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CHAPTER 11
COLORIMETRIC SENSING OF MILK ADULTERANTS

X/
°e

This chapter is subdivided into two parts.

X/
°e

The first part reports colorimetric detection technique for qualitative assessment of

melamine, hydrogen peroxide, formalin, and salicylic acid content in raw milk without

use of any substrate.

X/
°e

The second part highlights the fabrication of a novel paper-based sensing platform

designed for simultaneous colorimetric sensing of various adulterants and

contaminants in milk.

¢ Green tea, cotton leaves, [-cysteine, and watermelon rind extract-functionalized silver

nanoparticles (AgNPs) were utilised for colorimetric detection of melamine, hydrogen

peroxide, formalin, and salicylic acid in milk, respectively.

% The limit of detection (LOD) for each sensing architecture was estimated utilising the

UV-Visible (UV-Vis) spectra and was found to be 1.44 ppm for melamine, 8.46 ppm

for hydrogen peroxide, 3.51 ppm for formalin, and 0.55 ppm for salicylic acid,

respectively.

¢ The developed paper-based sensing platform utilizes seven conduits, where each end

is selectively impregnated with functionalized AgNPs being separated by hydrophobic

barriers.

s The system is designed to sense milk adulterants such as melamine, formalin, and

hydrogen peroxide and milk contaminants such as mercury, arsenic, cadmium, and

lead ions.

% Each detection scheme demonstrates remarkably low LOD and high sensitivity.

2.1 Introduction

Milk adulteration and contamination have been a long-standing challenge faced by society

from generations [1]. Adulteration involves the introduction of unwanted foreign

substances into milk, compromising its quality and rendering it unsuitable for consumption

[2]. On the contrary, milk contamination refers to presence of undesirable foreign elements
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in milk which may appear in milk during the pasteurization process, grazing of cattle in

mining/ industrial areas, etc [3].

Milk is often adulterated with various types of adulterants, with some used to
falsify the net protein content. This includes the addition of toxic nitrogen-rich compounds
like melamine and urea [4]. Meanwhile other adulterants such as hydrogen peroxide,
formalin, and salicylic acid are mixed to extend shelf life and prevent degradation of milk.

All these adulterants are found to be highly toxic and possess carcinogenic effects [5,6].

Diluting milk reduces its protein concentration. The Dumas and Kjeldahl methods
are used to determine the total content of protein in milk by estimating the total amount of
nitrogen in milk. Melamine contains around (66%) of nitrogen by mass and is therefore
used to falsely elevate protein levels by increasing the non-protein nitrogen content in
milk. Its consumption on regular basis can lead to development of stones in kidney and
may also result in renal failure [4]. Likewise, formalin, hydrogen peroxide and salicylic
acid being used as preservatives, are highly toxic and possess carcinogenic effects, which

can even cause organ damage over prolonged consumption [5,6].

The addition of these adulterants poses significant health risks and challenges for
detection due to their textures and chemical properties [7]. There is an urgent need to
develop point-of-care systems which can sense the presence of these adulterants without

sophisticated setups thereby facilitating regular monitoring of milk quality.

Meanwhile, milk contamination by heavy metal (HM) residues is another
significant issue, where metals ions such as mercury, arsenic, cadmium, and lead are often
introduced during the pasteurization process [8,9]. The consumption of these HM ions is
dangerous and thus, the regulatory bodies have prescribed their maximum permissible
limits. These metals ions are non-biodegradable and over time can accumulate in the
human body. This may lead to serious health risks, including neurological disorders, organ
failure, kidney damage, and even cause developmental problems in infants and children.
The detection of HM contamination in milk are therefore crucial to ensure consumer safety

[10].
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Of late metal NPs have emerged as a captivating tool for varied colorimetric-
based sensing assays due to a unique phenomenon known as localised surface plasmon
resonance (LSPR) [11]. AgNPs and gold nanoparticles (AuNPs) are primarily harnessed
for designing colorimetric assays owing to their exceptional plasmonic properties in the
visible spectrum [12]. AgNPs, in particular, are favoured for their exceptional excitation
coefficients and cost-effectiveness [13]. However, their highly unstable nature is a
drawback due to their high oxidizing properties. This bottleneck can be mitigated by using

suitable functionalizing or capping agents to enhance their stability [14].

