in the gel phase for 4h at 

37 oC (> 50% of relative enzymatic activity remained) were much 

greater than that in aqueous solution (< 10% of relative enzymatic 

activity remained). These results suggest that hydrogels obtained 

from gelator 4b can significantly stabilize the enzyme activity. 

Furthermore, the activity of the GQDs/Enz/Gels remained at more 

than 90 % upon storing at 5 oC for 15 days, as shown in Fig. S20. This 

implies that the gelator 4b stabilizes the single sheet GQDs and 

prevents aggregation42, 50. 

Fig 5. (A) Scheme of H2O2-responsive in situ GQDs/Enz/Gels biosensor (stage 

3). (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. 

 

Concentration of enzyme for the responsive sensing 

 

Optimized conditions including the temperature, pH and 

concentration of enzymes and acetylcholine are all necessary for OP 

detection and the results were exhibited in Fig. S22. For all tests, the 

hybrid hydrogel (GQDs/Gel) in the partially gelled state was 

incubated with ACh for 20 min, prior to PL measurement. A 

comparison of the normalized PL intensity of GQDs/Gels and 

GQDs/Enz/Gels after incubation with ACh for 20 min was shown in 

Fig S22. Introduction of the enzymes AChE and ChOx at 2.5 U/mL and 

0.625 U/mL, respectively, resulted in significant PL quenching of the 

GQDs/Enz/Gels system. Interestingly, the PL quenching of the 

GQDs/Enz/Gels increased upon increasing the concentration of both 

enzymes, with a 5 mM concentration of ACh providing the most 

significant PL quenching. Compared to the PL quenching of the 

enzyme-free GQDs/Gel system, the GQDs/Enz/Gel showed a 

remarked increase of PL quenching upon addition of ACh. However, 

higher concentrations of ACh (7.5 and 10 mM) showed lower PL 

quenching. This observation is rationalized by direct interference of 

ACh with the GQDs in the hybrid materials, even in the absence of an 

enzyme. The optimal conditions for sensing proved to be 12.5 mM 

phosphate buffer pH 8, at 37 oC. This allowed optimal activity of the 

AChE and ChOx enzymes for acetylcholine hydrolysis, consistent with 

previous works51-54. To minimize the cost-efficiency of the sensor, 

low concentrations of enzyme at 2.5 U/mL of AChE, and 0.625 U/mL 

of ChOx were employed for our sensing studies. 

 

Organophosphate Sensing study 

Related to our concept, the proposed mechanism for OP 

detection is illustrated in Error! Reference source not found.6A. 

AChE catalyzes the hydrolysis of acetylcholine (ACh) to produce 

choline that can be continuously oxidized by ChOx to generate H2O2 

and result in PL quenching of the hybrid gels. OPs preferentially bind 

to the active site of AChE32, thereby deactivating the enzyme and 

consequently inhibiting H2O2 generation.  Consequently, recovery of 

the PL response was observed. Gratifyingly, the visual changes 

showed that the PL intensity of GQDs/Enz/Gels depended on the 

concentration of dichlorvos, which inhibited the activity of AChE in 

the hybrid hydrogels (Fig 6B). Other OPs including, parathion, 

malathion, and methyl-paraoxon at concentrations of 1.25 and 12.5 

M were also examined for the inhibition efficiency (I%) of AchE. 

Inhibition efficiency was calculated via equation S1 in SI. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. (A) Proposed mechanism of hybrid GQDs/Enz/Gels for 

organophosphate pesticide detection. (B) visual changes of GQDs/Enz/Gels 

with various amount of OPs and ACh.  C) Comparison of inhibition efficiency 

(%) of AChE in hybrid hydrogels after incubation in 1.25 x10-6 and 12.5 x10-6 

M of four organophosphate pesticides. 

