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Abstract 
Food adulteration is the act of degrading the quality of food by adding cheap and often 

toxic substances (adulterants) to profit by either improving the appearance or by 

improving the shelf life of the food upon storage. The use of non-permitted colours on 

food items is a growing menace faced by Indian consumers. For example, ‘Metanil 

Yellow (MY)’ and ‘Malachite Green (MG)’, carcinogenic dyes used to enhance the 

appearance of dals and green vegetables respectively, have been detected in ~28% of 

produce tested in Mysore [1]. Food Safety and Standards Authority of India (FSSAI) is 

the government body which sets standards and monitors the quality of food. But the 

process of collection of samples and preparation of samples for chemical analysis using 

sophisticated analytical instruments takes about 1-2 weeks to complete. This delay 

makes it impossible to undertake preventive action to stop the inflow of adulterated 

food in the market. As such, there is a definite need for a point of use chemical analysis 

of food adulteration in India and worldwide. 

Surface Enhanced Raman Spectroscopy (SERS) is an analytical technique that is well-

suited for point of use chemical analysis. A key aspect of SERS is the use of a plasmonic 

nanostructured substrate for amplifying the Raman signal of adsorbed molecules. 

Recently, our group developed a simple process for fabricating SERS-active silver 

nanostructures on paper [2]. This thesis discusses the application of such paper-based 

SERS substrates for the rapid detection of non-permitted colouring agents from pulses 

and vegetables by using a portable Raman Spectrometer. The concentration-based 

adsorption analysis showed successful detection of Rhodamine 6G, Malachite Green, 

and Metanil Yellow dyes in the nanomolar range. Adsorption analysis showed that 

Langmuir isotherm fits well in the higher concentration range but at lower concertation 

the model predictions were much lower than observations. This deviation at lower 

concentrations is attributed to the non-linear dependence of SERS intensity on adsorbed 

concentration due to the presence of ‘hotspots’. Overall, the SERS signal variation 

across substrates was found to be 1.6%, which attests to the uniformity of the silver 

nanostructures over macroscopic areas and highlights the reproducibility of the 

fabrication process.  



 

 

 

For the detection of MY in dal samples, FSSAI suggested HCl-based quick diagnostic 

test was found to fail when the dal samples were adulterated with MY solutions having 

concentration of 100 μM and lower. However, there is a significant enhancement in the 

appearance of dal samples adulterated with 100 μM MY solutions and thus there is an 

immediate need to detect MY from these samples. The SERS swabs can successfully 

detect MY from the dal samples adulterated even with 1 μM solution, below which 

there is no economic incentive to adulterate. Thus, SERS swabbing can help to detect 

MY adulteration in real-world dal samples. Pursuing this possibility, several real-world 

samples were also tested. Apart from one dal sample from a public distribution system 

(Ration) shop, the other samples were found to be safe. Similarly, MG dye has been 

successfully detected from the green peas and green chillies samples intentionally 

adulterated with 100 nM solution concertation of MG. Finally, to verify the claims of 

market-available cleaners and ozoniser, green chillies and green peas adulterated with 

Malachite Green were treated as prescribed and SERS results indicate that about 60-75 

% of MG was removed using liquid cleaners, while ~88% removal was feasible using 

an ozoniser.  

In conclusion, these results show the successful adaptation of SERS swabs for the rapid 

and portable detection of food adulteration using non-permitted colours.  

[1] DownToEarth, “Rampant food adulteration in Mysore,” 2015. [Online]. Available: 

https://www.downtoearth.org.in/news/rampant-food-adulteration-in-mysore-4576. 

[Accessed: 30-Jul-2018]. 

[2] P. Joshi and V. Santhanam, “Paper-based SERS active substrates on demand,” RSC 

Adv., vol. 6, no. 72, pp. 68545–68552, 2016. 

 

 

 



 

iv 

 

Contents 
Chapter 1 Introduction ........................................................................................... 1 

1.1 Motivation .................................................................................................. 1 

1.2 Aim and structure of Thesis ...................................................................... 5 

Chapter 2 Raman Spectroscopy and SERS ............................................................ 9 

4.1 Introduction ............................................................................................... 9 

4.2 Role of metals in enhancing Raman signal.............................................. 13 

4.3 Surface Enhanced Raman Spectroscopy (SERS) .................................... 16 

4.4 Distance dependence of EF ...................................................................... 17 

Chapter 3 Fabrication of SERS substrate and performance characterization ... 19 

3.1 Literature review ..................................................................................... 19 

3.2 Experimental protocol used for fabrication of SERS substrates ............ 22 

3.3 Raman spectrometer ................................................................................ 24 

3.4 Factors affecting SERS signal ................................................................. 26 

3.4.1 Effect of ambient light .................................................................. 27 

3.4.2 Positioning of substrate ................................................................ 28 

3.4.3 Effect of Laser power ................................................................... 29 

3.4.4 Effect of integration time.............................................................. 32 

3.4.5 SERS signal variation across substrates ...................................... 32 

3.5 SERS detection capability ....................................................................... 34 

3.5.1 Langmuir isotherm ....................................................................... 34 

3.5.2 Adsorption analysis of Rhodamine 6G on silver nanowires ........ 35 

3.5.3 Adsorption analysis of Malachite Green Oxalate on silver 

nanowires ................................................................................................. 37 

3.5.4 Adsorption analysis of Metanil Yellow on silver nanowires ........ 39 

Chapter 4 Direct detection of the adulteration of dals and vegetables with organic 

dyes ......................................................................................................................... 47 

4.1 Introduction ............................................................................................. 47 

4.2 Limit of detection of FSSAI suggested test for Metanil Yellow .............. 48 

4.3 Detection using SERS – efficacy of swabbing ......................................... 48 

4.4 Limit of direct detection of Metanil Yellow using SERS swabs ............. 51 

4.5 Direct detection of Malachite Green Oxalate from green vegetables ..... 53 



 

v 

 

4.6 Adulterants detection from real-world samples...................................... 55 

4.7 Adulterant removal capability of cleaning solutions available in the 

market                                                                                                                                      58 

4.7.1 Rinsing with tap water ................................................................. 58 

4.7.2 Direct washing with cleaners........................................................ 59 

4.7.3 Cleaning with ozoniser ................................................................. 60 

4.8 Summary                                                                                                                  63 

Chapter 5 Summary and future scope .................................................................. 65 

5.1 Summary and conclusion ........................................................................ 65 

5.2 Future scope ............................................................................................. 67 

Appendix A- Adsorption analysis data ................................................................. 68 

A.1 Rhodamine 6G dye .................................................................................. 68 

A.2 Malachite Green Oxalate dye .................................................................. 70 

A.3 Metanil Yellow dye .................................................................................. 71 

Appendix B- Data Processing with ORIGIN software ......................................... 72 



 

vi 

 

List of figures  

 

Figure 1. 1 Current food adulteration scenario in India [21]. ...................................... 3 

Figure 1. 2 conventional sample preparation method for detecting adulterants in food 

samples ..................................................................................................................... 4 

 

Figure 2.1 Jablonski diagrams schematically illustrating (a) Rayleigh and (b) Raman 

Scattering. S0 and S1 are primary electronic levels and v=0, 1, 2 are the sub-electronic 

(vibronic) levels. In Rayleigh scattering molecule comes back to the same energy level, 

v=0, after scattering, while in Raman scattering the molecule has returned to a different 

energy level (from v = 0 to v = 1) after scattering, and a photon is scattered with the 

energy ES wherein ħωV is the energy required for the transition. Reproduced from Eric 

C. Le Ru and Pablo G. Etchegoin [1]. ...................................................................... 10 

Figure 2.2 Jablonski diagrams schematically illustrating (a) Rayleigh and (b) Raman 

Scattering through quantum mechanics point of view. The absorption of the photon is 

through a transition of a molecule to a virtual state, and a photon is scattered when 

molecule comes back to same vibronic level (a), or to a different vibronic level (b). The 

virtual state may or may not coincide with a stationary electronic state of the molecule, 

in case if it coincides then it is called resonant. Reproduced from Eric C. Le Ru and 

Pablo G. Etchegoin [1]. ........................................................................................... 11 

 

Figure 3.1 Schematic representation of the steps in print-expose-develop process .... 21 

Figure 3.2 Representative FESEM image of developed silver nanowires with a nominal 

silver loading of 1 mg/cm2 on Kimwipe tissue paper. ............................................... 24 

Figure 3.3 Schematic illustration of ‘etendue’ effect of spot size on the resolution of 

acquired Raman spectra. An increase in the aperture size leads to increased spot size. 

(a) small spot size leads to high resolution if signal collected is sufficient, (b) Large 

spot size leads to poor resolution and loss of molecular signature. ........................... 25 

https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143746
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143746
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143746
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143747
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143747
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143747
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143747
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143748
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143749
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143750
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143750
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143750
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143751
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143751
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143751
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143751
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143752
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143752
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143752
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143752
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143752
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143752


 

vii 

 

Figure 3.4 Illustration of Raman Spectra of disperse analytes. In conventional Raman 

Spectrometer (a) tightly focused beam might produce high resolution but it only 

samples a small area, (b) large spot size is produced by increasing the aperture size 

which leads to poor resolution, but in SnRI portable Raman Spectrometer (c) with ORS 

acquisition area is increased by rastering the laser spot over the surface leading to better 

sampling with high signal to noise ratio. (reproduced from 

http://www.wysri.com/apps/sers/, accessed on 10/10/2018) ..................................... 26 

Figure 3.5 SERS spectra from SERS-swabs soaked for 12 hrs in 1 mM Metanil Yellow 

solution and rinsed with DI water. Comparison of spectra collected with and without 

ORS at 10 mW laser power and integration time 5 s. ............................................... 27 

Figure 3.6 Influence of ambient light on the background spectra of SERS substrate. (a) 

Background SERS signal of substrate (silver nanowire on Kimwipe) without 

correction. The peaks present in the spectra are due to ambient light interference, (b) 

SERS background of substrate without the influence of ambient light. In spectra (b) 

Reference option is ON which has removed the influence of ambient light. Spectra 

acquired at 16.67 mW laser intensity and 5 s integration time with ORS in ON 

condition. ................................................................................................................ 28 

Figure 3.7 Variation of SERS signal with change in distance from laser aperture. SERS 

spectra are collected for Silicon wafer and target peak is 525.5 cm-1. SERS spectra. 

Spectra acquired at 50 mW laser intensity and 5 s integration time with ORS and 

Reference ON conditions. ........................................................................................ 29 

Figure 3.9 Image showing the effect of high laser power on the nanowire substrate. (a) 

High laser power has led to a change in the colour of the substrate, as visible in the 

encircled area. (b) FESEM image of the affected area, clear colour distinction can be 

made. Dark area is the affected area on the substrate................................................ 30 

Figure 3.8 SERS signal as a function of distance of the substrate from the laser aperture 

for (a) Silicon substrate (525.5 cm-1 peak), and (b) Rhodamine 6G (R6G) dye (616 cm-

1 peak) adsorbed on paper-SERS substrate. The maximum intensity for Silicon and R6G 

is achieved in the range 11.4 ± 1 mm from laser aperture. SERS signal were acquired 

at (a) 50 mW laser intensity and for integration time of 5 s, and (b) 3.33 mW laser 

https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143753
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143754
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143754
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143754
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143754
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143754
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143755
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143756
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143756
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143756
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143756
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143756
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143756
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143757
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143757
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143757
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143757
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143757
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143757
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758


 

viii 

 

intensity and for integration time of 1 s, with ORS and Reference ON conditions. Data 

points were fitted with a Lorentz curve. ................................................................... 30 

Figure 3.11 Variation of SERS spectra with laser power for paper-SERS substrate 

soaked in Rhodamine 6G solution having concentration of 10 µM. Spectra were 

acquired using varied laser intensity and 1 s integration time with ORS and Reference 

ON conditions. ........................................................................................................ 31 

Figure 3.10 FESEM image of the (a) non-affected area, (b) laser affected area ........ 31 

Figure 3.12 Effect of integration time on Raman spectra of silicon substrate, (b) Signal 

intensity increases linearly with integration time. Spectra acquired at 10 mW laser 

intensity and variable integration time with ORS and Reference ON conditions....... 32 

Figure 3.13 Reproducibility of SERS signal within and across the substrates. (a) 