Existing literature includes numerous chromatographic techniques for detecting
adulterants in milk, but these methods are highly sophisticated and necessitate intricate
pretreatment procedures [2,15]. Some colorimetric approaches are also reported but they
often entail long pretreatment processes and extended sensing procedures, demanding a

substantial amount of chemicals for effective detection [16-20].

Use of plasmonic NPs as colorimetric sensors have gathered the attention of
researchers due to their low cost, simplicity, and high specificity [16]. These sensors allow
qualitative analysis of the presence of any analyte by observing the colour change in the
NP solution with the naked eye. This eliminates the need for sophisticated or expensive

devices [18].

Colorimetric sensing can be broadly classified into two domains: aggregation-
based and non-aggregation-based colorimetric sensing. In aggregation-based sensing, NPs
are surface-functionalized with molecules that enable specific chemical interactions or
binding with a particular functional group of the targeted analyte. When the analyte is
present, it interacts with the surface-functionalized NPs, causing the interparticle distance
between them to decrease. This results in NP aggregation. Aggregation induces a
significant shift of the LSPR band of NPs, resulting in a visible colour change in the
colloidal NP solution [21]. This is due to the coupling of plasmonic fields between the
closely spaced NPs [22]. The aggregation-based colorimetric method can be further
classified into two types one of which is rapid aggregation-based colorimetric sensing. In
this approach, surface-functionalized NPs quickly interact with the analyte, which

promotes aggregation and leads to an immediate colour change. This method is rapid, and
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allows real-time detection of analytes, in a variety of sample matrices. Another type of
aggregation-based sensing is interference-based aggregation sensing [23]. In this type, the
targeted analyte interferes with the synthesis or stability of the NPs, leading to aggregation
during the synthesis process itself. For example, some analytes can alter the reduction
process during NP formation, resulting in the production of larger or aggregated particles.
This process induces a distinct colour change, which can be visually detected. This method
is particularly useful for detecting analytes that can influence the chemical conditions

under which NPs forms [23].

Another broad classification of colorimetric sensing is non-aggregation-based
colorimetric sensing. Here, the analyte induces a chemical transformation of the NPs rather
than aggregation [24]. This often involves redox reactions where the analyte, acting as an
oxidizing agent, interacts with the NPs and converts back to their ionic forms. This
oxidation results in the dissolution of the NPs and a significant shift in colour. This
approach is particularly useful when detecting analytes like hydrogen peroxide or other

oxidative species [24,25].

Both aggregation-based and non-aggregation-based colorimetric sensors offer
distinct advantages depending on the type of analyte and the nature of the detection

mechanism, making them versatile tool for various sensing applications.

Some studies reported in the literature have also demonstrated the use of
plasmonic NPs for sensing adulterants and contaminants, however, these approaches often
come with certain limitations. Han et al. fabricated p-nitroaniline (p-NA) functionalised
AgNPs for the detection of melamine in infant formula. They achieved an LOD of 0.1 ppm
[26]. Aquino et al. synthesized resorcinol-functionalized AuNPs for formaldehyde
detection in an aqueous medium, where the NPs' colour changed blue from red in the
presence of formaldehyde [27]. Teodoro et al. fabricated cellulose nanowhisker-
functionalized AgNPs for hydrogen peroxide detection, achieving a LOD of 0.014 uM
[28]. Aftab ef al. synthesized selenium nanoparticles (SeNPs) for detection of salicylic
acid in milk via colorimetric route, using garlic extract both as a stabilizing and reducing

