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4.1. Introduction 

Natural and anthropogenic process introduces various pesticides, chemical toxins, organic-

inorganic pollutants, heavy metals etc. into the environment1. Persistence monitoring is required 

to secure a better water supply in public domain as well as to administer their effect on the 

ecosystem and environment2. Recognition and monitoring of various biological and chemical 

agents residing in the environment plays significant role in biomedical, forensic and 

environmental sciences applications 3–7. Atomic absorption spectroscopy, electrochemical 

sensors, inductively coupled plasma atomic emission spectrometry etc. are some techniques that 

exhibit low detection limits but are expensive, time-consuming, sample destructive and complex. 

Therefore, on-site detection is not suitable with sophisticated instrument-based methods 8. On the 

other hand, colourimetric and fluorometric methods based molecular probes and chemosensors 

are popular due to simple operational activity. The visual readout methods are employed 

depending on unique optical properties such as surface plasmon resonance (SPR) exhibited by 

noble metal nanomaterials9–11. Sensors commonly have two functional components i.e. a 

recognition element and transducer; the recognition element binds specifically with analytes and 

transducer signals the binding process. The sensor efficacy relies on the above-mentioned 

components for remarkable sensing on the basis of the limit of detection, response time, 

selectivity etc. Therefore, the efficient sensor synthesis depends on generation of new materials 

with better recognition and transduction processes. The nanomaterials imparts various unique 

physicochemical properties in case of chemical and biological sensors, helping in generation of 

novel transduction and recognition processes 4.  The nanomaterials have been utilized as an 

active component for sensing that exhibits better results depending upon their unique properties. 

Various optical sensors based on nanomaterials have been reported by researchers such as carbon 

dots, upconversion nanoparticles, quantum dots, metal oxide nanomaterials, gold and silver 

nanoparticles, organic fluorescent molecules based-nanomaterials and nanozymes 12,13. A well-

defined chemical and physical characteristic has been sustained by gold nanoparticles 

constructing a better scaffold to synthesize novel chemical as well as biological sensors 14,15. The 

physicochemical properties of Gold nanoparticles as transducer could be modified during 

binding with sensor and analyte 16. The gold nanoparticles possess LSPR band that could be 

utilized for colourimetric assessment of metal ions, amino acids, DNA, pharmaceutical 

compounds, proteins etc. as well as the formation of microscale optical devices 17–21. 
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Cysteine is an important sulfur-containing amino acid that manages several cellular activities 

mainly in metabolism, detoxification, protein folding etc. 22. Therefore, recently the detection of 

cysteine has gathered the special interest of researchers. Since sophisticated instruments based 

methods are complex and less sensitive, therefore, rapid and specific determination of cysteine 

using chemosensor is of great interest 23. Some instrument-based methods have been reported for 

the purpose of cysteine detection 24–26. Whereas some chemosensors have been synthesized 

depending upon the aggregation of gold nanoparticles 27–29. However, very few gold 

nanoparticles based chemosensors have been developed for sensitive, rapid as well as selective 

detection of cysteine. 

Similarly, dithiocarbamate, is commonly used organosulfur compound in wood preservative, 

agricultural pesticides, as vulcanization additive in the rubber industry etc. The detection of 

sulfur-containing analytes in water as well as other environmental samples is an imperative tool 

to detect pesticides. For instance, several gold nanoparticle-based colourimetric sensors have 

been previously reported for the detection of pesticides like chlorpyrifos, organophosphates, 

dimethoate, pymetrozine, etc 30–33. 

In this work, the facile, robust and rapid colourimetric method has been developed utilizing a 

stable gold nanoparticle-based sensor synthesized by cyclodextrin crosslinked polymer with 

phthalic anhydride (CDPA). Herein, we have implemented the unique ability of beta-

cyclodextrin (β-CD) that binds with both hydrophilic and hydrophobic compounds 34,35along 

with Au-thiol interactions. The sensing of amino acid (i.e. Cysteine) as well as agrochemical (i.e. 

diethyldithiocarbamate) has been accomplished by using nanosensor. The colourimetric 

assessment of nanosensor shows red shift (from 524nm to 670nm) within 5 seconds for sulfur-

based compounds. A detailed qualitative and quantitative study of Cysteine and Sodium 

diethyldithiocarbamate sensing was carried out. Various analytical characterizations proved the 

mechanism of sensing unveiling the role of functionalized cyclodextrin. The simple, rapid and 

selective detection of the sulfur compound was demonstrated utilizing pesticide samples as well 

as allicin, a reported agrochemical present in extracts of onion and garlic. Silver based 

nanosensor was also synthesized for comparison study. The efficacy of gold nanosensor was 

found to be much superior in comparison to silver-based nanosensor.  
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4.2. Materials and Methods 

4.2.1. Materials 

Gold (III) chloride hydrate (HAuCl4) and silver nitrate (AgNO3) was purchased from Spectrochem, 

India pvt. Ltd. β- Cyclodextrin (≥ 97% purity), Sodium hydride (NaH), Cysteine (Cys), Proline 

(Pro), Glycine (Gly) and Phthalic anhydride (PA) were purchased from Sigma Aldrich, India. N, N 

Dimethylformamide (DMF) was purchased from Qualigens, Bombay, India. NaCl was purchased 

from Molychem, Mumbai, India. Sodium diethyldithiocarbamate (SDDC), Thioglycolic acid (TGA), 

Sodium metabisulfite (SMB) and Ammonium thiocyanate (ATC) were purchased from Loba 

Chemie, Mumbai, India. Solid and liquid pesticide samples were collected from a local plant 

nursery. Analytical grade reagents were used as received. 