FESEM image of Kimwipe substrate showing the morphology of silver nanowires, (b) 

comparison of size of Raster area and SERS substrate area. Overall variation of SERS 

signal of 616 cm-1 peak integrated area for 1 mM R6G across all the substrates (c) 1.6 

% SD in SERS signal with ORS ON condition and (d) 10 % SD in SERS signal with 

ORS OFF condition. Spectra acquired at 10 mW laser intensity and 1 s integration time 

with Reference ON condition. The orange bands represent average ± SD and are an aid 

to the eye. ................................................................................................................ 33 

Figure 3.14 Molecular structure of Rhodamine 6G dye. ........................................... 35 

Figure 3.15 SERS signals corresponding to 616 cm-1 peak’s integrated area plotted 

against respective R6G concentrations. Spectra were acquired using a 3.33 mW laser 

power and 1 s integration time with ORS and Reference ON conditions. The error bars 

correspond to SERS signal variation within the substrate. ........................................ 36 

Figure 3.16 Langmuir Isotherm fir for Rhodamine 6G dye. Inset shows a log-log plot 

highlighting the difference between data and model at lower concentrations. ........... 36 

Figure 3.17 Molecular structure of Malachite Green Oxalate dye. ............................ 37 

Figure 3.18 SERS signals corresponding to 1370 cm-1 peak’s integrated area plotted 

against respective MG Oxalate concentrations. Spectra were acquired using a 16.67 

https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143758
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143759
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143759
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143759
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143759
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143759
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143759
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143760
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143760
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143760
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143761
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143761
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143761
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143761
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143761
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143762
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143763
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143763
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143763
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143764
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143764
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143764
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143764
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143764
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143764
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143765
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143765
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143765
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143765
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143766
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143766
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143766
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767


 

ix 

 

mW laser power and 5 s integration time with ORS and Reference ON conditions. The 

error bars correspond to SERS signal variation within the substrate. ........................ 38 

Figure 3.19 Langmuir Isotherm fir for Malachite Green Oxalate dye. Inset shows a log-

log plot highlighting the difference between data and model at lower concentrations.

 ................................................................................................................................ 38 

Figure 3.21 SERS signals corresponding to 1148 cm-1 peak’s integrated area plotted 

against respective MY concentrations. Spectra were acquired using a 16.67 mW laser 

power and 5 s integration time with ORS and Reference ON conditions. The error bars 

correspond to SERS signal variation within the substrate. ........................................ 39 

Figure 3.20 Molecular structure of Metanil Yellow. ................................................. 39 

Figure 3.22 Langmuir Isotherm fir for Metanil Yellow dye. Inset shows a log-log plot 

highlighting the difference between data and model at lower concentrations. ........... 40 

 

Figure 4.1 Cartoon of FSSAI suggested test for Metanil Yellow detection from dals 47 

Figure 4.2 Results of FSSAI suggested HCl test for dals adulterated with Metanil 

Yellow. The left panels show a photograph of the dal samples, while the right panels 

show corresponding images of the dal samples after being immersed in a HCl solution. 

Comparison of adulterated dals with the non-adulterated one. Organic dal adulterated 

with 10 μM Metanil Yellow looks more appealing than non-adulterated dal, and organic 

dal adulterated with 1 mM Metanil Yellow shows the presence colour visually on 

comparing with the organic dal. ............................................................................... 49 

Figure 4.3 Sample Preparation techniques for SERS analysis................................... 50 

Figure 4.4  Comparison of direct swab sample with drop-cast and dipped samples. (a) 

SERS spectra corresponding to direct pick up of Metanil Yellow molecule from dal 

surface by swabbing (no desorption), (b) & (c) SERS analysis of dropped and dipped 

ones. SERS signals were acquired using 16.67 mW laser intensity and for integration 

time of 5 secs with ORS and Reference ON. ............................................................ 51 

https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143767
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143768
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143768
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143768
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143768
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143768
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143769
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143769
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143769
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143769
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143769
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143769
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143770
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143770
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143770
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143771
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143771
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143771
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143771
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143772
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143772
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143772
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143773
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143774
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143774
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143774
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143775
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143775
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143775
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143775
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143775
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143775
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143775


 

x 

 

Figure 4.5 Representative SERS spectra of dal samples adulterated with Metanil 

Yellow. SERS signals were acquired using 16.67 mW laser intensity and integration 

time of 5 secs with ORS and Reference ON. ............................................................ 52 

Figure 4. 6 SERS spectra of (a) Green peas, and (b) Green chillies. SERS signal 

acquired at 16.67 mW laser intensity and for integration time of 5 s with ORS and 

Reference ON. ......................................................................................................... 54 

Figure 4.7 SERS spectra of different packed and open dal samples. The samples do not 

show any significant Raman peak confirming the absence of any foreign adulterant 

molecule. SERS signals were acquired using 16.67 mW laser intensity and for an 

integration time of 5 secs with ORS and Reference ON. .......................................... 55 

Figure 4.8 SERS spectra of green peas and green chillies from different shops around 

IISc. SERS spectra for both the vegetables do not show any significant Raman peak, 

which confirms the absence of any foreign adulterant molecule. SERS signals were 

acquired using 16.67 mW laser intensity and for an integration time of 5 secs with ORS 

and Reference ON. .................................................................................................. 56 

Figure 4.9 (a) Dal sample from a Ration shop in Triplicane, Chennai, (b) FSSAI 

suggested HCl test does not give any prink colour which is an indication of absence of 

Metanil Yellow. ....................................................................................................... 57 

Figure 4.10 SERS spectra of dal from a ration shop in Chennai showing major peaks 

related to Metanil Yellow. SERS signal was acquired at 16.67 mW laser intensity and 

for integration time of 5 secs with ORS and Reference ON. ..................................... 57 

Figure 4.11 SERS spectra from swab of green peas before and after rinsing with tap 

water show 35% reduction in the integrated peak area of 1372 cm-1 peak. SERS spectra 

are collected at 16.67 mW laser power with an integration time of 5 s with ORS and 

Reference ON. ......................................................................................................... 59 

Figure 4.12 Photographs of different cleaners used. ................................................. 60 

Figure 4.13 SERS spectra of (a) green peas, and (b) green chilli before and after 

washing with three different brands of detoxifying cleaners. Average removal 

https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143776
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143776
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143776
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143776
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143776
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143777
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143777
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143777
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143777
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143777
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143778
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143778
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143778
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143778
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143778
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143778
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143779
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143779
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143779
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143779
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143779
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143779
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143779
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143780
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143780
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143780
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143780
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143780
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143781
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143781
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143781
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143781
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143781
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143782
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143782
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143782
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143782
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143782
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143782
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143783
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143783
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143783
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784


 

xi 

 

capability of all the cleaners range from 60-70%. SERS spectra are collected at 16.67 

mW laser power with an integration time of 5 s with ORS and Reference ON. ........ 61 

Figure 4.14  Top – A photograph of the ozoniser and the setup used for ozonisation. 

Bottom - SERS spectra from swabs of green chillies before and after the ozonisation. 

Even after ozonisation Malachite Green Oxalate peaks, albeit at a lower intensity, are 

still present, which shows the presence of dye even after ozonisation. SERS spectra 

were collected at 16.67 mW laser power with an integration time of 5 s with ORS and 

Reference ON. ......................................................................................................... 62 

 

Figure 5.1 SERS spectra of neat dichlorvos liquid from dropcasting 10 μL of pesticide 

formulation (76% EC, diluted 25x) in water on Kimwipe SERS substrate. SERS signal 

was acquired using 20 mW laser intensity and integration time of 5 secs with ORS and 

Reference ON. ......................................................................................................... 67 

 

 

 

 

 

 

 

 

 

 

https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143784
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143785
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143786
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143786
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143786
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143786
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143786
https://indianinstituteofscience-my.sharepoint.com/personal/kaditya_iisc_ac_in/Documents/Thesis/thesis.docx#_Toc528143786


 

xii 

 

 

List of tables 

 

Table 3.1 Composition of Developer solution D76 .................................................. 24 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

xiii 

 

  



 

 

 

1 

 

Chapter 1 Introduction 
 

1.1 Motivation  

Green vegetables, pulses, and spices are significant food items in the Indian diet. 

Lentils, beans, chickpeas and yellow peas come under the category of pulses. In the 

Indian diet, pulses are the primary source of micronutrients, proteins and carbohydrates 

with the minimum amount of fats. These pulses also provide Vitamin D, dietary fibres 

and many antioxidants. Adequate consumption of pulses fulfils the daily requirement 

of protein in Indian vegetarian diet. 

Vegetables and fruits are accepted as healthy food worldwide. Green vegetables play 

an important role in one’s diet as they are concentrated with vitamins like vitamin C, 

Folic acid, B complex vitamins, carotenoids (precursors of Vitamin A), 

phytochemicals, minerals (like iron and calcium), complex carbohydrates/fibre, and 

antioxidants [1]. It is suggested to have some portion of green vegetables in the meal 

because of its many health benefits [2]. Indian dietary guideline recommends having 

100 grams of green vegetables per portion for adults [1]. 

It is a common belief world over that brighter the vegetables and produce appear the 

fresher it will be. Typically, the Indian markets have different varieties of lentils and 

green vegetables, and consumers tend to buy those lentils and vegetables which are 

bright and shiny as a dull colour is associated with bad quality, and this popular belief 

provides the economic incentive for illegal use of artificial colours by unscrupulous 

traders. Artificial colours can also be used to enhance the colour tone of the old stock 

of vegetables and pulses and make them look fresh. Such synthetic colourants have 

even been detected in packed foods and beverages [3].  

Adulteration is an act of degrading the quality of food by adding cheap, inferior, and 

toxic substances to make produce look appealing or to improve their shelf-life for 

financial gain. The synthetic chemicals which are employed for this purpose are called 

adulterants. The continuous consumption of adulterated food results in slow poisoning 

and the end effect is that the consumers become the victim of illnesses caused by  
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adulterated food. Lack of awareness, negligence and inadequate enforcement of food 

laws also play a vital role in the proliferation of food adulteration. 

Some of the food items in the Indian market that are reported to be adulterated include: 

• Dals [4], turmeric [5], and curry powder [6], [7] that are adulterated with 

Metanil Yellow (MY, carcinogenic [8]) to improve the colour of the food [4] 

• Green chillies, green peas (packed) and other green vegetables that are 

adulterated with Malachite Green (MG, carcinogenic and causes multi-organ 

tissue injury [9]) to make the vegetables look ‘glowing’ green [3] 

Metanil Yellow (C18H15N3NaO3S) is a toxic azo dye which is banned from being used 

as food dye because studies have shown that Metanil Yellow under anaerobic condition, 

reduces to form aromatic amines posing a risk to human health [8], [10] and can lead 

to neurotoxicity [11], hepatocellular carcinoma [12], [13], tumour development [14], 

adverse effect on gastric mucin [15], and lymphocytic leukemia [16].  

Malachite Green (C23H25ClN2) is generally used as a dye in silk, leather, and paper 

industry. It is also used in the aquaculture industry as a fungicide [17], parasiticide, and 

bactericide [18] due to its carcinogenic [19], mutagenic, and teratogenic properties [8]. 

Malachite green has reportedly been used in green vegetables like green chillies, green 

peas, and leafy vegetables despite being banned worldwide.   
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Figure 1.1 shows the current scenario of food adulteration in India, where the extent of 

adulteration detected has increased from 13% to 23% in 6-7 years [20]. Food Safety 

and Standards Authority of India (FSSAI) is the government body which sets standards 

for articles of food and regulates their manufacturing, storage, distribution, sale and 

import to ensure availability of safe and wholesome food for human consumption in 

India. FSSAI ensures the quality of food by testing them in their laboratories. The 

conventional chemical analytical methods employed for the detection of food 

adulteration involve three steps, a collection of samples from the market and 

transporting the samples to the laboratories, a sample preparation step and then 

detection with either Gas chromatography-Mass spectroscopy (GC-MS) or Liquid 

chromatography-Mass spectroscopy (LC-MS), or High-pressure liquid 

(a) 

(b) 

Figure 1. 1 Current food adulteration scenario in India [21]. 
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 chromatography (HPLC). As shown in Figure 1.2, the sample preparation step involves 

grinding and blending of food item followed by extraction of target organic molecules 

into the organic phase for further analysis using chromatographic techniques. But, the 

entire process from collection of samples to analysis takes about 1-2 weeks to complete, 

while a national report on the statistics of adulterants detected is published annually. 