agent, achieving a LOD of 1 mM [29].
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Gao et al. developed Triton X-100 modified AuNPs for smartphone-based system
for melamine detection, which resulted in change in colour of NPs, with a LOD of 5.1 nM
[30]. Mirzae et al. created sericin-capped AgNPs for detecting hydrogen peroxide in milk
using an origami paper substrate, achieving a LOD of 44.1 uM [31]. Seebunrueng et al.
designed a paper-based vapor-test kit, using coated filter paper, with a LOD of 3.66 uM
for detection of formalin in food items [32]. Shrivas et al. reported AgNPs deposited on
inkjet-printed paper for smartphone based on-site colorimetric determination of mercury
ions (Hg?"), with an LOD value of 49.9 nM [33]. Similarly, Wi et al. for fabricated a paper-
based sensor foe detecting arsenic ions (As>") using methylene blue-AuNPs [34]. For
detecting cadmium ions (Cd*") in rice samples Wang et al. developed a fluorescent based
colorimetric paper strip with smartphone technology using ethylenediamine-graphene
oxide (EDA-GO) and glutathione-gold nanoclusters (AuNCs), along with copper ions
(Cu?"). The LOD of the fabricated device was 0.1 uM [35]. In a study, Sahu ef al. designed
a dual paper-based sensor using glucose-AuNPs for sensing As** and lead ions (Pb*") in
samples containing waste water with a LOD value of 74.7 nM and 37.2 nM, respectively

[36].

Additionally, some studies have reported simultaneous detection of multiple
adulterants in milk. Guinati ef al. designed a paper-based detecting system for sensing
H>03, urea, and pH in raw milk samples. The LOD for urea and hydrogen peroxide were
2.4 mM and 0.1 mM, respectively [37]. Patari et al. fabricated another paper-based
microfluidic sensor for detecting detergents, urea, salt, starch, soap, sodium hydrogen
carbonate, and hydrogen peroxide achieving a LOD ranging between 0.05% (vol./vol.)-
0.2% (vol./vol.) [38]. In all these cases, NPs were functionalized with agents responsible
for binding the analyte of interest. This binding either changed the inter-particle distance
or resulted in the oxidation of NPs, enabling the detection of milk adulterants and
contaminants. However, these reported works used large amounts of toxic chemicals,

making the detection schemes hazardous [39].

The goal of this chapter is to detect these adulterants via a less toxic, eco-friendly
and cost-effective route that requires lesser detection time and displays higher recovery
rate and sensitivity. This chapter focuses on the qualitative detection of adulterants by

observing colorimetric changes upon the presence of the targeted adulterants and
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contaminants. The first part of this chapter reports, Camellia sinensis leaves extract-
functionalized AgNPs for interference-based colorimetric sensing of melamine in milk.
Bombax ceiba leaves extract-functionalized AgNPs for sensing hydrogen peroxide in
milk, where the colour changed from yellow to colourless. L-cysteine-functionalized
AgNPs for sensing formalin in milk, with the colour changing from yellow to brown due
to the aggregation of NPs in the presence of formalin. Citrullus lanatus rind extract-
functionalized AgNPs were utilized for sensing salicylic acid in milk, with the colour
changing from yellow to brown. Majority of the functionalizing agents are derived from
natural sources, providing a less toxic route for the detection of milk adulterants. The UV-
Vis response of these functionalized NPs was used to obtain a linear calibration graph,

which helped determine the selectivity, sensitivity, recovery, and LOD.

Meanwhile, in the second part of this chapter, a novel paper-based sensing
platform has been introduced, which uses multiple functionalized AgNPs for the
simultaneous sensing of various contaminants and adulterants. This platform features
seven conduits, each end selectively impregnated with specific functionalized NPs,
separated by hydrophobic barriers. When adulterated or contaminated milk is poured at
the centre, it flows through the channels and the resulting colour changes at the conduit
ends indicate the presence of specific adulterants. This sensing architecture is specifically
designed to detect melamine, formalin, and hydrogen peroxide as adulterants, and
mercury, arsenic, cadmium, and lead ions as HM contaminants in milk, with each conduit

achieving remarkably low detection limits, supplemented by high sensitivity.