4.2.2. Characterization 

Gold nanoparticles were characterized using UV–vis spectroscopy measurements performed on 

Cary 60 UV-Vis spectrophotometer (Agilent Technologies). The morphology measurements of 

the nanosensors were carried out on a High-Resolution Transmission Electron Microscopy (HR-

TEM) analysis Jeol (Jem-2100) electron microscope at an acceleration voltage of 200 kV.NMR 

spectrum for CDPA polymer was recorded on Bruker Avance III (400 MHz) NMR 

spectrophotometer using D2O as the solvent. PerkinElmer IR spectrophotometer was used to 

record FTIR spectra of nanosensors before and after the addition of analytes. The size 

distribution was analyzed by dynamic light scattering measurements (DLS) recorded on 

Beckman Coulter Delso Nano. The zeta potentials of nanosensors before and after analytes 

addition were measured with Malvern Zetasizer (Nano-ZS 90). FESEM-EDX was recorded on 

JSM7600F. 

4.2.3. Synthesis of Au and Ag derived nano-sensors 

4.2.3.1.CDPA polymer synthesis 

The crosslinked cyclodextrin phthalic anhydride (CDPA) polymer has been synthesized as per 

the previously reported procedure36. Briefly, 1.13 g, 0.001 mol of CD was dissolved in 20 ml of 

DMF and this solution was maintained at 0-5 °C in an ice bath. To the chilled CD solution 0.16 

g, 0.007 mol of sodium hydride (NaH) was added slowly under vigorous stirring. The stirring 

was continued under cold conditions for 30 minutes. The temperature of the reaction was raised 

to 37 °C and continued at this temperature for 6 h to assist the formation of CD oxoanion 
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species. After the completion of 6 h, a gel-like polymer was observed; this confirmed the 

formation of oxoanion. To this solution 1.62 g, 0.011 mol of phthalic anhydride was added and 

the temperature of the reaction mass was increased to 130 °C. The reaction was allowed to 

proceed at 130°C for 1 h. Upon completion of 1 h, the reaction mass was cooled and CDPA 

polymer was precipitated from the reaction mass using acetone. The polymer was purified by a 

re-precipitation method using acetone thrice. The final CDPA (0.95 g) polymer was obtained as 

brown solid, dried and stored under vacuum until further use.  

4.2.3.2.Synthesis of Au derived functional nano-sensor AuNS@CDPA 

For the synthesis of AuNS@CDPA, CDPA polymer was introduced as a novel ligand for the 

fabrication of aqueous dispersed gold nanoparticles. The 0.001 M of the gold solution was 

prepared by dissolving the calculated amount of HAuCl4.3H2O in deionized water. Typically, 10 

mg CDPA polymer was dissolved in conductivity water followed by the addition of 1.0 mM gold 

solution dropwise on continuous stirring for 1 h. The formation of gold nanoparticles is marked 

by change in colour of solution from yellow to wine red.  

4.2.3.3.Synthesis of Ag derived functional nano-sensor AgNS@CDPA 

For the synthesis of AgNS@CDPA, the calculated amount of AgNO3 was dissolved in deionized 

water to prepare a 0.01 M silver solution. 10 mg CDPA polymer was dissolved in conductivity 

water proceeded by adding 10.0 mM silver nitrate solution dropwise on continuous stirring for 4 

h. The synthesis was confirmed by the change in colour of solution from light-yellow to orange. 

4.2.4. Preparation of Samples 

0.1M stock solution of the analytes, cysteine (Cys), proline (Pro), glycine (Gly), sodium 

diethyldithiocarbamate (SDDC), thioglycolic acid (TGA), sodium metabisulfite (SMB), 

ammonium thiocyanate (ATC) was prepared in double-distilled water. Further, the serial 

dilutions were done to prepare a working solution in the range of 0.01 µM to 0.25 µM. To 

evaluate the efficiency of the sensor, a real sample of sulfur-based pesticides has been taken. 

10mg solid pesticide (Phorente) was ground properly and dissolved in 5mL of distilled water, 

after centrifugation at 3000 rpm for 10 minutes, the extract was collected for the sensing 

experiment. In the case of liquid pesticide (Tafgor), 1 mL pesticide was diluted by distilled water 

up to 5 mL and analyzed for sensing.  
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4.2.5. The colourimetric sensing ability of AuNS@CDPA and AgNS@CDPA towards 

sulfur-based compounds 

Analytical applications of nanosensors were measured by investigating absorption spectral 

changes in presence of sulfur-based analytes. In a typical experiment, each working solution 

(300 μL) has been introduced into 700 μL of nanosensor solutions (AuNS@CDPA and 

AgNS@CDPA). The visible colour changes were observed and subsequently, UV-visible 

absorption spectra of the solutions were recorded immediately. The absorption ratio A670/A524 

was used to estimate the concentration of Cysteine and SDDC for Au sensors. The selectivity of 

AuNS@CDPA towards sulfur-based compounds was evaluated in the presence of other non-

sulfur compounds. 

4.3. Results and Discussion 

The realization of the unique physicochemical properties of gold nanoparticles (AuNPs) had led 

to the advent of its preparation via various physical and chemical techniques. The chemical 

method of synthesis mainly consisted of three major processes (i) preparation by citrate 

reduction (ii) stabilization with the sulfhydryl ligand and (iii) seed crystal growth method. 