These delays make it impossible to undertake preventive action to stop the inflow of 

adulterated food into the market. Hence, there is a definite need for low-cost 

technologies that can enable point of use adulterant detection.  

 

 

Nanomaterials are promising materials for fabricating sensors due to their tunable 

optical properties [21], physicochemical properties [22], and catalytic activity [23]., 

Surface Enhanced Raman Spectroscopy (SERS) is a capable technique for rapid, on-

field detection of Raman spectra of molecules. The vibrational signature encoded in the 

Raman spectra can be used as a unique identifier of molecular structure. A plasmonic 

nanostructured substrate is required for amplification, by several orders of magnitude, 

of the weak Raman signal (almost exclusively emitted from the adsorbed molecular 

layer closest to the surface), and such ‘surface-enhancement’ renders SERS capable of 

detecting the presence of a single molecule [24]. 

Figure 1. 2 conventional sample preparation method for detecting adulterants in food samples 
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Silver-based nanostructures have optimal plasmonic properties giving rise to higher 

SERS enhancement factors as compared to other materials [23]. However, 

commercially available silver SERS substrates (Silemco [23], Q-SERS [23], and 

Diagnostic anSERS [25]) have a limited shelf life of ~3-6 weeks since the activity of 

silver substrate decreases with time due to tarnishing under environmental conditions. 

So, for improving shelf-life up to 12-24 weeks, these substrates are packaged and stored 

under inert condition [25], which considerably increases their cost. Thus, it is quite a 

challenge to fabricate low-cost disposable silver SERS substrates for on-field 

application.  

 

1.2 Aim and structure of Thesis 

Recently, a simple desktop printer based low-cost fabrication of paper-based SERS-

active silver nanostructures was reported by our group [26, 27]. The process obviates 

the need for storage under inert conditions as substrates can be fabricated on demand. 

The goal of this research was to develop optimal protocols for the use of paper-based 

SERS substrates for onsite detection of adulterants from food items. The specific 

objectives were the detection of synthetic colourants used in the adulteration of pulses, 

and green vegetables using a portable Raman Spectrometer.  

This thesis reports results on the detection of two commonly used adulterants, namely 

‘Metanil Yellow (MY)’ from the surface of pulses, and ‘Malachite Green (MG)’ from 

the skin of vegetables using a portable Raman Spectrometer from Snowy Range 

Instruments (SnRI) [29].  Chapter 1 provides an overview of the current scenario of 

food adulteration in India, the drawbacks associated with existing detection techniques, 

and the proposed solution based on paper-based SERS substrates. Chapter 2 reviews 

the basic concepts useful for understanding Raman scattering and surface enhancement 

of the Raman signal. Chapter 3 provides information about the inkjet printing method 

used for the fabrication of SERS substrate and a review of selected literature reports on 

SERS. Chapter 4 covers the experimental part which involves the optimization of the 

acquisition condition for spectra in portable Raman Spectrometer and then presents 

results on the detection of adulterants from food samples. Finally, chapter 5 summarises 
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and lists the conclusions based on our analysis of the results and ends with a discussion 

on the scope for future work.  
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Chapter 2 Raman Spectroscopy and 

SERS 
 

4.1 Introduction 

Spectroscopy is the study of the interaction between electromagnetic waves and matter; 

incident electromagnetic radiation is either absorbed or scattered by matter. Raman 

Spectroscopy is concerned with the scattered radiation from a sample. Scattering refers 

to a change in the direction of light as it propagates through a medium. Scattering can 

be envisioned as the simultaneous absorption of incident photon and emission of 

another photon (scattered photon) in a different direction.  

Depending upon the energy of the scattered photon with respect to the incident photon, 

scattering can be classified into 1) Elastic scattering, and 2) Inelastic scattering. A 

scattering event is termed elastic when the energy of the scattered photon, ES, is equal 

to that of the incident photon, EL; wherein molecules within the matter return to the 

same energy level after the scattering, as illustrated in Figure 2.1 (a). Elastic scattering 

is also referred to as Rayleigh Scattering. On the other hand, a scattering event is called 

inelastic when the energy of the scattered photon, ES, is different from that of the 

incident photon, EL. The energy difference, ES - EL, corresponds to the energy 

difference required for transition between any two molecular states, as illustrated in 

Figure 2.1 (b). Raman Scattering is a form of inelastic scattering, where the shift in the 

energy of the scattered photon with respect to the incident one corresponds to transition 

between the vibrational/rotational levels. 

In principle, after absorption of a photon, the molecule should be excited to a higher 

energy level. In the case of Raman scattering, this higher energy level may not be one 

of the stationary states of the molecule. In that case, transition probabilities for Raman 

scattering can be best understood as being computationally equivalent to a 

superposition of the electronic wavefunctions associated with the ‘virtual state’ and the 

initial or final states corresponding to absorption or emission, which are taken as 



 

 

 

10 

 

‘simultaneous and instantaneous’. The virtual state has no physical significance, in 

general, and is just a mathematical representation of the higher energy level in quantum 

perturbation theory. Figure 2.2 illustrates the process of Rayleigh and Raman scattering 

through the quantum mechanics point of view. If virtual state coincides with a real 

electronic level (say any vibronic level in S1), then such kind of scattering is called 

resonant scattering.  

 

Raman scattering can be further divided into two parts Stokes and Anti-Stokes process 

depending upon the Raman shift, defined as the difference in the energy of the incident 

and scattered photon. 

∆𝐸 =  𝐸𝐿 −  𝐸𝑆 (2.1) 
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Figure 2.1 Jablonski diagrams schematically illustrating (a) Rayleigh and (b) Raman Scattering. 

S0 and S1 are primary electronic levels and v=0, 1, 2 are the sub-electronic (vibronic) levels. In 

Rayleigh scattering molecule comes back to the same energy level, v=0, after scattering, while 

in Raman scattering the molecule has returned to a different energy level (from v = 0 to v = 1) 

after scattering, and a photon is scattered with the energy ES wherein ħωV is the energy required 

for the transition. Reproduced from Eric C. Le Ru and Pablo G. Etchegoin [1].  
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In Stokes process, the energy of the scattered photon is less than that of the incident 

one (ES < EL) which results in the excitation of the molecule from the vibrational ground 

level v= 0 to the first vibrational excitation state v = 1 as shown in Figure 2.3 (a).  

 

In the anti-Stokes process, the energy of the scattered photon is more than that of the 

incident photon's energy (ES > EL). As illustrated in Figure 2.3 (b) molecule transitions 

from the excited vibrational level v = 1 to ground vibrational level v = 0. For this 

process to occur, the molecule should initially be in the excited vibrational level, which 

is typically less populated than the ground level. As a result, Raman signal intensity is 

very weak in anti-Stokes Raman process compared to Stokes Raman process.  
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Figure 2.2 Jablonski diagrams schematically illustrating (a) Rayleigh and (b) Raman Scattering 

through quantum mechanics point of view. The absorption of the photon is through a transition of 

a molecule to a virtual state, and a photon is scattered when molecule comes back to same vibronic 

level (a), or to a different vibronic level (b). The virtual state may or may not coincide with a 

stationary electronic state of the molecule, in case if it coincides then it is called resonant. 

Reproduced from Eric C. Le Ru and Pablo G. Etchegoin [1].   
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The origin of Raman effect can be understood in the classical electromagnetic field 

description using the concept of polarizability of a molecule. Polarizability refers to the 

phenomenon that when the electric field of an electromagnetic wave (Light) is incident 

upon a molecule, negatively charged electrons and positively charged nuclei are 

attracted towards the positive and negative pole of the incident field respectively. This 

results in the ‘polarization’ of a molecule, and it creates an induced electric dipole 

moment in the molecule. These dipole moments are typically mapped onto specific 

atomic bonds within the molecules. Interaction of incident electromagnetic light with 

these induced dipoles can lead to energy transfer that results in altering the vibrational 

or rotational energy levels of these bonds. A key insight is that molecular transition 

between modes of vibrations that result in a change in polarizability give rise to the 

corresponding peaks in Raman spectroscopy. Thus, a Raman spectrum is a ‘molecular’ 

signature containing information on the bonds present within a molecule. From a 

technological standpoint, the Raman spectral signature region is not obscured by the 

presence of water vapour, and thus, it is unaffected by humidity, which opens avenues 

for on-field deployment.  
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Figure 2.3 Jablonski diagrams of the (a) Stokes and (b) anti-stokes Raman process. Reproduced 

from Eric C. Le Ru and Pablo G. Etchegoin [1]. 



 

13 

 

 

 

4.2 Role of metals in enhancing Raman signal 

Metals such as silver (Ag), gold (Au), copper (Cu), or aluminium (Al) are known to 

have excellent thermal and electrical conductivity due to the presence of a ‘sea’ of free 

conduction electrons that move around in a background of the positive ions ensuring 

the overall charge neutrality. The collective behaviour of these free conduction 

electrons is modelled as a single entity and denoted as a plasma (free electron plasma 

or solid-state plasma) and plasmons denote the corresponding quantum of plasma 

oscillations. The optical response of the free electron plasma can be understood by the 

Drude-Lorentz model, which describes the dependence of dielectric constant on the 

frequency ω of the electromagnetic field. The optical response can be well understood 

by the following complex dielectric constant of metal, 𝜀𝑖𝑛 [1]. 

 

𝜀𝑖𝑛 =  𝜖∞  (1 −  
𝜔𝑝

2

𝜔2 +   𝑖𝛾0𝜔
) 

(2.2) 

 

Where 𝜔𝑝 is the natural oscillation frequency of the free electron plasma, also called as 

plasma frequency, and is defined as  

𝜔𝑝 =  √
𝑛𝑒2

𝑚𝜖0𝜖∞
 

 

(2.3) 

Real and imaginary parts of the complex dielectric function are given as follows 

 

𝑅𝑒(𝜀𝑖𝑛) =  𝜖∞  (1 − 
𝜔𝑝

2

𝜔2 +   𝛾0
2) 

(2.4) 

 

𝐼𝑚(𝜀𝑖𝑛) =  
𝜖∞𝜔𝑝 

2 𝛾0 

𝜔(𝜔2  +  𝛾0
2)

 
(2.5) 

 



 

14 

 

 

 

Where n is the number of free electrons per unit volume and m is their mass. 𝛾0 is the 

damping term, which corresponds to the collision rate of the free electron with the 

crystal, 𝜖∞ is the background dielectric function, 𝜖0 is vacuum electric permittivity. 

The negative value of the real part of 𝜖, is the origin of many optical properties of metals 

in the visible and IR range, as it is related to the existence of plasmons and its response. 

The imaginary part is related to the range of the collective response. The effect of an 

incident electromagnetic field on the dynamics of the plasmon within a nanostructure 

can be well understood using the quasistatic approach, i.e. considering a small metallic 

sphere (radius a) much smaller than the wavelength of the incident electromagnetic 

field wavelength(λ) (a << λ limit leads to the uniform static electric field around the 

nanoparticle (Figure 2.4)). This problem then reduces to the problem of the response of 

a metallic sphere (dielectric constant 𝜖𝑖𝑛), embedded in a medium of relative dielectric 

constant 𝜖𝑜𝑢𝑡 , to an external electric field, E0. Under the condition of the uniform 

electric field around the metallic particle Maxwell's equation can be solved by 

approximating it to Laplace's equation to determine the field inside (EIn) [2] and outside 

(at the surface, Eout) of the sphere [3]     

 

𝐸𝐼𝑛 = (
 3𝜖𝑜𝑢𝑡

𝜖𝑖𝑛  + 2𝜖𝑜𝑢𝑡
) 𝐸0 

(2.6) 

 

𝐸𝑜𝑢𝑡 =  𝐸0𝒛 −  𝛼𝐸0 (
𝒛

𝑟3
−  

3𝒛

𝑟5
(𝑧𝒛 + 𝑥𝒙 + 𝑦𝒚)) 

(2.7) 

 

𝛼 = 𝑔𝑎3 (2.8) 

and  

𝑔 =  
𝜖𝑖𝑛 − 𝜖𝑜𝑢𝑡

𝜖𝑖𝑛 + 2𝜖𝑜𝑢𝑡
 (2.9) 
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Where the first term, 𝐸0𝒛, is the applied field, and second term, 𝛼𝐸0(… ), is the induced 

dipole which results from the polarization, due to the applied electric field, of the 

electron density in the metal sphere. 𝛼 is the metal polarizability, 𝑥, 𝑦, 𝑧, 𝒙, 𝒚, 𝒛 are the 

normal cartesian coordinates and unit vectors, respectively, r is the radial distance, E0 

is the magnitude of E0, and 𝐸𝑜𝑢𝑡  is the electric field at the surface of the sphere (𝑟 = 𝑎).  