2.2 Materials and methods

Fresh cow milk was procured from a local milk vendor. Processed green tea (GT) leaves
were purchased from the Tezpur University market, Assam, India. Leaves from cotton tree
(CT) were obtained from Jorhat, Assam, India. Watermelon Rind (WR) was procured from
the Tezpur University market, Assam, India. Banana root bulb (BRB) was procured from
nearby village area of Napaam, Tezpur, Assam, India. Silver nitrate and cyanuric acid were
purchased from Thermo Fisher Scientific. Sodium borohydride (NABH4), 1-cysteine (I-
cyst), polyvinyl alcohol (PVA), maleic acid (MA), l-glutamine (I-glu), citric acid (CA),
trisodium citrate (TSC), salicylic acid (SA), dextrose and acidic buffer (pH 4) were from
Merck, USA. Melamine (extra pure), urea (extra pure) and sodium hydroxide (NaOH)
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pellets were procured from Loba Chemie. Trichloroacetic acid (TCA) was from Qualigens.
Formaldehyde (37%) and hydrogen peroxide (30%) from Emplura. Sodium arsenite,
cadmium chloride, mercury chloride, and lead chloride were also procured from Merck,
USA. Whatman filter paper no. 1, 0.22 pum syringe filter, distilled water (DW), and

deionized water (DI) were used for synthesis process.

Chromic acid and aqua regia (HNO3: HCI; 1:3) were freshly prepared and were used for
cleaning purpose. Ethanol, and acetone from Qualigens were also used for cleaning

purposes.

2.3 Instruments

A UV—Visible spectrophotometer (Thermo Scientific GENESYS 180); an X-ray powder
diffractometer (XRD) (D8 FOCUS, Bruker AXS, GERMANY& BRUKER DS
ADVANCE ECO); a Transmission electron microscope (TEM) (Tecnai G2 20 S-TWIN,
USA); a Field emission scanning electron microscope (FESEM) (JEOL & GEMINI 500);
a Fourier transform infrared spectroscopy (FTIR) (SPECTRUM 100, PerkinElmer); a
weighing machine (METTLER TOLEDO ME204); a centrifuge machine (Eppendorf
5430R); an oven (Ecogian series; EQUITRON); a tabletop pH meter (EUTECH pH 700),
and a magnetic stirrer (SPINOT-TARSONS) were also used during the work. A 3D printer
was used to fabricate the platform to accommodate the paper-based substrate for

colorimetric detection using ULTIMAKER S3 series printer.
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PART A: Colorimetric sensing of milk adulterants without substrate

2.A.1 Colorimetric sensing of melamine by Camellia sinensis

functionalised AgNPs"

Melamine, a highly toxic milk adulterant is often added to increase the non-protein
nitrogen content of milk. Due to is texture and chemical nature, it’s highly challenging to
detect its presence in complex matrix such as milk. Hence, the current scenario demands
a user-friendly detection measure for its sensing. Current techniques primarily describe
sophisticated chromatographic techniques for melamine detection in milk, which require
complex pretreatment procedures. Although some colorimetric methods exist, they also
involve lengthy pretreatment and detection processes necessitating substantial chemical

usage [16-20].

In contrast, our approach introduces an innovative, straightforward method for
qualitatively assessing melamine levels in milk. This method leverages a direct greener
compound for NP synthesis and subsequent detection of melamine without extracting bio-
polyphenols from their sources. Unlike previous works that utilized chemical compounds
unrelated to plant extracts, we emphasize using a greener agent for melamine detection.
Our colorimetric detection method employs a one-pot sensing technique based on
interference, where melamine disrupts NP formation. High melamine concentrations result
in a colourless solution, while lower concentrations lead to the formation of larger,

aggregated particles.