However, the NPs prepared by these methods lack the presence of surface functionalities thus 

making them unsuitable for sensing applications19. Thus it becomes imperative to introduce a 

molecular functionalization to make the nanoparticles suitable for sensing specific molecules of 

choice. In addition to this, a covalent modification is best suited while preparing such 

functionalized nanoparticles to further improve the NP stability and to prevent removal of 

functionalizing agent under harsh conditions like high salt concentration, extremely acidic or 

basic media and at high temperatures4. 

With this purview, this work reports the synthesis of functional cross-linked polymer-stabilized 

gold nanoparticles as a colourimetric sensor for naked-eye detection. For enhancing the 

specificity of the sensor, the principle of host-guest chemistry was employed by introducing β-

cyclodextrin (CD) as a primary component of the crosslinked polymer. CD is a well-known 

molecule capable of forming inclusion complexes with aromatic derivatives in its hydrophobic 

cavity and thus can be employed for developing selective detection sensors of aromatic 

derivatives. This ensures that the target analytes can be sensed based on structural differences in 

addition to their affinity for gold nanoparticles.  
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CD was crosslinked with phthalic anhydride by a facile one-step chemical reaction as shown in 

the scheme (Figure 4.1). The crosslinked CDPA polymer was then used as a capping agent for 

the functionalization of gold nanoparticles. It is noteworthy that there is no need to add a 

reducing agent to transform the entrapped gold ions into their nanoparticle form. Thus CDPA 

polymer is both a capping as well as a reducing agent. For comparison, a similar sensor system 

was prepared using Ag metal and CDPA polymer.  

 

Figure 4.1: Schematic for synthesis of cyclodextrin phthalate ester (CDPA) polymer and 

subsequent entrapment of Au/Ag nanoparticles to form the nanosensor 

4.3.1. Characterization of nano-sensors 

The synthesized polymer CDPA, as well as CDPA functionalized Au and Ag sensors, were 

characterized by various analytical techniques as stated below: 

4.3.1.1.NMR Analysis 

The crosslinked CDPA polymer was characterized with 1H proton NMR spectroscopy as shown 

in Figure 4.2 (A) 36. The protons from repetitive units of β-CD’s glucose units are observed at δ 

values in the range of 2.75 – 3.73 ppm 34. The characteristic peaks for an aromatic phthalic ring 
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from the phthalic anhydride units appear in the range of 7.5 – 8.0 ppm 37. This confirms the 

successful polymerization of CD with PA.  

 

Figure 4.2: (A) 1H NMR spectrum of CDPA polymer (B) overlay of FTIR spectra (i) CDPA 

polymer, (ii) AuNS@CDPA and (iii) AgNS@CDPA 
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4.3.1.2.FTIR Analysis 

Figure 4.2 (B) represents the comparative IR spectra of CDPA polymer, AuNS@CDPA and 

AgNS@CDPA. The presence of a broad peak range of 3500-3300 cm-1 is the representative of 

the –OH group from β- cyclodextrin. The appearance of an absorption band at 1854 cm-1 

corresponding to the carbonyl group of phthalic anhydride confirms the successful conjugation 

of CD with PA 38,39. The successful pthalylation of CD is again confirmed by the appearance of a 

peak at 743 cm-1 that is a characteristic of the CH bending vibration of the o-substituted benzene 

ring 40. The presence of a peak at 1760 cm-1 corresponds to the presence of carbonyl groups of 

ester linkages thus confirming successful esterification.  The intensity of this ester carbonyl peak 

diminishes and shifts 1774 cm-1 and 1753 cm-1 in the case of AuNS@CDPA and 

AgNS@CDPA respectively. This indicates the involvement of carbonyl functionalities from 

ester linkage of the polymer matrix in the entrapment of Au/Ag ions and their subsequent 

stabilization upon reduction to NP form. The successful entrapment of Au and Ag is further 

confirmed by the appearance of peaks at 613 cm-1 and 627 cm-1 that can be assigned to Au-O and 

Ag-O vibrations 41. 

4.3.1.3.UV-vis spectrophotometric determination 

The AuNS@CDPA was prepared by various optimizations. The effect of polymer quantity on 

the spectral properties and stability was taken into consideration while synthesizing NPs with 

characteristics best suitable for sensing application 42.  

The polymer was taken in various quantities as shown in Table 4.1 and the quantity of HAuCl4 

solution was fixed at 1.0 mM. 

Table 4.1: Optimization for preparation of AuNS@CDPA 

Quantity of Polymer 

 (mg)  

Time taken for NP formation 

(min) 

Nature of SPR peakb 

1 300 Broad 

3 280 Broad 

5 180 Broad 

7 60 Narrow 

10 60 Narrow 

15 60 Narrow 
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a150μL, 1.0 mM of HAuCl4 was used; bSPR spectra were observed at 524 nm 

Table 4.2: Optimization for preparation of AgNS@CDPA 

Quantity of Polymer 

 (mg)  

Time taken for NP formation 

(s) 

Spectral Property of the NPsb 

1 330 Broad 

3 240 Broad 

5 200 Broad 

7 150 Broad 

10 100 Broad 

15 60 Narrow 

20 60 Narrow 

a500μL, 10.0 mM of AgNO3 was used; bSPR spectra were observed at 451 nm 

 

 

Figure 4.3: UV-vis determinations demonstrating spectral properties of synthesized 

nanoparticles (A) AuNS@CDPA and (B) AgNS@CDPA (inset images of cuvettes 

containing sensor solutions) 
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Similarly, when attempts were made for NP synthesis using AgNO3 with these quantities, it was 

observed that 1mM solution did not yield desired nanoparticles. However, on increasing the 

concentration of AgNO3 to 10 mM, the AgNS@CDPA nanoparticles were successfully obtained 

as shown in Table 4.2. 