The electric field ‘outside’ the metal sphere can be enhanced for a significant value of 

g. This can be achieved when the denominator of g tends to zero, which implies 𝜖𝑖𝑛  ≈

 −2𝜖𝑀. For standard dielectrics, 𝜖 is in between 1 to 10, so a large electric field is not 

possible. But in the case of metals, it is possible to achieve at the wavelength for which 

absorption is small (𝐼𝑚(𝜖𝑖𝑛)  ≈ 0), and 𝑅𝑒(𝜖𝑖𝑛) ≈  −2𝜖𝑀. In the visible and IR range, 

𝜔 < 𝜔𝑝, 𝑅𝑒(𝜖𝑖𝑛) becomes negative. The large change in the optical response (internal 

electric field) of plasmons gives rise to resonance. Resonance occurring at  𝑅𝑒(𝜖𝑖𝑛) ≈

 −2 (for metal nanoparticles in air (𝜖𝑀 = 1)), is referred to as localized surface plasmon 

resonance (LSPR). LSPR of metallic nanoparticles under the influence of external 

electromagnetic field is schematically illustrated in Figure 2.4. 

Resonance conditions in the small metallic object are strongly related to the geometry 

of the object. Two metallic objects with different geometries will have different 

resonance response. The resonance conditions are also dependent on the optical 

absorption, where optical absorption is expressed by the imaginary part of 𝜖𝑖𝑛 (larger 

Figure 2.4 Illustration of LSPR of metal nanoparticle under the influence of external 

electromagnetic field. 



 

16 

 

 

 

the 𝐼𝑚(𝜖𝑖𝑛), the resonance will be weaker). Strength (width) of the resonance is 

characterized by the quality factor, denoted by Q, 

 

𝑄 =  
𝜔 (

𝑑 𝑅𝑒(𝜖𝑖𝑛)
𝑑𝜔 )

2(𝐼𝑚(𝜖𝑖𝑛))2
 

(2.10) 

 

The quality factor will be substantial for a small value of  𝐼𝑚(𝜖𝑖𝑛), which results in a 

larger electric field intensity on the surface at resonance.  

 

4.3 Surface Enhanced Raman Spectroscopy (SERS) 

SERS was first reported in 1977 when a study showed the Raman signal intensity of a 

scatterer (pyridine) could be increased by a significant factor when the scatterer is 

adsorbed on an electrochemically roughened nanostructured silver surface [4]. The 

enhancement of the electric field near the surface of the metallic nanostructure leads to 

significant enhancement of the Raman signal of the molecules adsorbed on the metal 

surface. The use of this phenomenon to acquire Raman spectra is denoted as SERS.  

With 𝑅𝑒(𝜖𝑖𝑛) ≈  −2 in visible and IR range, metals are excellent candidates for SERS, 

but metals like aluminium, platinum, and palladium are ruled out because they have a 

low quality-factor as compared to silver, gold and copper. Amongst these, silver is most 

suitable for practical application (widely used for SERS) since gold and copper have a 

lower quality factor in most part of the visible spectrum, and they are only suitable for 

excitation in the near IR region. Furthermore, the resonance condition in the metal can 

also be tuned by changing the geometry (size and shape). Metal nanoparticles, 

nanowires, core-shell alloy etc. are generally employed for the plasmonic application 

(especially in SERS). 

In SERS, if we consider a molecule positioned near the surface at the maximum 

enhancement (|g|>>1), both the incident and scattered photons experience the intense 

electric field leading to an overall enhancement factor that is approximated as  
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𝐸𝐹 =  
|𝐸𝑜𝑢𝑡|2|𝐸′𝑜𝑢𝑡|2

|𝐸0|2
= 16|𝑔|2|𝑔′|2 

(2.11) 

 

Here 𝐸′𝑜𝑢𝑡 and 𝑔′ are evaluated at the scattered frequency, and EF is the SERS 

enhancement factor. 

For small Stokes shifts, |𝑔| and |𝑔′| are approximately the same and EF scales as |g|4, 

which is known as the E4 enhancement or electromagnetic enhancement. Thus, if the 

electric field enhancement at the plasmonic surface is 10x, the overall enhancement in 

the molecule SERS intensity will be 104 times.  

 

4.4 Distance dependence of EF 

As discussed earlier, enhancement of Raman signal depends upon the type of metal, 

size, and shape of the metallic nanostructure. The field enhancement around the metal 

sphere depends upon the radii of curvature of the plasmonic feature, 𝑎, and the distance 

from the feature, 𝑟 [5]. The field enhancement around the sphere decays with 𝑟 –3, and 

in the case of E4 enhancement, the enhancement decays as 𝑟 –12. In the case of SERS, 

the surface area is increased by the scale of 𝑟 2 in comparison to a flat surface due to 

the presence of scattered molecule near (or on) the metal nanoparticle, which finally 

leads to 𝑟–10 distance dependence of EF. The decrease in the Raman mode intensity is 

given by  

𝐼𝑆𝐸𝑅𝑆 = (1 +  
𝑟

𝑎
)

−10

 
(2.13) 

 

Where I is the intensity of Raman mode, 𝑎 is the average size of the field enhancing 

roughness feature on the metal surface, and 𝑟 is the distance from the surface to 

adsorbate [6]. 
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Chapter 3 Fabrication of SERS 

substrate and performance 

characterization 
 

 

3.1 Literature review  

Surface Enhanced Raman Spectroscopy was first observed in 1974 while studying the 

adsorption of pyridine at a silver electrode with high surface area [1]. Then in 1977, 

another group verified the earlier result and confirmed the enhancement in the Raman 

scattering of molecules adsorbed onto a ‘rough’ surface. This enhancement in the 

Raman signal due to the roughened surface was denoted as Surface Enhancement 

Raman Spectroscopy (SERS) [2]. Over the years SERS has significantly benefitted 

from advances in the area of nanostructured materials. Even single molecule detection 

was achieved using SERS [3].  

The potential for application of SERS ranges from biochemistry and bio-sensing, 

polymer and material science, to catalysis, and electrochemistry. Being a highly 

sensitive and selective molecular detection technique, SERS based sensors are found to 

be useful in the detection of adulterants [4]–[6], pesticides [7], explosives [8]–[10], 

environmental pollutants [11], nuclear waste [12], drugs [11], biomolecules [13]–[17], 

bacteria [16], and fingerprints [17].  

Given the crucial role of metallic nanostructures, significant research effort has also 

been focused on the low-cost fabrication of highly sensitive, uniform, and reproducible 

nanostructured substrates  [18]. The first ever SERS substrate used was fabricated using 

electrochemical oxidation-reduction cycles to get roughened surface [2]. The 

disadvantage of this method is that there is no control on the morphology of the 

substrate, which leads to a spatially non-uniform SERS signal [19]. 
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Flexible SERS substrate on cellulose paper was initially prepared by thermal 

evaporation of metal [22 - 24]. Recently, flexible metal sponges with a higher surface 

area have been generated by etching with acid. These sponges have better SERS 

enhancements and thermal stability as compared to a substrate fabricated by thermal 

evaporation [21]. Bimetallic (Au-Pt-Au) nanorods were fabricated by electrochemical 

deposition of metal inside a porous membrane for SERS application [22]. Another 

fabrication approach involves the use of a colloidal solution of metal nanoparticles. The 

possibility of formation of SERS enhancement ‘hotspots’ in a colloidal solution of 

metal nanoparticles is high due to nanoparticle flocculation,  and it is beneficial if the 

molecule is sandwiched within such a hotspot [23]. Morphology of SERS active 

nanostructure also affects the enhancement factor, and several groups have synthesized 

silver nanospheres, nanorods, and triangular nano-prisms to improve SERS 

performance [24], [25]. 

A novel method using anisotropic etching was recently reported with the ability to 

modify and control the morphology chemically [26]. To understand the relationship 

between nanoparticle structure and activity, optical and structural properties of dimers 

to heptamers of gold nanoparticles on a SiO2 substrate were systematically investigated 

and the study showed no significant change in the enhancement factor. The average EF 

was found to be 1.0 × 108, with individual values ranging from 6.6 × 106 to 4.8 × 108  

[27]. Although colloidal solutions can provide high SERS enhancements, their 

synthesis involves cumbersome and tedious liquid-handling protocols that are not 

suited for on-site detection of adulterants. 

For rapid detection of adulterants in the field using disposable SERS substrates, simple 

processes that result in low-cost SERS substrates are required. Therefore, fabrication 

processes that involve the use of photolithography, thermal evaporation, or other 

physical deposition processes requiring vacuum equipment are ruled out. A promising 

recent development involves the use of commercially available inkjet printers or liquid 

filtration techniques for depositing colloidal nanoparticles to form paper-based SERS 

substrates. These include reports on adsorption from pre-prepared colloidal solution 

[32-34], brushing [30], seeded growth [31], self-assembly [32], screen printing [33], 

and inkjet printing [34], [35]. Our group has taken a further step in the direction of 
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frugal engineering of disposable SERS substrates by adapting well-established 

technology of silver halide photographic processing to form silver nanostructures on 

paper substrates using print-expose-develop steps; thereby, eliminating the need for 

pre-synthesizing stable colloidal formulations [36], [37] [7], [38]. Moreover, the 

fabrication using office inkjet printer does not require any specific skill set, and it can 

be performed easily around the world.  

A schematic summary of the steps involved in the print-expose-develop process is 

shown in Figure 3.1. Briefly, the steps are as follows: 

1) Printing of potassium halide (KX) salt solution followed by silver salt solution 

(AgNO3) to form silver halide film on the desired substrate, 

2)  The film after printing is exposed to halogen lamp which forms latent silver 

clusters within silver halide film, 

3) Then the film is dipped into the developing solution to form silver nanowires 

on the desired substrate followed by rinsing with DI water to remove the residue 

of the developer solution.  

 

 

 

Figure 3.1 Schematic representation of the steps in print-expose-develop process  



 

22 

 

 

 

Moreover, the development step can be performed just prior to use, and this avoids 

issues related to lowering of SERS enhancements upon storage in ambient conditions, 

due to the tarnishing of silver. Thus, there is no need for special packaging of these 

substrates, which further eliminates costs associated with inert gas packaging of 

commercially available paper-based substrates. 

 

3.2 Experimental protocol used for fabrication of SERS substrates 

The first step in the fabrication of SERS substrate is to prepare a solution of salts 

(AgNO3 & KX) in DI water (MilliQ system,18.2 MΩ.cm resistance @ 26.3 C). Note: 

tap water can also be used, but all the results reported in this work use DI water to avoid 

any chance of confusion regarding chemical compositions. Before the preparation of 

salt solutions, the beakers were cleaned thoroughly with DI water to avoid any 

contamination. The molar ratio of AgNO3: KX was maintained as 1:2 for complete 

conversion of silver nitrate to silver halide. Potassium halide (KX) used in this work is 

a mixture of potassium bromide (KBr) and potassium iodide (KI) in the ratio of 95:5 

by weight. Iodide being added to improve the photosensitivity of the resulting silver 

halide film to visible light and to form nanowires [39]. AgNO3 & KX solutions were 

sonicated (Branson 2510 ultrasonic cleaner) for 15 mins to ensure dissolution of the 

salts and to form a uniform and transparent solution. Then both the solutions were 

filtered using a syringe filter (MILLEX GV filter unit 0.22 µm) to remove any dirt from 

silver nitrate and potassium halide solution. This step is a precaution to avoid clogging 

of the inkjet printheads. After the filtration, the AgNO3 solution is stored in the dark to 

avoid reduction of the silver solution under ambient conditions. The concentrations of 

AgNO3 and KX solutions used were 1 mM and 2 mM respectively.   