From Fig. 6C, the inhibition efficiency (I%) and hence PL recovery at 

two concentrations showed a similar trend for both methyl-paraoxon 

and dichlorvos, which are higher than malathion and parathion, 

respectively. The inhibition efficiency of AChE by OPs in oxo-form of 

the phosphate group are higher than that of OPs in thio-form, 

possibly caused by tighter binding of the oxo-form to the enzyme55-

56. Therefore, we further studied the sensing ability of GQDs/Enz/Gel 

toward the oxo-functionalized pesticides, dichlorvos and methyl-

paraoxon. 

The PL inhibition of the GQDs/Enz/Gel hybrid system showed an 

excellent correlation with the concentration of OPs.  A calibration 

curve is shown in Figs. 7A and 7B. The inhibition efficiency (%I) of 

AChE towards dichlorvos (DV) and methyl-paraoxon (MP) exhibits a 

linear range of 1.25x10-8 to 1.25x10-4 M and 1.25x10-9 to 0.625x10-4 

M, respectively, which represent considerably better linearity than 

our previous work37. Most sensing systems based on enzymatic 

reactions show a pesticide-detection limit of 10% inhibition of 

AChE56. Importantly, the limits of detection (LOD) of this hybrid 

material towards DV and MP are 2.61x10-8 M and 6.79x10-9 M, 
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respectively, more than two orders of magnitude compared to our 

previous work without a supramolecular gel component37.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7. PL emission intensity and calibration curves of GQDs/Enz/Gels upon the 

increasing of dichlorvos (A) and Methyl-paraoxon concentration (B) between 

1.25x10-9 to 1.25x10-4 M (ex = 360 nm).  

Moreover, the detection of organophosphate in the literature 

reviews was compared in Table 2. It was found that our material 

offers the efficacy of sensitivity for detection of OPs especially, 

dichlorvos and methyl-paraoxon.  

  

Fig 8. Photographs of hybrid GQDs/Enz/Gels sensory chips (Glass slide 7.6 x 

2.6 cm and circle with diameter of 0.5 cm) in the presence of various 

concentration of dichlorvos (DV) and time of measurement. 

 

Table 2. The comparison of linear range and LOD between this work and previous works. 

Organophosphate Sensing methods Linear range 

(µM) 

LOD 

(µM) 

Ref. 

dichlorvos Amperometric Not reported 3.62x103  57 

 Visual screening card Not reported 0.45  58 52 

 Optical mode 2.26-31.67 2.26  59 

 Spectrophotometric 0.45-45 0.78  31 

 Spectrophotometric  0.0125-125 0.0261 This work 

paraoxon Fiber optic 10-500 2  60 

methyl-paraoxon Square wave voltammetric 0.5–100 0.24  61 

 Spectrophotometric Not reported 6.18 x 103  62 

 Spectrophotometric 0.40-40 0.34  31 

 Spectrophotometric  0.00125-62.5 0.00679 This work 

The development of a small scale, rapid, convenient, and high-

throughput sensing system for OPs is currently of increasing interest. 
A portable lab comprising a small-scale hybrid hydrogel on a glass 

slide was prepared as a method of screening for dichlorvos in Fig. 8. 

The naked-eye fluorescence images obtained by the GQDs/Enz/Gels 

with dichlorvos, under UV irradiation at 365 nm displayed a 

significant brightness change upon increasing the analyte 

concentration from 1x10-6 to 1x10-3 M. After the system was exposed 

to ACh for 20 min, the RGB value was evaluated using imageJ 

software63, which showed a particular increase in the green values as 

a function of DV concentration (Fig S23). These results suggest that 

the GQDs/Enz/Gels system proposed in this work is suitable for 

development as a convenient sensor for OPs, offering a rapid and 

extremely sensitive readout, for further expected applications in 

food, water and the environment. 