Based on these optimizations and with the analysis of SPR peak intensities, it was confirmed that 

10 and 15 mg of the polymer was selected for preparing AuNS@CDPA and AgNS@CDPA 

respectively. The synthesized nanosensors under these conditions demonstrated maximum SPR 

intensity without any spectral broadening and representing the formation of uniformly sized 

nanoparticles as represented in Figure 4.3. 

4.3.1.4.HR-TEM Analysis 

The analysis of the size and morphology of AuNS@CDPA and AgNS@CDPA was performed 

by HRTEM imaging. The micrographs as shown in Figure 4.4 (A&B), confirmed the presence 

of monodispersed nearly spherical nanoparticles. The mean diameter of both AuNS@CDPA and 

AgNS@CDPA was found to be in the range of 5-10 nm, with AuNS@CDPA having a size of 6 

nm and AgNS@CDPA showed 11 nm. This also suggests that the particles remain uniformly 

dispersed in water and are devoid of agglomeration. This is also evident from the visual 

appearance of the sensor solutions which appear transparent as shown in Figure 4.3.  Further, the 

lattice spacing observed on the surface of AuNS@CDPA and AgNS@CDPA was 0.27± 0.010 

nm and 0.28± 0.013 nm respectively (as shown as inset images in Figure 4.4 (A&B). These 

values corroborate with the standard{111}crystal plane of face centered cubic observed at 0.23 

nm for Au/Ag nanoparticles28. 
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Figure 4.4: Characterization via HRTEM imaging for (A)AuNS@CDPA (B) 

AgNS@CDPA; comparison of the hydrodynamic size of both sensors via (C) DLS 

measurements (D) zeta-potential graph and (E) elemental mapping of the sensors 
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4.3.1.5. DLS and Zeta potential 

For further size confirmation and to support the HRTEM analysis, the particle size of the sensors 

was also determined using DLS measurements. The results revealed an average hydrodynamic 

size of 13.2 nm for AuNS@CDPA and 24.3 nm for AgNS@CDPA (Figure 4.4 (C)). The 

smaller size of the particles observed in HRTEM measurements is attributed to the drying of the 

polymeric matrix during sample preparation. The zeta potential measurements demonstrated -

21.23 mV and -25.62 mV for AuNS@CDPA and AgNS@CDPA respectively as shown in 

Figure 4.4 (D). The surface negative charge is an attribute of free hydroxyl groups on the sensor 

surface and values close to -30 mV indicates good stability of the synthesized nanoparticles.  

4.3.1.6. FESEM-EDX Analysis 

The spherical morphology was further confirmed by FE-SEM imaging. The elemental mapping 

of AuNS@CDPA indicated a presence of 12% of elemental Au whereas AgNS@CDPA showed 

10 % of elemental Ag. This ascertains the presence of Au and Au nanoparticles in the respective 

systems (Figure 4.4 (E)).  

4.3.2. Colourimetric Detection of sulfur-based compounds 

The presence of Au NPs in the sensor composition presents a potential of their capability in 

detecting sulfur-containing compounds. This is owing to the affinity of gold nanoparticles 

towards sulfur 42.  

4.3.2.1. Sensing of Amino Acids 

For the sensing experiments, the sensor solution was added to solutions of five different amino 

acids namely; glycine, proline, aspartic acid, tyrosine and cysteine. The solutions were analyzed 

for visual colour change along with spectral studies. The inset image of Figure 4.3 representing 

AuNS@CDPA showed a wine red colour and demonstrated λmax at 524nm. Upon addition of 

glycine, proline, aspartic acid and tyrosine no visible colour change was observed and the peak at 

524 nm also remained persistent in these solutions. On the contrary, upon addition of cysteine 

into sensor solution, a distinct colour change from wine red to blue was observed within 5 

seconds of addition. The UV-vis spectra also demonstrated a distinct change as shown in Figure 

4.5.  
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Figure 4.5: (A) Photographs and (B) Absorption spectra of AuNS@CDPA in absence and 

presence of various amino acids and their mixture 

 

There was a drastic decrement in the intensity of SPR peak at 524 nm and in addition, there was 

an appearance of a new red-shifted peak at 670 nm. After the successful determination that the 

addition of cysteine can cause an alteration in the spectral signature of the sensor, its sensitivity 

towards the detection of cysteine was quantified. On increasing the concentration of cysteine to 

the sensor there is a decrease in the intensity of the peak at 524 nm and it completely disappears 

upon addition of 300 μL of 0.25 µM cysteine. However, a simultaneous increase in the peak 

intensity at 670 nm was observed with the increasing cysteine concentration. The cysteine 
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detection was quantified to 0.01 µM by calculating the absorption ratio of A670/A524 nm and 

taking an average of three readings and preparing its plot against concentration. The change of 

colour and shifting towards a longer wavelength suggested an aggregation-induced increase in 

size and thus a shifting of SPR band upon cysteine addition. 

Similar studies were carried out using AgNS@CDPA but no expected colour change or 

aggregation was observed (as shown in Figure 4.6).  