2.A.1.1 Synthesis of Camellia sinensis functionalised AgNPs and

pretreatment of milk

Preparation of the Green Tea Extract: Processed green tea leaves were utilized for the
synthesis process. Initially, 50 mL of DW was heated to 100°C in a 100 mL beaker for a
duration of 15 min. Subsequently, 1 g of processed green tea leaves were introduced into
the water and stirred using a glass rod. This tea mixture was kept aside for 15 min to allow

release of all the antioxidants into the water. The extract prepared was then subjected to

* This section of the thesis is published in U Das et al. ACS Omega, 9: 21879-21890,
2024
41



Chapter II: Colorimetric Sensing of Milk Adulterants

double filtration using Whatman filter paper no. 1, which was then stored at 4 °C for later

use [40].

Preparation of AgNPs: 1 mM AgNOs; solution was prepared by adding 0.0169 g of
AgNO3 to 100 mL of DW. The solution was stirred for 15 min at a rate of 600 rpm to
ensure complete dilution of the salt in the solution. Subsequently, 120 puL of green tea
extract was introduced to AgNO3 solution at room temperature while maintaining a pH of
7 by addition of NaOH. A change in colour of the solution to yellow signalled NP

formation [40].

Pretreatment of milk: The presence of fat and protein in milk can cause potential
interference with the detection mechanism, leading to erroneous results that may be either
false positives or false negatives. However, this interference can be eliminated with the
proper pretreatment of milk. To achieve this, fresh milk was initially treated by adding 50
mL of 10% trichloroacetic acid solution to 200 mL of milk in a 500 mL beaker. The
resulting mixture was centrifuged twice, each time at 7000 rpm for 30 min, facilitating the
separation of the protein and fat content. Subsequently, after successful separation of the
solid casein and liquid supernatant, 3 M NaOH was introduced to the supernatant to adjust
the pH of the solution to 7.0. The resulting supernatant was further subjected to dual
filtration using Whatman no. 1 filter paper. The supernatant obtained at this stage was then
filtered through a 0.22 pm filter to eliminate any residual protein and fat content remaining
in milk. After following this process, the resultant milk supernatant, was then spiked with

various concentrations of melamine (0.01 to 50 ppm) for subsequent testing [41].

2.A.1.2 Characterisation of Camellia sinensis leaves extract

functionalised AgNPs

To affirm the formation of NPs, the synthesized NPs were first subjected to optical
characterisation by using a standard UV—Vis spectrophotometer. This confirmation was
based on the observation of an absorbance peak approximately at 418 nm which coincides
with the LSPR band of plasmonic AgNPs. The synthesized NPs appeared yellow due to
their reflection and scattering of yellow light, resulting from the absorption of blue light.

This absorption aligns with the LSPR band position of AgNPs [42] (Fig. 2.A.1.a).

42



Chapter II: Colorimetric Sensing of Milk Adulterants

Furthermore, structural characterization of the synthesised NPs was
accomplished through XRD study. Bragg diffraction peaks were obtained for diffraction
planes (111), (200), (220), and (311) for 20 values of 37.59°, 43.79°, 63.90°, and 76.94°,
respectively, with the most intense diffraction peak occurring at the (111) plane. This
diffraction pattern suggested that the synthesised NPs were face centred cubic (FCC)
crystalline in nature [43] (Fig. 2.A.1.b).

Morphological parameters such as shape and size, were assessed through TEM
and FESEM examinations. TEM data confirmed that the synthesized NPs exhibited a
spherical shape with a mean diameter of 9.90 nm and size ranging between 5 and 20 nm
[44] (Fig. 2.A.1.c; Fig. 2.A.1.d & Fig. 2.A.1.e). This was further corroborated by FESEM
images, which also depicted that the synthesised AgNPs were mostly spherical in shape
possessing an average size of 13.17 nm [45] (Fig. 2.A.1.1).