HP (Hewlett-Packard) Deskjet 1010 inkjet printer with HP 802 ink cartridge was used 

for the printing of silver and potassium salts. Separate cartridges for each solution was 

used to avoid any chance of aqueous metathesis reaction occurring within the 

cartridges. For use in salt printing, a new ink cartridge was prised open, and the sponge 

containing the ink was removed. Then the cartridge was cleaned thoroughly with tap 

water followed by DI water to wash out the ink. Then the cartridge was sonicated for 
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20 mins, and DI water was printed a few times to ensure that no ink was left in the 

cartridge. Printing of known shapes using DI water solutions was used to estimate the 

average amount of solution printed per unit footprint area of the paper substrate 

(amount of silver per cm2). The average of the volume per print of water was estimated 

from a decrease in the weight of the cartridge after printing ten times. On average, the 

print volume in each print was found to be in the range of 1.2 – 1.6 µL/cm2. Based on 

this value, the nominal value of 1 mg/cm2 of silver loading was achieved by the printing 

of 1 mM silver nitrate solution six times. 

The silver halide film was formed on Kimwipe tissue paper by printing potassium and 

silver salt solutions from separate cartridge alternatively for 6 cycles each. After each 

print cycle, the substrate was allowed to dry to minimize photoreduction of silver nitrate 

(If not appropriately followed, the substrate becomes dark due to photoreduction of 

silver nitrate). On printing KX and AgNO3, green silver halide film is formed. Once the 

required number of the print cycles are done, the substrate with silver halide film is 

exposed to a halogen lamp (500 W, Crompton Greaves Ltd) for 15 min at a distance of 

50 cm to avoid overheating of the paper substrate. This step results in the formation of 

the latent silver clusters (3–4 atom clusters) by the photoreduction of silver halide. After 

the exposure step, the substrate is developed using chemical developer solution, D-76 

(photographic developer) [40]. A typical composition of the developer solution is listed 

in Table 3.1. The substrate is kept in the developer solution for 15 mins to reduce the 

silver salt into silver completely. The developer solution contains reducing agents 

(Metol and quinone), which donate electrons to the silver ions with the ‘latent silver 

clusters’ acting as catalysts. After development, SERS substrate is rinsed thoroughly 

with DI water to remove developer solution residue. The benefit of SERS substrate 

fabrication by the print-expose-develop technique is that the substrate after exposing to 

halogen lamp can be stored for extended period of time (>52 weeks) and can be 

developed at the time of application.  
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3.3 Raman spectrometer 

SERS analysis was performed using a portable Raman Spectrometer (6 lb), Sierra 532 

from Snowy Range Instrument (SnRI, Metrohm Raman) equipped with 532 nm laser 

and thermoelectric (TE) cooled 2048-pixel CCD detector. The maximum laser power 

is 50 mW, and incident power can be adjusted from 0 to 50 mW with the step size of 

0.33 mW. Spectra acquisition is controlled by the “Peak” software. The Raman 

Spectrometer comes with ‘Three-way sampling’ (side, bottom, and surface sampling) 

Chemical Quantity (for 100 mL 

solution in DI water) 

Metol 266.67 mg 

Sodium Sulphite 

anhydrous 

13.33 gm 

Hydroquinone 666.67 mg 

Borax salt 266.67 mg 

Table 3.1 Composition of Developer solution D76 

Figure 3.2 Representative FESEM image of developed silver nanowires with a nominal silver 

loading of 1 mg/cm2 on Kimwipe tissue paper. 
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option where the side and bottom sampling are useful for liquid samples, and surface 

sampling port allows for SERS measurement.  

Many applications require large acquisition area and to achieve that in conventional 

confocal Raman Spectrometer large aperture is used to increase the laser spot size, 

which can effectively collect most of the scattering from the more extensive area. But 

increasing aperture size causes an adverse effect on resolution (small laser spot results 

in high resolution) as well as low signal to noise ratio, and in some cases, most of the 

critical information about the material is lost. This phenomenon is denoted as the 

‘etendue’ effect. This effect is particularly problematic for rough samples like paper-

based SERS substrates. 

 

The portable Raman Spectrometer from SnRI uses a unique Orbital Raster Sampling 

(ORS) scheme to overcome issues with the etendue effect as illustrated in Figure 3.4. 

With the ORS option, a focused laser spot (30µm) is continuously rastered across an 

area having a diameter of ~2 mm on the substrate, resulting in greater sample coverage 

and additionally the energy density at a given point is reduced leading to a lower risk 

of sample degradation.  

(a) 

(b) 

Figure 3.3 Schematic illustration of ‘etendue’ effect of spot size on the resolution of acquired 

Raman spectra. An increase in the aperture size leads to increased spot size. (a) small spot size 

leads to high resolution if signal collected is sufficient, (b) Large spot size leads to poor 

resolution and loss of molecular signature. 
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Figure 3.5 shows the SERS spectra of Metanil Yellow dye, with a concentration of 1 

mM, on paper-SERS substrate collected with and without ORS; it shows that the peak 

intensity with ORS is much higher compared to without ORS. The signal to noise ratio 

for 1148 peak (assigned to N=N stretching) with ORS is ~4x higher than without ORS.  

 

3.4 Factors affecting SERS signal 

The results of preliminary investigations aimed at optimizing the acquisition setup for 

paper-based SERS are reported in this section. The factors studied include the influence 

of ambient light, the distance of the substrate from the laser aperture, laser power and 

integration time. 

Figure 3.4 Illustration of Raman Spectra of disperse analytes. In conventional Raman 

Spectrometer (a) tightly focused beam might produce high resolution but it only samples a 

small area, (b) large spot size is produced by increasing the aperture size which leads to poor 

resolution, but in SnRI portable Raman Spectrometer (c) with ORS acquisition area is increased 

by rastering the laser spot over the surface leading to better sampling with high signal to noise 

ratio. (reproduced from http://www.wysri.com/apps/sers/, accessed on 10/10/2018)  
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3.4.1 Effect of ambient light 

SERS signal is affected by the interference from ambient light. This factor is vital in 

the case of portable Raman Spectrometer because acquisition condition (ambient light) 

might vary from place to place. In case of low concentration of target analyte, this factor 

becomes significant compared to the signal of the analyte molecule and has to be 

corrected. The “Reference” option for background correction of ambient light 

interference should be switched on to overcome this problem of ambient light 

interference. When the reference option is ON, then the spectrometer automatically 

subtracts the background due to ambient light. The effect of ambient light on the SERS 

signal can be seen in Figure 3.6. 

Figure 3.6 (a) shows the comparison between the background signal obtained from the 

paper-based SERS substrate without any analyte adsorbed onto it (silver nanowires on 

Kimwipe paper). The influence of ambient light is seen as Raman peaks at 470, 1452, 

1514 cm-1. With the reference option set to ON, there are no peaks in the background 

Figure 3.5 SERS spectra from SERS-swabs soaked for 12 hrs in 1 mM Metanil Yellow solution 

and rinsed with DI water. Comparison of spectra collected with and without ORS at 10 mW 

laser power and integration time 5 s.  
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signal (Figure 3.6 (b)). All the spectra acquired in this work are taken with “Reference 

ON” condition unless mentioned otherwise. 

 

 

3.4.2 Positioning of substrate  

Another critical factor which affects the SERS signal is the distance of the substrate 

from the laser aperture. If the substrate is too close or too far it will be out of focus, and 

in both these cases SERS intensity decreases as shown in Figure 3.7. So, an estimation 

of the position of substrate was carried out to ascertain the optimum distance of the 

substrate from the laser aperture. Figure 3.8 shows the change in SERS signal intensity 

as a function of distance from aperture for Silicon wafer and Rhodamine 6G dye on 

Kimwipe substrate. The positioning analysis using two different substrates shows that 

SERS signal intensity is maximum at an average distance of 11.4 ± 1 mm. The full 

width at half maximum of the SERS signal as a function of distance from the aperture 

(a) 

(b) 

Figure 3.6 Influence of ambient light on the background spectra of SERS substrate. (a) 

Background SERS signal of substrate (silver nanowire on Kimwipe) without correction. The 

peaks present in the spectra are due to ambient light interference, (b) SERS background of 

substrate without the influence of ambient light. In spectra (b) Reference option is ON which 

has removed the influence of ambient light. Spectra acquired at 16.67 mW laser intensity and 

5 s integration time with ORS in ON condition. 
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is wider for a paper-based SERS substrate (8 mm) as compared to a silicon wafer (2 

mm). This difference is attributed to the following: a) the depth of penetration of the 

laser is negligible in the case of the silicon substrate (0.7μm for 532 nm laser [41]), and 

b) multiple scattering effects within the pores of the tissue paper substrate.  

 

 

3.4.3 Effect of Laser power  

SERS signal is highly dependent on the laser power. Increasing laser power increases 

the SERS intensity. But high laser power can also lead to CCD detector saturation due 

to higher fluorescence background which results in peak cut-off (Figure 3.11). Figure 

3.11 shows that increasing laser power leads to high peak intensity but after 23.33 mW 

laser power CCD detector saturates and the signal is cut-off. Visually, another effect of 

high laser power can be seen in Figure 3.9, where lighter circles on the substrate indicate 

a change in colour of the substrate after exposure to high laser power.  

Figure 3.7 Variation of SERS signal with change in distance from laser aperture. SERS spectra 

are collected for Silicon wafer and target peak is 525.5 cm-1. SERS spectra. Spectra acquired at 

50 mW laser intensity and 5 s integration time with ORS and Reference ON conditions. 
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(a) (b) 

Figure 3.9 SERS signal as a function of distance of the substrate from the laser aperture for (a) Silicon 

substrate (525.5 cm-1 peak), and (b) Rhodamine 6G (R6G) dye (616 cm-1 peak) adsorbed on paper-SERS 

substrate. The maximum intensity for Silicon and R6G is achieved in the range 11.4 ± 1 mm from laser 

aperture. SERS signal were acquired at (a) 50 mW laser intensity and for integration time of 5 s, and 

(b) 3.33 mW laser intensity and for integration time of 1 s, with ORS and Reference ON conditions. 

Data points were fitted with a Lorentz curve. 

(a) (b) 

Figure 3.8 Image showing the effect of high laser power on the nanowire substrate. (a) High 

laser power has led to a change in the colour of the substrate, as visible in the encircled area. 

(b) FESEM image of the affected area, clear colour distinction can be made. Dark area is the 

affected area on the substrate. 



 

31 

 

 

 

 

This change in colour is attributed to a change in nanostructure morphology due to high 

laser intensity. FESEM image of laser affected area on substrate shows the change in 

the morphology of the nanostructures due to fusion and coarsening to form plate-like 

structures (Figure 3.10). Dissociation of the target molecule is also possible at high 

laser power. So, to avoid CCD detector saturation and any risk of damage to the paper 

Figure 3.10 Variation of SERS spectra with laser power for paper-SERS substrate soaked in 

Rhodamine 6G solution having concentration of 10 µM. Spectra were acquired using varied laser 

intensity and 1 s integration time with ORS and Reference ON conditions. 

 

(a) (b) 

Figure 3.11 FESEM image of the (a) non-affected area, (b) laser affected area 
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substrate or analyte due to high laser power, the laser power is maintained < 20 mW 

for all the results reported hereafter.   

 

3.4.4 Effect of integration time 

The integration time is another factor that can affect the signal to noise ratio. A linear 

increase in the 525.5 cm-1 peak intensity from a silicon substrate with increasing 

integration time is observed (Figure 3.12). To avoid any potential risk due to longer 

duration of acquisition the minimum time (2-5 s) required for acquiring spectra with 

good signal to noise ratio is used for paper-based substrates. Notably, the expectation 

that higher dosage (i.e. Laser power intensity x Integration time) should affect substrate 

damage is not valid here. This is because, with the ORS on, there is very little chance 

of the 30 µm spot revisiting the same area within the 2 mm diameter signal collection 

area. So, the Laser intensity is the critical factor with ORS in the ON state.  

 

 

 

 

 

 

 

 

 

 

3.4.5 SERS signal variation across substrates  

To estimate the reproducibility of the fabrication process and repeatability of SERS 

signals the performance of three samples, consisting of paper-based SERS substrates 

with a nominal silver loading of 1 mg/cm2 soaked overnight in 1 mM solutions of R6G 

(a) (b) 

Figure 3.12 Effect of integration time on Raman spectra of silicon substrate, (b) Signal intensity 

increases linearly with integration time. Spectra acquired at 10 mW laser intensity and variable 

integration time with ORS and Reference ON conditions. 
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in water, were characterized. This procedure ensures that there is a complete coverage 

of R6G molecules on the silver substrate and that any variation detected is attributable 

to variability of the average signal enhancements within and across different substrates.  