 

Figure 4.6: (A) Photographs and (B) Absorption spectra of AgNS@CDPA in absence and 

presence of amino acids (Cysteine, Proline, Glycine, Aspartic Acid, Tyrosine and Mixture) 
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4.3.2.2.Selective sensing of Cysteine in a mixture of amino acids 

To investigate the selectivity of AuNS@CDPA towards sulfur-based amino acid i.e. cysteine, 

competitive sensing experiments were carried out with other non-sulfur based amino acids. A 

mixture of cysteine, aspartic acid, tyrosine, proline and glycine has been sensed using 

AuNS@CDPA. The absorption spectra ratio (A670/A524) was recorded and observed that only 

300 μL of cysteine addition induced aggregation of gold nanoparticles. The UV-vis spectrum 

also represented a significant increase in absorption ratio. The selectivity of cysteine detection is 

due to the presence of the –SH group in its structure which has an affinity for gold. Any other 

amino acid does not possess SH groups and hence remain insensitive to the presence of the 

sensor. In the case of AgNS@CDPA, no colour change was observed in sulfur and non-sulfur 

based amino acids (cysteine, aspartic acid, tyrosine, proline and glycine). The visual inspection 

was also assisted by the UV-visible spectrum. 

The results of these experiments suggest the selectivity of gold derived nano-sensor towards 

detecting sulfur-containing compounds. Thus the scope of this sensor was further extended to the 

detection of sulfur-containing agrochemicals that can act as potentially hazardous materials for 

the environment.  

4.3.2.3. Sensing of Agrochemicals 

Stock solutions of 10 mM were prepared of the following model analytes namely; potassium 

dihydrogen orthophosphate (PDO), sodium dihydrogen orthophosphate (SDO), di-sodium 

tetraborate (DST), sodium metabisulfite (SMB), di-ammonium hydrogen orthophosphate 

(DAHO), sodium hypochloride (SHC), diphenylamine (DPA)  ̧ ammonium thiocyanate (ATC), 

thioglycolic acid (TGA), sodium diethyldithiocarbamate (SDDC). The solutions of sensing in 

micro-molar concentrations were then prepared by serial dilutions. The assessment of the sensing 

potential of agrochemicals using AuNS@CDPA and AgNS@CDPA was performed on these 

common chemicals used as pesticides or insecticides. Sensor solution (700 µL) was added to 300 

µL of each of these analytes. 
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Figure 4.7: (A) Photographs of AuNS@CDPA solution in presence of different 

agrochemical compounds. The colour change is observed only in the case of sulfur-

containing compounds (B-D) Comparative UV-visible spectra of AuNS@CDPA in a 

mixture of sulfur and non-sulfur agrochemicals 

A colour change from wine red to blue was only observed in presence of sulfur-based 

agrochemicals i.e. SMB, ATC, TGA and SDDC whereas no such changes were observed with 
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non-sulfurous agrochemicals (Figure 4.7 (A)). The affinity of gold nanoparticles towards the 

sulfur group initiated the agglomeration resulting in colour change. Among sulfur-based 

compounds, SDDC represents the significant colour change in the lower concentration range; 

therefore, quantitative analysis of SDDC has been investigated. In the case of AgNS@CDPA, 

the addition of 300 μL of agrochemical solution into a 700 μL sensor represented no colour 

change, but there was a decrease in the intensity of the orange colour in the sensor solution 

probably due to its dilution. 

 

Figure 4.8: (A) Photographs and (B) Absorption spectra of AgNS@CDPA in absence and 

presence of agrochemicals (PDO, SDO, DST, DAHO, SHC, DPA, ATC, SMB, TGA and 

SDDC) 
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A rapid colour change in the SDDC solution is probably due to the reaction of a stable sodium 

diethyldithiocarbamate complex with AuNS@CDPA. A decrease in SPR absorbance was 

observed accompanied by a bathochromic shift arising from the influence that sulfur atom has on 

gold nanoparticles. Similarly, the dithiocarbamate compound containing the disulfide group also 

shows sensitivity towards the gold nanosensor. The quantification of SDDC detection was done 

based on an absorption ratio of A670/A524 nm. The studies were performed in triplicate and 

average values were plotted against concentration. Since the rest of the chemical compounds did 

not have the presence of sulfur element in their structures they could not be detected using 

AuNS@CDPA.  

The addition of agrochemicals in AgNS@CDPA solution imparts no significant visible colour 

change and observation was supported by UV-visible spectrum (Figure 4.8). These observations 

results suggested that AuNS@CDPA is a selective and suitable sensor for detection of such S 

containing analytes as compared to AgNS@CDPA. 

4.3.2.4. Selective sensing of sulfur-based Agrochemicals in a mixture 

To examine the selectivity of AuNS@CDPA towards sulfur-based agrochemicals, competitive 

sensing experiments were performed with non-sulfur based agrochemicals. In this investigation, 

PDO, DAHO and DST were the selected non-sulfurous agrochemical in a mixture of sulfurous 

ATC, SMB, TGA and SDDC were sensed. The absorption spectrum recorded under the same 

condition and represents an agglomeration of AuNS@CDPA only in presence of sulfur-based 

agrochemicals and also represents visible colour change. The agrochemicals having no sulfur 

element shows no sign of agglomeration and the observation was supported by UV-visible 

spectrum as represented in Figure 4.7 (B-D). 

 

4.3.3. Effect of pH and NaCl concentration 

The pH of the analyte solution and its concentration can influence the sensing properties of the 

sensor and hence the behaviour of AuNS@CDPA under these conditions was evaluated by SPR 

absorption spectra. These studies were performed only on the Au derived sensor as the Ag sensor 

was not sensitive enough to detect the presence of either cysteine or SDDC.  