Conclusions 

We have developed a new low molecular weight, bis-urea gelator 

(LMWG), comprising a diphenylmethane spacer and phenylalanine 

end groups, which forms robust gels in phosphate buffer, when 

combined with graphene quantum dots (GQDs). The use of 

phosphate buffer as a solvent is easily accessible and highly 
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compatible with biological systems.64-66 The enzymes AChE and ChOx 

can be incorporated in the GQD-containing hydrogel as a signaling 

unit, without loss of activity. The resulting GQDs/Enz/Gels hybrid 

material acts as a highly effective turn-on sensor for the detection of 

organophosphate pesticides. In comparison to the analogous 

aqueous system, the hybrid gel material exhibits markedly improved 

linear range, sensitivity, and stability. The hybrid hydrogel material 

showed 10-100-fold improvement in the limit of detection (LOD) and 

linearity range, compared to the analogous enzymatic reaction by 

GQDs/Enz in solution. This work also provides new insight into 

improving the performance of low molecular weight hybrid 

hydrogels through combination with GQDs and phosphate buffer. 

The result is a highly effective and potentially versatile sensing 

system, with a high sensitivity and stability.  To our knowledge this is 

the candidate sensing system regarding to the enzymatic turn-on 

sensing in a small molecule gel medium. 

 

Experimental Section 

 

All gelators (Figs. S1-S7) and GQDs were synthesized, and then gel 

formations were studied in various solvents as shown in Supporting 

Information. 

Graphene Quantum Dots  

Graphene quantum dots were prepared according to Dong’s 

method.47 Citric acid (2 g, 0.01 mol) was heated to 200 oC for 30 min 

and the resulting liquid GQDs were added dropwise to 100 mL NaOH 

solution (10 mg/mL-1) under vigorous stirring. The pH was adjusted to 

8.0 by addition of 1 M HCl solution, and the product was then isolated 

by dialysis 2,000 Da. 

Gel Screening Procedure 

The gelation behavior of each gelator was examined in several 

solvents with different polarities including water, ethanol (EtOH), 

methanol (MeOH), 1-propanol, acetone, dimethyl sulfoxide (DMSO), 

chloroform, hexane, cyclohexane and cyclohexanone. 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 sec, and then heated for 30 

seconds. Gel formation was identified by the inversion test.  

Preparation of Hybrid GQDs/Gels and GQDs/Enz/Gels  

The GQDs/Gels was prepared by following method. GQDs solution 

and phosphate buffer (1 mL of mixed solution comprising 2 mg/ml of 

GQDs and 10 mM of phosphate buffer solution) was added to 5 mg 

of gelator 4b (0.5% wt) in a sealed vial. Then the suspension was 

sonicated for 30 seconds and then heated for 30 sec until the solid 

had dissolved. After 5 min, 0.1 mL of acetylcholinesterase (AChE) and 

0.1 mL choline oxidase (ChOx) were added to the partial gels and the 

mixture was left at 5 oC for 24 h to form the hybrid hydrogel part of 

the GQDs/Enz/Gels biosensor.  

The Determination of Organophosphate Pesticides 

The hybrid GQDs/Enz/Gels were used to determine the 

concentration of organophosphate pesticides (OPs) by monitoring 

the photoluminescence intensity of the system at 465 nm, after the 

addition of the OPs. Firstly, 0.2 mL of an OP solution at a range of 

concentrations was added to 1.2 mL of GQDs/Enz/Gels in a sealed 

vial and incubated at 37 oC for 15 min. 0.2 mL of 40 mM of 

acetylcholine (ACh) was then added to the sample and the mixture 

was incubated at 37 oC for a further 20 min. The sample was 

transferred to a cuvette and PL intensity at 465 nm was measured 

using the same method as in the H2O2-response studies. Each 

experiment was repeated 3 times. The GQDs/Enz/Gels were studied 

using the final concentrations 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. 

Scanning Electron Microscopy 

The GQDs/Gels and GQDs/Enz/Gels samples were prepared and 

cooled at room temperature for 1 and 30 min, respectively, then 

dropped onto a glass slide and dried in air, at room temperature for 

2 days. The samples were coated with Au ions and imaged using a 

JSM-IT 100 scanning electron microscope. The average diameter of 

the gel fibers was obtained by measuring 100 fibers per SEM image 

using ImageJ software (ImageJ 1.49 V free software with Java 1.6.0 

65(32-bit) obtained from https://imagej. nih.gov/ij/, Wayne 

Rasband, National Institutes of Health, USA). 
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