Figure 3.13 (c) shows that the SERS signals with ORS ON are within 1.6% of the 

average value both within a substrate as well across the three substrates. This robust 

response despite the microscale non-uniformity of the silver nanostructures and surface 

roughness of the paper substrate is attributed to the larger interrogation areas (~ 2 mm) 

used (Figure 3.13 (a)). At this length scale, the paper-based SERS substrate appears to 

be macroscopically uniform (Figure 3.13 (b)). To verify this hypothesis, SERS signals 

were collected with the ORS function turned off. The variation in the signal is observed 

to be 10%, which is similar to the value reported earlier (7) for such paper-based 

substrates, with the earlier data being obtained using a confocal Raman spectrometer 

and a 1 µm spot size.  

(a) (b) 

Figure 3.13 Reproducibility of SERS signal within and across the substrates. (a) FESEM image 

of Kimwipe substrate showing the morphology of silver nanowires, (b) comparison of size of 

Raster area and SERS substrate area. Overall variation of SERS signal of 616 cm-1 peak integrated 

area for 1 mM R6G across all the substrates (c) 1.6 % SD in SERS signal with ORS ON condition 

and (d) 10 % SD in SERS signal with ORS OFF condition. Spectra acquired at 10 mW laser 

intensity and 1 s integration time with Reference ON condition. The orange bands represent 

average ± SD and are an aid to the eye. 

(c) (d) 
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3.5 SERS detection capability 

SERS signals were obtained from Rhodamine 6G (R6G), Malachite Green Oxalate 

(MG), and Metanil Yellow (MY) dyes adsorbed onto Kimwipe substrate from aqueous 

solutions with concentrations ranging from 1 pM to 1 mM. The substrates were soaked 

in appropriate aqueous solutions of dye for 12 h and then rinsed with water. Physically 

adsorbed molecules are expected to be removed after rinsing with DI water, leaving a 

chemically adsorbed layer on top of the silver nanostructures. The surface coverage 

density of the dye molecules is related to the bulk concentration of the solutions via 

adsorption isotherms. Typically [7], Langmuir isotherm is used to account for the 

sigmoidal shape (see Figure 3.15) of the SERS signal vs bulk concentration data, 

implicitly assuming that the SERS signal is directly proportional to the surface coverage 

density. Given the acute sensitivity of SERS effect to the first adsorbed monolayer, the 

Langmuir model fits the data satisfactorily at or near saturation but deviates from it at 

lower values. The deviation in the SERS signal is attributed to the plasmonic ‘hotspots’. 

In the following sections, a brief introduction to Langmuir is provided, following this 

an analysis of the measured data for three different dyes, namely Rhodamine 6G, 

Malachite Green Oxalate, and Metanil yellow are provided. 

 

3.5.1 Langmuir isotherm 

The Langmuir isotherm model is based on the following assumptions: 

• The adsorbent’s surface is homogeneous 

• Surface diffusion of adsorbate is negligible 

• All ‘sites’ for adsorption are equivalent in terms of energetics 

• The interaction between adsorbed molecules is negligible 

• The SERS intensity is linearly proportional to the number of adsorbed 

molecules 

Based on these assumptions, the Langmuir adsorption isotherm is stated as [42], 

[43]:  
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3.5.2 Adsorption analysis of Rhodamine 6G on silver nanowires 

 

 

The adsorption analysis of R6G dye (molecular structure is shown in Figure 3.14) on 

paper-based silver nanowire substrate was performed using a portable Raman 

Spectrometer equipped with 532 nM laser. A representative set of spectra obtained are 

shown in appendix A. The integrated area of peak 1510 cm-1 (pertaining to aromatic C–

H bending mode [44]) is plotted against the corresponding R6G solution concentration 

in semi-log plot and exhibits a sigmoidal shape (Figure 3.15). For the adsorption of 

R6G onto silver, Langmuir adsorption fit provide 1/Ke ≅ 2.1 × 10-6; which leads to 

adsorption energy ≅ RT ln(Ke) ≅ 32.6 KJ/mol, which is significantly close to the value 

of 36 KJ/mol reported in the literature [45].  

𝐼𝑒 =  
𝐼𝑚  𝐶𝑒

1
𝐾𝑒

⁄ +  𝐶𝑒

 
(4.1) 

Ce: adsorbate concentration at equilibrium 

Ie: SERS signal in equilibrium with Ce 

Ke: adsorption equilibrium constant 

Im: saturating SERS intensity 

 

 

Figure 3.14 Molecular structure of Rhodamine 6G dye. 



 

36 

 

 

 

 

 

 

Figure 3.15 SERS signals corresponding to 616 cm-1 peak’s integrated area plotted against 

respective R6G concentrations. Spectra were acquired using a 3.33 mW laser power and 1 s 

integration time with ORS and Reference ON conditions. The error bars correspond to SERS 

signal variation within the substrate. 

Figure 3.16 Langmuir Isotherm fir for Rhodamine 6G dye. Inset shows a log-log plot 

highlighting the difference between data and model at lower concentrations. 
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The Langmuir isotherm fits the experimental data collected by portable Raman 

spectrometer much better at higher solution concentrations compared to lower 

concentrations as shown in Figure 3.16 inset. The Raman signal predicted by the 

Langmuir isotherm is lower than the acquired Raman signal. We ascribe this higher 

Raman signal measured as compared to the value predicted by Langmuir isotherm to 

plasmonic ‘hotspots’, which leads to a breakdown in the assumption of uniform 

adsorption sites. The minimum concentration of R6G detected here is 10-11 M using 

paper-based SERS substrates, whereas concentration down to 10-12 M have been 

detected using a confocal Raman microscope [7]. 

 

3.5.3 Adsorption analysis of Malachite Green Oxalate on silver nanowires 

 

 

The concentration-based adsorption analysis of Malachite Green Oxalate dye was 

carried out by soaking the SERS silver substrate into the aqueous dye solution of 

varying concentration from 1 mM to 100 pM for 12 hrs and rinsing thoroughly with DI 

water. A representative set of spectra obtained are shown in appendix A. The integrated 

area of peak 1370 cm-1 (pertaining to N-phenyl stretching [46] ) is plotted against the 

corresponding MG Oxalate solution concentration in semi-log plot and exhibits a 

Figure 3.17 Molecular structure of Malachite Green Oxalate dye. 
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sigmoidal shape similar to R6G (Figure 3.18).  Langmuir adsorption fit provides a value 

of 1/Ke ≅ 2.74 × 10-6; which leads to adsorption energy ≅ RT ln(Ke) ≅ 31.94 KJ/mol.  

 

 

Figure 3.18 SERS signals corresponding to 1370 cm-1 peak’s integrated area plotted against 

respective MG Oxalate concentrations. Spectra were acquired using a 16.67 mW laser power 

and 5 s integration time with ORS and Reference ON conditions. The error bars correspond 

to SERS signal variation within the substrate. 

Figure 3.19 Langmuir Isotherm fir for Malachite Green Oxalate dye. Inset shows a log-log plot 

highlighting the difference between data and model at lower concentrations. 
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Similar to R6G, the Langmuir isotherm fits the experimental data collected by portable 

Raman spectrometer much better at higher solution concentrations compared to lower 

concentrations as shown in Figure 3.19 inset. This result is also attributed to the 

presence of hotspots. The minimum concentration of MG oxalate detected here is 10-9 

M, whereas earlier studies has reported up to 2.74x10-9  level of detection [47]. 

 

3.5.4 Adsorption analysis of Metanil Yellow on silver nanowires 

 

 

Figure 3.21 Molecular structure of Metanil Yellow. 

Figure 3.20 SERS signals corresponding to 1148 cm-1 peak’s integrated area plotted against 

respective MY concentrations. Spectra were acquired using a 16.67 mW laser power and 5 s 

integration time with ORS and Reference ON conditions. The error bars correspond to SERS 

signal variation within the substrate. 
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SERS spectra of Metanil Yellow are collected from the substrate soaked in the dye 

solution for 12 hrs and then rinsed with the DI water. The concentration-based 

adsorption analysis was carried out for Metanil Yellow (MY) dye too. A representative 

set of spectra obtained are shown in appendix A. The integrated area under the peak at 

1148 cm-1 (ν (C-Nazo) stretching) is plotted against the corresponding solution 

concentration of MY, which exhibits a sigmoidal shape (Figure 3.21). Langmuir 

adsorption fit provide 1/Ke ≅ 2.81 × 10-5; which leads to adsorption energy ≅ RT ln(Ke) 

≅ 26.138 KJ/mol. Similar to R6G and MG Oxalate, the Raman signal predicted by the 

Langmuir isotherm is lower than the acquired Raman signal. On the basis of R6G, MG 

Oxalate, and MY, it can be concluded that at lower concentration range SERS signal 

predicted by Langmuir isotherm deviates negatively, and it can be attributed to the 

presence of ‘hotspots’ onto the SERS substrate. The minimum concentration of MY 

detected in this work is 10-7 M, whereas detection up to 10-14 M concentration has been 

reported using a 438 nm laser source [48]. 

 

 

Figure 3.22 Langmuir Isotherm fir for Metanil Yellow dye. Inset shows a log-log plot 

highlighting the difference between data and model at lower concentrations. 
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To summarize the adsorption data collected by the Portable Raman Spectrometer, 

trends for Rhodamine 6G, Malachite Green Oxalate, and Metanil Yellow dyes are 

similar. Adsorption analysis shows that Langmuir isotherm fits well at higher 

concentration range due to the uniform distribution of analyte molecules over the 

surface of Kimwipe SERS substrate. But at lower concentration predicted SERS signal 

by Langmuir isotherm is lower than the acquired experimental data, and we attribute 

these heterogenous ‘active’ adsorption sites to the presence of hotspots. However, the 

SERS response is well-captured by Langmuir-isotherm based fits over the 

concentration range of interest for practical applications, as the lower concentrations 

are too dilute to effectively enhance the appearance of food.   

In this chapter, we have discussed the effect of the laser spot and how the size of laser 

spot affected the SERS signal and reviewed the use of Orbital Raster Sampling (ORS) 

to overcome the problem of ‘etendue’ effect. Then we discussed the interference due to 

ambient light on the SERS signal and how a ‘Reference’ is needed. To get the best 

spectra positioning of substrate analysis was discussed to show the effect of distance of 

the substrate from the laser aperture on the SERS signal. The results show that 11.4±1 

mm is the optimum distance of the substrate from the laser aperture. Then the effect of 

laser power on the SERS signal and on the substrate was discussed, which shows that 

high laser power leads to detector saturation and can also change the morphology of 

the silver nanostructures. The analysis of Rhodamine 6G dye on Kimwipe substrate 

shows that 10 mW is the optimum laser power for SERS analysis using a portable 

Raman Spectrometer. Analysis of the effect of integration time on SERS signal was 

done using a Silicon wafer, which shows the linear increase in the SERS signal with 

integration time. To avoid any risk of damage 2-5 s integration time was selected. Then 

we moved to analyse the uniformity of the SERS substrate. The low value of SERS 

signal variation (CV of 1.6%) for Rhodamine 6G dye shows that the signal can be 

averaged over 3-4 spots within a substrate as well as across substrates attesting to the 

uniform nature of the silver nanostructures and reproducibility of the fabrication 

process. Further, after optimizing the acquisition conditions of Portable Raman 

Spectrometer, the detection capability of Spectrometer was tested using concentration-

based adsorption SERS analysis. The Langmuir isotherm model is found to fit the 
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adsorption data well at concentrations of interest and the corresponding values 

estimated for the adsorption energies agree well with reported values. The adsorption 

analysis also shows that at very low concentration SERS signal predicted by the 

Langmuir isotherm is lower than the actual SERS signal which is attributed to the effect 

of hotspots. The following chapter covers the detection of adulterants from 

intentionally-adulterated food samples to ascertain the detection capability of SERS 

swabs with Portable Raman Spectrometer. Then real-world samples of green chillies, 

green peas, and dals from various stores will be tested to check for the presence of 

adulterants. 
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Chapter 4 Direct detection of the 

adulteration of dals and vegetables with 

organic dyes  
 

4.1 Introduction 

Food adulteration is an act of degrading the quality of food items for profit. A 

commonly reported form of adulteration is the colouring of foodstuff using organic 

dyes to enhance the appeal or to make old stock appear fresh. This chapter reports the 

results of experiments conducted for swab-based direct detection of organic dyes, 

namely Metanil Yellow on dals and Malachite Green Oxalate from the skins of green 

peas and green chillies. Following this, the efficacy of some remedies commonly 

available in the marketplace is characterized. 