Thus aggregation of AuNS@CDPA upon exposure to various buffer solutions in the range of pH 

2 to 12 was analyzed in the presence as well as the absence of both the analytes (cysteine and 

SDDC) (Figure 4.9 & Figure 4.10). A self-aggregation of the sensor occurs at an acidic pH 
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value that is represented by SPR spectral changes and slight visual aggregation in the absence of 

analyte molecule cysteine43. However, in presence of cysteine, there were drastic changes in 

visual aggregation at pH 6. Further, a maximum SPR absorption ratio at A670/A524 was also 

observed under pH 6 condition for cysteine. In the case of SDDC, the aggregation and maximum 

SPR absorption ratio occurred at pH 10. Hence pH 6 is the optimum pH for colourimetric 

assessment of cysteine and pH 10 for SDDC.  

 

 

Figure 4.9: UV-visible spectra demonstrating effect of (A) NaCl concentration and (B) pH 

values in presence/absence of Cysteine. The graph of absorption ratio (A670/A524) versus 

NaCl concentration/pH shows the optimum sensing conditions 
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Similarly, the ionic strength effect on the sensing phenomenon was also studied. It was observed 

that, with increasing ionic strength, the shielding effect of NaCl triggers the aggregation of 

AuNS@CDPA in absence of analyte 44. This phenomenon is termed the salting-out effect. The 

same phenomenon is observed even in the presence of the analyte. For the study in presence of 

cysteine, 1.0 mL of AuNS@CDPA was treated with various concentrations (0.1 to 1 M) of NaCl. 

As the concentration of NaCl increases, SPR peak intensity decreases whereas ratio A670/A524 

remains constant at 0.2 M NaCl for AuNS@CDPA.This occurs because the distance between 

adjacent gold nanoparticles decreases upon addition of NaCl resulting from a reduced 

electrostatic repulsion. 

 

 

Figure 4.10: UV-visible spectra demonstrating effect of (A) NaCl concentration and (B) 

pH values in presence/absence of SDDC. The graph of absorption ratio (A670/A524) versus 

NaCl concentration/pH shows the optimum sensing conditions 
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4.3.4. Natural and real sample analysis 

 

Figure 4.11: (A) UV-vis spectra and (B) Absorption ratio (A670/A524) of AuNS@CDPA in 

presence of allicin containing onion and garlic extract. (C)Photographs of AuNS@CDPA 

and AgNS@CDPA in presence of sulfur based pesticide samples and their (D&E) 

Absorption spectra. Linear relationship of (F) Cysteine and (G) SDDC with absorbance at 

670 nm for quantification and determination of LOD (Sensing samples were prepared by 

adding 700 μL of AuNS@CDPA solution with 300 μL of different concentration of Cysteine 
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and SDDC, the error bars represent standard deviation obtained from three independent 

measurements). 

Considering the potential of the sensor in sensing S rich compounds its capability of detecting 

natural and real samples were also assessed. Onion and garlic are known to contain sulfur-based 

compound "allicin" (thiosulfinate compound). Thus allicin was selected as a model natural 

component for detection. The onion and garlic extracts demonstrated a visual colour change from 

red to blue upon the addition of AuNS@CDPA and supported by UV-visible spectra as shown in 

Figure 4.11 (A&B).  

As the sensor was able to detect sulfur compounds in a complex extract matrix, the scope was 

further extended to the detection of hardcore sulfur pesticides utilized daily. For this study, 

Phorente and Tafgor were selected pesticides. They were spiked in known quantities in water 

samples and the sensitivity of AuNS@CDPA in their detection was investigated. A similar 

colour change from wine red to blue was observed in the case of both these pesticides 

agrochemicals as shown in Figure 4.11 (C, D&E).  

4.3.5. Selectivity and Sensitivity of AuNS@CDPA and AgNS@CDPA as a visible 

colourimetric detection system in a mixture of analytes 

To detect the selectivity and sensitivity of the sensor towards S derived analytes the sensing 

experiments were carried out using several sulfur and non-sulfur analytes.  

Firstly, the selectivity towards cysteine in a mixture of various amino acids was tested on 

AuNS@CDPA. The mixture of amino acids without cysteine did not show any change in either 

colour or absorption ratio. However, upon the addition of cysteine to the mixture, an 

agglomeration of the nanoparticles resulted in causing visual changes to the Au sensor solution. 

This is owing to the affinity of gold nanoparticles towards the S containing –SH group. On the 

other hand, the addition of a cysteine-containing amino acid mixture did not influence the 

spectral properties of AgNS@CDPA. 

Similar studies were carried out by using various sulfated and non-sulfated agrochemical 

compounds. Various model agro compounds used for sensing were Potassium dihydrogen 

orthophosphate (PDO), Sodium dihydrogen orthophosphate (SDO), di-sodium tetraborate (DST), 

Sodium metabisulfite (SMB), di-ammonium hydrogen orthophosphate (DAHO), Sodium 

hypochloride (SHC), Diphenylamine (DPA)¸ Ammonium thiocyanate (ATC)  ̧Thioglycolic acid 
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(TGA), Sodium diethyldithiocarbamate (SDDC). Out of the above-mentioned 10analytes, the 

colour change was observed only in the presence of sulfur containing4 such compounds namely 

ATC, SMB, SDDC and TGA. It is noteworthy that out of the 4 sulfated compounds, the sensor is 

most sensitive towards SDDC. For AuNS@CDPA to undergo a colour change by bathochromic 

shift, ATC, SMB and TGA were required in relatively higher concentrations of ~10 µM but 

SDDC was capable of inducing a colour change at 1000 times lower concentration of 0.01 µM. 

This may be attributed to the disulfide groups that can induce rapid agglomeration of gold 

nanoparticles. The addition of these again did not alter the spectral properties of AgNS@CDPA. 

Thus, the results clearly indicated that AuNS@CDPA has high selectivity towards sulfur-based 

compounds as compared to AgNS@CDPA.  

The calibration plot of absorbance ratio vs. different concentrations for Cys and SDDC in the test 

range of 0.01-0.25 µM exhibited a fairly linear relationship with the lower limit of detection 

(LOD) of 0.05 and 0.07 µM for SDDC and Cys. The superiority of this method lies in facile 

readout and rapid visible colourimetric observations.  

4.3.6. Analytical Performance 

The detailed semi-quantitative and quantitative studies suggest that the presence of S containing 

model compounds like cysteine (amino acid) or SDDC (agrochemical) is capable of inducing 

aggregation of AuNS@CDPA. This is quantitatively proved from experiments that demonstrated 

an increasing absorption ratio i.e. A670/A524 for cysteine and SDDC. Upon increasing the 

concentration of the added analytes (i.e. 0.01 -0.25 µM of cysteine and SDDC) led to a gradual 

colour change from red to blue. The spectra indicated a gradual increase in the intensity of blue 

colour with increasing concentration as reflected in the absorption spectral changes of 

AuNS@CDPA. The calculated correlation coefficient values of R2= 0.995 for cysteine and R2= 

0.959 SDDC is proof of a good linear co-relation between absorption ratio in this concentration 

range as shown in Figure 4.11 (F&G). The synthesized AuNS@CDPA is thus a biocompatible, 

non-toxic and cost-effective nano-sensor that can be employed for facile on-site detection 

purposes.   

Such nanosensor possesses a comparatively better detection limit as compared to many paper-

derived analytical devices. This is because despite being easy to employ, inexpensive and 

portable paper-based analytical sensors had bad limits of detection19. Thus AuNS@CDPA can be 

employed for the detection of S derived pollutants and agrochemicals under conditions of limited 
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resources owing to its rapid visual detectability and without the need for sample pre-treatment or 

pre-concentration. 

Table 4.3: A comparison table of various Au/Ag derived nanosensors employed for 

colourimetric detection of cysteine/pesticides 

Sr.No. Nanosensor Analyte LOD  Reference 

1. Diphenylcarbazide capped 

Ag nanoparticles 

Cysteine 

Homocysteine 

0.16 µM 

0.25 µM 

45 

 

2. L-Aspartic acid capped Au 

nanoparticles 

Cysteine 100 nM 46 

 

3 Ractopamine hydrochloride 

stabilized Au nanoparticles  

Cysteine  0.35 µM 42 

 

4 Carboxymethyl cellulose-

functionalized Au 

nanoparticles 

Cysteine 10 µM 47 

 

5. Rhodamine B-functionalized 

Au nanoparticles 

Pesticides 

Carbaryl 

Diazinon 

Malathion 

Phorate 

 

0.1 ppb 

0.1 ppb  

0.3 ppb 

1.0 ppb 

8 

 

6. Sodium dodecyl sulfate 

capped Ag nanoparticles 

Dithiocarbamate pesticides  

Ziram 

Zineb 

Maneb 

 

149.3 ng/ml 

4.0     ng/ml   

9.1     ng/ml 

48 

 

7. Citrate stabilized Au 

nanoparticles 

Pesticide: Ametryn 0.15 ppb 49 

 

8. Silk fibroin gold 

nanocomposite 

Pesticide: Chlorpyrifos 10 ppb 31 

 

9 Cyclodextrin phthalate ester 

functionalized Au 

nanoparticles 

Cysteine 

Agrochemical: SDDC 

0.07 µM 

0.05 µM 

This Work 
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Table 4.3 demonstrates a comparison of the analytical performances of this nanosensor with 

some of the previously reported ones for the detection of either cysteine or agrochemicals. The 

assessment with previous work shows that the nanosensor employed in this work has LOD 

comparable with the other sensors. A much lower LOD value was noted for AuNS@CDPA as 

compared to some of the systems (Table entries 1-4). It is interesting to note that, although 

AuNS@CDPA has a greater LOD value than the systems mentioned in table entries 5 and 6 the 

merit of this approach lies in the use of a biocompatible non-toxic cyclodextrin polymer for the 

nanosensor design. 

4.3.7. Mechanism 

A strong affinity of gold for S plays a crucial role in the probable mechanism of action that is 

followed for the detection of the sulfurous analytes using AuNS@CDPA. In addition, the 

amphiphilic nature of cyclodextrin phthalate ester polymer that coats the AuNPs also has its role 

in the interaction of analytes with the sensor. Figure 4.12 (A) demonstrates the probable 

mechanism for cysteine sensing. Upon addition of AuNS@CDPA to a solution containing 

cysteine molecules, owing to it is hydrophilic nature the molecules tend to get entrapped in the 

hydrophilic part of the polymer network. The cysteine entrapment introduces the SH groups in 

the environment of AuNPs. Since gold has a strong affinity for SH groups, the phenomenon of 

ligand exchange is initiated and the AuNPs that was previously stabilized only carbonyl oxygen 

from polymer now interacts with SH groups of cysteine 50. This increases the electrostatic forces 

of interaction between the polymer capped AuNPs and cysteine molecules as a consequence. 