Food Safety and Standards Authority of India (FSSAI) has reported the overall increase 

in food adulteration from 13% to 23% from 2011 to 2017. The frequency of use of 

Metanil Yellow on dals and Malachite Green Oxalate on green vegetables is reported 

to be 3.5% and 1.25 % respectively [1]. Some specific studies have reported the 

presence of Metanil Yellow in dals in Mysore [2] and Andhra Pradesh [3]. For the 

detection of Metanil Yellow, FSSAI suggests a simple indicator test with HCl, wherein 

when concentrated HCl is added to a dal sample the colour of the solution will turn pink 

if and only if the dal is coated with Metanil Yellow (Figure 4.1).  

 

 

Figure 4.1 Cartoon of FSSAI suggested test for Metanil Yellow detection from dals 
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4.2 Limit of detection of FSSAI suggested test for Metanil Yellow 

For the preparation of dal samples adulterated with a known amount of dye, Toor dal, 

procured from an organic outlet, was used as the starting material. Sample preparation 

of adulterated dals involved the spraying of 130 µL of aqueous Metanil Yellow solution 

of known concentration on 20 mg of dals spread in a container and drying it overnight. 

A mini perfume atomizer was used for spraying to mimic real-world spraying 

conditions. The bulk concentration of Metanil Yellow was varied in the range of 1 mM 

to 10 nM. Soaking of dal samples in solutions was avoided as that leads to excessive 

bloating of the dal samples and defeats the purpose of adulteration. FSSAI suggested 

HCl test was performed on all the samples. The presence of Metanil Yellow was 

indicated by the appearance of pink colour for the samples adulterated using 1 mM 

solution. But this test fails for the samples adulterated using solutions having 

concentration 100 µM and lower (Figure 4.2). Dals adulterated with 100 µM and lower 

appear like non-adulterated dal (vide infra) available in the marketplace. This opens the 

possibility of adulteration in that range (≤ 10 µM) as it cannot be easily detected by the 

FSSAI suggested quick diagnostic test.   

 

4.3 Detection using SERS – efficacy of swabbing 

The failure of the simple diagnostic test for the presence of Metanil Yellow at levels 

that can bestow an advantage to adulterers provides an incentive to develop appropriate 

protocols for SERS based detection.  For the detection of Metanil Yellow and Malachite 

Green Oxalate from dals and green vegetables respectively, we used paper-based SERS 

strips, wetted with ethanol, to swab the skins of the dals/vegetables to enable the direct 

transfer of the molecules onto the silver surface. For the swabbing experiments reported 

here the silver nanowires (nominal silver loading of 1 MG Oxalate/cm2) were fabricated 

over a circular patch with a diameter of 5 mm, which is close to the size of a single dal 

particle and were wetted with 20 µL of ethanol prior to swabbing. The wet SERS 

substrate was swabbed one time each over 3 randomly chosen dal particles and allowed 

to dry prior to measurement.  
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Figure 4.2 Results of FSSAI suggested HCl test for dals adulterated with Metanil Yellow. The 

left panels show a photograph of the dal samples, while the right panels show corresponding 

images of the dal samples after being immersed in a HCl solution. Comparison of adulterated 

dals with the non-adulterated one. Organic dal adulterated with 10 μM Metanil Yellow looks 

more appealing than non-adulterated dal, and organic dal adulterated with 1 mM Metanil 

Yellow shows the presence colour visually on comparing with the organic dal. 

Organic Dal 

Non-Organic Dal 

Organic Dal adulterated  

with 1 mM Metanil Yellow  

Organic Dal adulterated  

with 100 μM Metanil 

Yellow  

Organic Dal adulterated  

with 10 μM Metanil Yellow  

Organic Dal adulterated  

with 1 μM Metanil Yellow  
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To test the efficacy of molecular transfer by swabbing, we carried out comparative tests 

by first extracting the dye into ethanol and then either drop casting the solution onto the 

SERS strip or dipping the SERS strip for 10 min into the solution containing the 

desorbed dye molecules (see Figure 4.3).  

 

 

Figure 4.4 shows that the SERS signal from the directly swabbed sample is much higher 

than the drop-casted sample, while the dipped sample shows poor SERS signal. The 

different peaks in the SERS spectra were assigned to different moieties as per literature 

reports as follows ([4–7])  

 1193 cm-1 & 1437 cm-1 (ν(N=N)) peaks 

1147 cm-1 (ν(C-Nazo) stretching)  

1406 cm-1 (S=O stretching)  

Together, these spectral peaks, specifically the presence of sulphur oxide and azo 

nitrogen groups) confirm the synthetic origin of these molecules and are attributed to 

the presence of Metanil Yellow in the test sample. The higher peak intensity of the 

swabbed sample attests to the efficacy of the simple swabbing protocol and highlights 

Figure 4.3 Sample Preparation techniques for SERS analysis 
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the issues with dilution and dispersion of the target analyte using the more tedious 

solvent extraction protocol.  

 

 

4.4 Limit of direct detection of Metanil Yellow using SERS swabs 

Figure 4.5 shows the SERS spectra of swabs of intentionally-adulterated dal samples 

and the organic dal used as the starting material. SERS spectra of the ‘Organic dal’ 

swab is featureless which indicates that no biomolecule is leached/extracted to a 

significant extent by the swabbing process. SERS spectra of dal adulterated by spraying 

1 mM of Metanil Yellow solution shows characteristic peaks at 1148 (ν(C-Nazo) 

stretching), 1195 (𝛿(C-H) bending), 1404 (S=O stretching), and 1437 cm-1 (ν(N=N) 

stretching) confirming the presence of Metanil Yellow. A similar spectrum with lower 

Figure 4.4  Comparison of direct swab sample with drop-cast and dipped samples. (a) SERS 

spectra corresponding to direct pick up of Metanil Yellow molecule from dal surface by 

swabbing (no desorption), (b) & (c) SERS analysis of dropped and dipped ones. SERS signals 

were acquired using 16.67 mW laser intensity and for integration time of 5 secs with ORS and 

Reference ON. 
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intensity peaks is observed for the 1 µM sample and from 100 nM onwards spectra does 

not show the presence of any significant peak. Attempts to obtain spectra with higher 

signal to noise ratio using different acquisition conditions for the lower concentration 

samples proved futile due to excessive fluorescence background saturating the detector.  

 

As the concentration of adulterant decreases the SERS intensity of peaks decreases, but 

still the spectra from the dal sample (adulterated with 1 μM of Metanil Yellow solution) 

has enough signal to noise ratio to identify different peaks. Therefore, SERS of 

swabbed samples show the capability of detecting Metanil Yellow from dal well below 

the concentration required for profitable use. This method does not involve any sample 

preparation step and onsite detection is possible using portable Raman Spectrometer.  

 

Figure 4.5 Representative SERS spectra of dal samples adulterated with Metanil Yellow. SERS 

signals were acquired using 16.67 mW laser intensity and integration time of 5 secs with ORS 

and Reference ON. 
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4.5 Direct detection of Malachite Green Oxalate from green vegetables 

SERS swabs were also employed for the detection of Malachite Green Oxalate from 

green peas and green chillies and to characterize the minimum level of detection. 

Samples of green peas and green chillies were thoroughly rinsed in DI water to ensure 

reproducibility. The ‘adulterated’ samples were prepared by dipping green peas and 

chillies into an aqueous bath of Malachite Green Oxalate for 30 min and then drying 

the samples overnight. For sample collection, three numbers of green peas or green 

chillies were wiped with SERS swabs wetted with ethanol.  

SERS signal from green peas and chillies show a peak at 1370 cm-1, corresponding to 

N-phenyl stretching (a signature group of Malachite Green Oxalate), which confirms 

the presence of Malachite Green Oxalate (Figure 4.6). The intensity of peaks obtained 

from green peas samples is lesser than that of green chillies, and this is attributed to the 

lower surface area of the green peas swabbed during sample collection. Figure 4.6 

shows that contamination with even 100 nM solution of Malachite Green Oxalate can 

be easily detected. But there was no visible change in appearance (and hence no 

economic incentive for adulteration) of the samples dipped in Malachite Green Oxalate 

solutions having concentrations lower than 10 μM. Thus, direct detection using SERS 

swab with a portable Raman spectrometer would enable rapid and onsite detection of 

adulteration. 
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 (a) 

(b) 

Figure 4. 6 SERS spectra of (a) Green peas, and (b) Green chillies. SERS signal acquired at 

16.67 mW laser intensity and for integration time of 5 s with ORS and Reference ON. 
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4.6 Adulterants detection from real-world samples  

Both the analysis for Metanil Yellow and Malachite Green Oxalate show the successful 

detection of adulterants using SERS swabs in combination with portable Raman 

Spectrometer. Combining SERS swabs and portable Raman Spectrometer makes it 

possible to achieve our objective of rapid and on-site detection with minimum sample 

preparation required. The samples which were used till now for either calibration of an 

instrument or assessing the detection limit were intentionally adulterated samples of 

food items. So, the next step was to employ SERS swab and portable Raman 

Spectrometer for testing real-world samples of dals, green peas, and green chillies. For 

this work, samples were collected from the local market and neighbourhood 

supermarkets like Reliance Fresh, around the Indian Institute of Science (IISc) 

Bangalore, India.  

To analyse real-world samples for food adulterants, packed and open dal samples were 

collected from two supermarkets (Reliance Fresh and Supermarket inside IISc), and 

two local shops around IISc. Sample collection was performed by directly swabbing 

from the dal’s surface with ethanol wetted SERS swab.  Swabbing is done in such a 

way that it covers the whole surface of dal, and about three dal particles were swabbed 

per sample. The sample collected on the SERS swab was analysed using the portable 

Raman Spectrometer with optimal acquisition conditions.  

 

      

 

 

 

 

 

 

 

 

Packed dal Open dal 

Figure 4.7 SERS spectra of different packed and open dal samples. The samples do not show 

any significant Raman peak confirming the absence of any foreign adulterant molecule. SERS 

signals were acquired using 16.67 mW laser intensity and for an integration time of 5 secs with 

ORS and Reference ON.  
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Figure 4.7 shows that the open and packed dal samples collected from shops around 

IISc do not show any significant peaks in their Raman spectra after swabbing. This 

indicates the absence of any foreign molecule on the surface of these dals. Similar 

analysis was performed for green peas as well as green chilly samples to check for the 

presence of Malachite Green Oxalate. Figure 4.8 confirms the absence of any artificial 

colouring on the samples of green peas and green chillies collected from stores around 

the IISc campus.  

 

 

 

 

 

 

 

 

 

 

 

Hearteningly, these preliminary analyses show the absence of any synthetic colourants 

in dal, green peas and green chilly samples procured from markets around IISc. But 

there have been alarming news and studies confirming the presence of Metanil Yellow 

in dals [3] and Malachite Green Oxalate in green vegetables. To explore the possibility 

of adulteration in the public distribution system, we solicited and received a sample of 

dal from a family, who procure their monthly supplies from a ration shop in Triplicane, 

Chennai. 

Figure 4.8 SERS spectra of green peas and green chillies from different shops around IISc. 

SERS spectra for both the vegetables do not show any significant Raman peak, which confirms 

the absence of any foreign adulterant molecule. SERS signals were acquired using 16.67 mW 

laser intensity and for an integration time of 5 secs with ORS and Reference ON. 

Green chillies Green peas 
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Figure 4.9 shows a picture of the visual appearance of the dal sample as well as the 

results of the FSSAI-suggested quick diagnostic test for Metanil Yellow. Although the 

sample appears to be uniformly coloured, the FSSAI test results were negative. We 

directly swabbed the sample with a SERS swab that was wet with ethanol and obtained 

its SERS spectrum using the portable Raman spectrometer. Figure 4.10 clearly shows 

the tell-tale signature of Metanil Yellow with all the four major peaks 1148 (ν(C-Nazo) 

stretching), 1193 (𝛿(C-H) bending), 1404 (S=O stretching) and 1438 cm-1 (ν(N=N) 

stretching) being present. This result unambiguously proves the applicability of paper-

based SERS swabs for rapid onsite detection of adulteration of food samples. 