This resulted in a decreased inter-particle distance between adjacent AuNPs and agglomeration 

occurs 51. The agglomeration resulted in the changes in SPR absorbance and a bathochromic shift 

giving a visual readout in the form of colour change notifying the presence of cysteine.  

Figure 4.12 (B) demonstrates the probable mechanism of SDDC interaction with the sensor. In 

the case of SDDC, the two methyl groups can get accommodated inside the cavity of 

cyclodextrin molecules owing to their hydrophobicity 52. After being introduced in the sensor 

environment the S atoms in the structure of SDDC then interacts with Au molecules and induces 

aggregation via the same principle as described in the case of cysteine.   
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Figure 12: Schematic showing a probable mechanism for detection of (A) Cysteine and (B) 

SDDC using AuNS@CDPA 

 

It is interesting to note that since SDDC can have interactions with the cavity whereas cysteine is 

entrapped in the hydrophilic environment, more SDDC molecules can have interaction with the 

sensor as compared to cysteine. This explains the improved sensitivity and low LOD value of 

AuNS@CDPA towards SDDC sensing in comparison with cysteine sensing.  
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The sensing mechanism is supported with various evidences from analytical characterizations 

like FTIR, HR-TEM and elemental mapping. The FTIR spectra demonstrated a new low-

intensity peak at 2527 cm-1 in addition to the signature peaks of AuNS@CDPA that is 

representative of the presence of SH linkage of cysteine and its interaction with the AuNPs 

thereof (as shown in Figure 4.13) 53.  

 

 

Figure 4.13: FTIR overlay spectra for AuNS@CDPA in presence of (i) Cysteine and (ii) SDDC 

Similarly, in the case of SDDC the peak at 2521 cm-1 appears that is representative of S atoms 

interacting with AuNPs. The HRTEM images show an agglomeration and presence of large-

sized aggregates in AuNS@CDPA upon addition of analyte molecules to the sensor solution. 

Upon addition of cysteine the size changes to 21 nm whereas in the case of SDDC, the size 

increases to 25 nm as shown in Figure 4.14 (A&B). A large-sized aggregate in the case of 

SDDC as compared to cysteine again proves more interaction of SDDC with the sensor causing 

an enhanced agglomeration. On the other hand no change in the size of AgNS@CDPA proving 

no interaction of this sensor with the analytes (Figure 4.14 (C&D)).  
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Figure 4.14: Various analytical characterization of sensor in presence of analytes; HRTEM 

image of (A) Cysteine added AuNS@CDPA (B) SDDC added AuNS@CDPA (C) Cysteine 

containing AgNS@CDPA and (D) SDDC containing AgNS@CDPA; (E) & (F) DLS spectra 

of Cysteine and SDDC containing sensor solutions; elemental mapping of (G) Cysteine and 

(H) SDDC added AuNS@CDPA 

 

The results are corroborated by observations of DLS measurements. In addition to the presence 

of peaks at 13.2 nm for standard AuNS@CDPA, new peaks of large-sized aggregates are 

observed at 44.7 nm for cysteine and 72.8 nm in case of SDDC suggesting agglomeration in 

Figure 4.14 (E&F). The hydrodynamic size of AgNS@CDPA however is not affected.  
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Elemental mapping shows the presence of S and N in the analyte added samples which are 

attributed to the presence of cysteine/SDDC (Figure 4.14 (G&H)).  

Thus these characterizations support the probable mechanism proposed for sensing of S 

containing compounds using AuNS@CDPA. 

4.4. Conclusion 

To summarize, this work reports the synthesis of a biocompatible and nontoxic cyclodextrin 

derived polymer by its phthalylation. This polymer acts as both stabilizing and reducing agent 

for the synthesis of AuNPs and AgNPs, the resulting nanosystems are used as sensors for rapid 

detection of sulfated compounds. The polymer and sensors were thoroughly characterized by 

various analytical techniques. The microscopic imaging via FE-SEM and HRTEM suggest 

spherical morphology and formation of <15 nm-sized sensors. Elemental mapping revealed the 

presence of 12% elemental Au. Cysteine and SDDC have been used as model analytes to detect 

the efficiency of the nanosystems in sensing sulfur-based compounds. The colourimetric 

assessment is established on red shift (from 524 nm to 670 nm) within 5 seconds for sulfur-based 

compounds in the AuNS@CDPA system. The AgNS@CDPA however did not show any 

alteration in its spectral properties upon the addition of analytes. The effect of ionic strength and 

pH of solution on spectral characteristics of sensing has also been discussed. The quantitative 

studies suggested straight line linearity in the range of 0.01-0.25 µM for SDDC and Cysteine 

with LOD values of 0.05 and 0.07 µM respectively for these compounds. The sensitivity of 

AuNS@CDPA towards analyzing S compounds has been proved via analysis of various 

mixtures. The probable mechanism for sensing involving the role of CD's amphiphilicity in 

analyte entrapment and NP agglomeration has been shown with appropriate analytical evidence. 

The scope of the study was further extended to detecting real samples like analyzing allicin in 

complex extracts and real pesticide samples like phorente and tafgor. Thus AuNS@CDPA has 

been found to be a sensitive, rapid and effective colourimetric sensor giving visual readout 

instantaneously in presence of S compounds without the need for any sample preparation or pre-

concentration. Thus AuNS@CDPA can be potential cost-effective nanoprobes that can be 

employed for sensing sulfated analytes. 
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