Figure 4.9 SERS spectra of dal from a ration shop in Chennai showing major peaks related to 

Metanil Yellow. SERS signal was acquired at 16.67 mW laser intensity and for integration time 

of 5 secs with ORS and Reference ON.  

Figure 4.10 (a) Dal sample from a Ration shop in Triplicane, Chennai, (b) FSSAI suggested 

HCl test does not give any prink colour which is an indication of absence of Metanil Yellow. 

(a) (b) 
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4.7 Adulterant removal capability of cleaning solutions available in the 

market 

Till now, this work has shown the detection capability of adulterants using SERS swabs 

and portable Raman Spectrometer. Several companies have introduced either soap-

based cleaners or ‘ozoniser’ based cleaners for vegetables and fruits to capitalize on the 

widespread anxiety in the minds of people about unknown adulterants on food items. 

So, SERS analysis of knowingly adulterated green peas and/or green chilly samples 

before and after cleaning was performed to test the removal capability of these cleaners. 

The percentage decrease in the SERS signal after washing in comparison to that before 

washing was quantified for the several cleaning solutions available in the market. We 

performed a series of experiments to verify the efficacy of these ‘cleaning solutions’ 

vis a vis standard protocols used in most households. These include:   

1) Rinsing with tap water (the most common method used in every household to 

clean food items) 

2) Washing with cleaners and then rinsing with tap water 

3) Cleaning with ozoniser 

 

4.7.1 Rinsing with tap water  

In every household, to clean vegetables rinsing with tap water is typically done with an 

expectation that it will remove dirt and water-soluble adulterants which may be present 

on the vegetables. So, SERS spectra of green peas swabbed before and after rinsing 

with tap water were measured (Figure 4.11). For the analysis, ‘adulterated’ green peas 

sample was prepared by dipping green peas in 100 µM solution of Malachite Green 

Oxalate dye for 30 min and then allowing it to dry overnight in the laboratory. The 

reduction in the integrated area of peak at 1372 cm-1 (N-phenyl stretching) indicates 

~35% removal of Malachite Green Oxalate was achieved just by rinsing with tap water. 
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4.7.2 Direct washing with cleaners 

Additionally, a detailed set of experiments were performed on both green peas as well 

as green chillies for ascertaining the cleaning capability of commercially available 

products, when used as per the directions provided by the manufacturer. The adulterated 

samples were prepared by dipping organic produce in 100 µM solution of Malachite 

Green Oxalate dye for 30 min and then allowing them to dry overnight in the laboratory. 

For the removal of adulterants from green peas and chillies, three different brands of 

cleaners have been employed in this analysis. After using the cleaners, the vegetables 

were rinsed with tap water.  

As shown in Figure 4.13, after washing with cleaners (Figure 4.12), peaks 

corresponding to Malachite Green Oxalate are still present in the SERS spectra of the 

swabbed samples. Typically, 60- 70% reduction in the signal at 1372 cm-1 was obtained, 

indicating that a significant amount of dye is left on the skins of these vegetables even 

after washing. Notably, there were no additional residues due to the use of the cleaning 

solutions. 

Figure 4.11 SERS spectra from swab of green peas before and after rinsing with tap water show 

35% reduction in the integrated peak area of 1372 cm-1 peak. SERS spectra are collected at 

16.67 mW laser power with an integration time of 5 s with ORS and Reference ON. 
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4.7.3 Cleaning with ozoniser  

To detoxify the fruits and vegetables some companies have introduced table top 

cleaners/ ‘ozoniser’ which purport to use ozone technology to sterilize the fruit and 

vegetables and make them fit for consumption. The typical ozone output from these 

ozonisers is 200 mg/h. For our analysis, we procured a generic ozoniser with double 

the ozone output, 400 mg/h from an online vendor. Ozonisation was performed for 15 

mins on adulterated green chillies, which is enough time for removal of toxic chemicals 

as claimed by the manufacturer. SERS spectra were obtained by swabbing some of the 

samples after ‘ozonising’ and compared with the signal obtained prior to cleaning. After 

15 min of ozonisation, reduction in the integrated area of peak at 1373 cm-1 was found 

to be 88%, which shows 88 % removal of Malachite Green Oxalate from the green 

chillies (Figure 4.14).  

 

Cleaner 1 Cleaner 2 Cleaner 3 

Figure 4.12 Photographs of different cleaners used. 
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(a) 

(b) 

Figure 4.13 SERS spectra of (a) green peas, and (b) green chilli before and after washing with 

three different brands of detoxifying cleaners. Average removal capability of all the cleaners 

range from 60-70%. SERS spectra are collected at 16.67 mW laser power with an integration 

time of 5 s with ORS and Reference ON. 
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Figure 4.14  Top – A photograph of the ozoniser and the setup used for ozonisation. Bottom - 

SERS spectra from swabs of green chillies before and after the ozonisation. Even after 

ozonisation Malachite Green Oxalate peaks, albeit at a lower intensity, are still present, which 

shows the presence of dye even after ozonisation. SERS spectra were collected at 16.67 mW 

laser power with an integration time of 5 s with ORS and Reference ON. 
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4.8 Summary 

To summarize, this chapter explores the use of SERS swab and portable Raman 

Spectrometer for the detection of Metanil Yellow and Malachite Green Oxalate on dals 

and green vegetables respectively. First, we analysed Metanil Yellow using the FSSAI 

suggested HCl test and found that the limit of detection was not appropriate enough to 

identify adulteration in the marketplace. Swabbing using paper-based SERS strips was 

found to be best for detecting adulterants from the skins of vegetables and dals. The 

limits of detection were determined to be 1 μM for Metanil Yellow on dals and 100 nM 

of Malachite Green Oxalate on green vegetables. SERS swabs were also found to be 

suitable for detecting adulteration on real-world samples of dals and green vegetables, 

and easily identified the presence of Metanil Yellow on dal from a ration shop, even 

when the FSSAI suggested quick diagnostic test failed to detect the presence of Metanil 

Yellow.  Further, we tested several cleaning solutions available in the marketplace and 

found that none of them can remove close to 100% of the dye molecules from the skins 

of vegetables, as claimed by the manufacturers. Albeit, these solutions were better than 

just rinsing in tap water. 
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Chapter 5 Summary and future scope 
 

 

5.1 Summary and conclusion  

Use of adulterants and pesticides in food products is a cause for concern because of 

their adverse effects on human health. To make food items appear fresh and appealing 

or to improve the shelf life of fruits and vegetables, adulterants are used. For the 

detection of adulterants, conventional methods which are employed are time-

consuming and complex processes. The entire process from collection of foods to the 

final report, it takes 1-2-week time which makes it impossible to take preventive steps 

to stop the inflow of adulterated food items in the market. This thesis presents an 

alternate fast detection method which takes a few minutes to give results. The alternate 

method involves the use of inkjet printed SERS substrates on Kimwipe tissue paper and 

portable Raman Spectrometer. Due to the portability of SERS substrate and Raman 

Spectrometer, onsite detection is possible which makes it feasible to stop the inflow of 

adulterated food items in the market.  

For the fabrication of SERS substrate, a desktop inkjet printer is used to generate silver 

nanostructures on Kimwipe tissue paper, with the chemistry based on silver halide 

photography. For the detection of adulterants, portable Raman Spectrometer is used 

instead of confocal Raman Spectrometer for enabling onsite and rapid detection by 

swabbing the food surface using SERS swab to pick target molecules. 

SERS signal variation across substrates with a nominal silver loading of 1 mg/cm2 was 

found to be 1.6%. This robust response despite the microscale non-uniformity of the 

silver nanostructures and surface roughness of the paper substrate is attributed to the 

larger interrogation areas (~2 mm diameter) using ORS technology. 

Further to test the detection capability of portable Raman Spectrometer, the adsorption- 

analysis was performed. Rhodamine 6G could be detected upto pM range, while 

Malachite Green and Metanil Yellow could be detected upto nM range. The difference 
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in sensitivity is attributed to the Resonant Raman effect in the case of R6G using a 532 

nm laser source.  

For the real-time application of SERS swab method, it is compared with the FSSAI 

suggested test for the detection of Metanil Yellow from dals and Malachite Green from 

green vegetables. The analysis shows that the SERS swab method can detect adulterants 

well below the detection limit of FSSAI suggested tests. Real world samples of dals 

and green vegetables around IISc were examined for adulterants presence and SERS 

swab test were negative, which confirms the absence of Metanil Yellow in dals and 

Malachite Green in green vegetables around IISc. A dal sample from a ration shop in 

Triplicane, Chennai was as found to be adulterated with Metanil Yellow. 

Removal capability of market available cleaners and ozoniser was also tested with 

respect to the reduction in the integrated area of signature peaks in SERS spectra. 

Results show that it is possible to remove around 60-75% of the adulterants using 

liquid-based cleaners and around 88% with an ozoniser.  
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5.2 Future scope 

Food items are not only adulterated with synthetic colours but also with different kind 

of pesticides. Many studies have shown the successful detection of pesticides from food 

items using SERS substrates and confocal Raman Spectroscopy. To highlight the 

challenges in using SERS swabs for pesticide detcetion from real world samples, 

spectra of a dichlorvos liquid formulation was acquired (Figure 5.1).  

 

The peak with the largest intensity at 1626 cm-1, corresponding to phenyl stretches is 

because of additional formulating agents as the active ingredient, dichlorvos, is a linear 

chain molecule. The detection of the presence of dichlorvos residue becomes 

challenging without separation from the other molecules present in the matrix. Paper-

chromatographic techniques represent an attractive avenue to perform on-site 

separation and detection.   The protocols required for carrying out such separations and 

enabling only the active-ingredient to reach the parts of the paper coated with SERS 

active nanostructures needs to be investigated. 

Figure 5.1 SERS spectra of neat dichlorvos liquid from dropcasting 10 μL of pesticide 

formulation (76% EC, diluted 25x) in water on Kimwipe SERS substrate. SERS signal was 

acquired using 20 mW laser intensity and integration time of 5 secs with ORS and Reference 

ON. 
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Appendix A- Adsorption analysis data 

 

A.1 Rhodamine 6G dye 

SERS spectra of Rhodamine 6G dye was collected by soaking Kimwipe SERS substrate 

in aqueous solutions having desired concentration of R6G for 12 hrs, followed by 

rinsing with DI water to remove trace of physically adsorbed dye molecules. 
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Figure A.1 Representative SERS spectra of R6G dye adsorbed onto Kimwipe silver 

nanostructured substrate. Concentration of R6G solution varies from 1 mM to 1 pM. Spectra 

were acquired using 3.33 mW laser power and 1 s integration time with ORS and Reference 

ON conditions.  
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A.2 Malachite Green Oxalate dye 

 The substrates were soaked in aqueous solutions having desired concentration of MG 

Oxalate for 12 hrs and then rinsed with DI water to remove trace of physically adsorbed 

MG Oxalate molecules.  

 

Figure A.2 Representative SERS spectra of MG Oxalate dye adsorbed onto Kimwipe silver 

nanostructured substrate. Concentration of solution varies from 1 mM to 100 pM. Spectra were 

acquired using 16.67 mW laser power and 5 s integration time with ORS and Reference ON 

conditions.  
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A.3 Metanil Yellow dye 

Paper-based SERS substrates were soaked in aqueous solutions having desired 

concentration of MY for 12 hrs and then rinsed with DI water. 

 

Figure A.3 Representative SERS spectra of MY dye adsorbed onto Kimwipe silver 

nanostructured substrate. Concentration of solution varies from 1 mM to 10 nM. Spectra were 

acquired using 16.67 mW laser power and 5 s integration time with ORS and Reference ON 

conditions. 
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Appendix B- Data Processing with 

ORIGIN software 
 

Data processing for subtracting the fluorescence background and denoising the spectra 

was done using ORIGIN-Graphing and data analysis software. The illustration of 

background correction of R6G adsorbed onto Kimwipe tissue paper. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raw Data 
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Background correction steps 
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Background corrected spectrum 

Denoising spectrum using wavelet transform 
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Denoised spectrum  