The FTIR method was employed for the comprehensive characterization of
AgNPs, specifically focusing on identifying the functional groups responsible for the
reduction, encapsulation and functionalisation of AgNPs. In the FTIR spectra of green tea,
a notable broad band dip at 3395 cm™! indicated the H-bonded OH stretch. Additional
features included transmittance dips at 2920 and 2856 cm™!, corresponding to the C—H
stretch in alkanes and the O—H stretch in carboxylic groups, respectively. A distinct dip at
1635 cm™! was attributed to the C=0 stretch in polyphenols. Further dips at 1369, 1320,
1238, and 1149 cm™! provided insights into the presence of carboxylic groups, aromatic
nitro compounds, C=C, and the secondary alcohol C—O stretch, respectively. The
identification of C—O stretching in amino acids manifested as a dip at 1042 cm™!. A weak
transmittance dip at 824 cm™! was associated with C—H out-of-plane bending, while peaks
at 769, 611, and 522 cm™ ! indicated the presence of aliphatic chloro and bromo compounds,
signifying C—Cl and C—Br stretches. Comparing these results with those obtained for the
green tea extract and the corresponding reduced NPs, significant dips were observed at
positions 3434, 2920, and 2854 cm™!. These indicated H bonded OH stretch, C—H stretch
in alkanes, and O—H stretch caused by carboxylic acid, respectively. A highly intense

transmittance dip at 1643 cm™

can also be attributed to the C=O stretch in polyphenols
and thus contributing to the functionalization of the NPs. Additionally, a transmittance dip

at 1380 cm™! affirmed the presence of methyl C—H asymmetric bending, collectively
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confirming the proper functionalization of the NPs and the reduction of metals through the

presence of these functional groups [46,47] (Fig. 2.A.1.g).

2.A.1.3 Colorimetric sensing

120 pL portion of green tea extract was combined with 400 pL of melamine spiked milk
supernatant. The resulting solution underwent stirring at 600 rpm via a magnetic stirrer for
5 min. Subsequently, the solution’s pH was adjusted to 7 by addition of NaOH, followed
by addition of 10 mL of AgNOs;. The formation of NPs and the ensuing colorimetric
changes in response to the melamine’s concentration in spiked milk samples were

subjected to further investigation by a standard UV—Vis spectrophotometer (Fig. 2.A.2).
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Figure 2.A.1: Characterisation of GT-AgNPs (a) UV-Vis spectrum, (b) XRD pattern, (c)
TEM image (high magnification), (d) TEM image (low magnification), (e) size distribution
analysis from TEM, (f) FESEM image, and (g) FTIR spectrum.
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Colorimetric change from yellow to
brown and finally black
!

Figure 2.A.2: Colorimetric change in GT-AgNPs at various concentration of melamine.

2.A.1.3.1 Mechanism

This sensing protocol employs an eco-friendly material, green tea, which not only serves
as a reducing agent by converting the metal ion (Ag") to NPs but also plays a pivotal role
in detecting melamine. Green tea being an eco-friendly material mitigates any adverse
environmental impacts. The phytochemicals present in green tea are responsible for
reducing the ions to NPs but do not interfere with milk supernatant. This is due to the
removal of interfering proteins and fats from the milk during a preprocessing step. In
comparison with the previous reported works, where detection of melamine was performed
by first NP synthesis followed by its complex functionalization for selective colorimetric
sensing, our sensing approach takes a distinctive approach. [48,49] Green tea contains a
diverse category of catechins, polyphenols responsible for melamine detection. These
include (+)-catechin, (—)-epicatechin (EC), (+)-gallocatechin (GC), (—)-epicatechin gallate
(ECG), (—)-epigallocatechin (EGC), and (—)-epigallocatechin gallate (EGCG) where
primarily EGCG, is the dominant polyphenol in the green tea extract which encapsulated
and functionalises the NPs [50]. However, in the presence of the melamine, plentiful
polyphenol interacts with it, resulting in the formation of a compound that lacks any
observable peak at that position. This implies that the extract can serve as an active agent

for determining melamine in NPs [51].

In absence of melamine, the precursor and the green reducing agent i.e., green tea
interact with each other. EGCG, being the most abundant polyphenol and antioxidant

present in green tea, converts ions into NPs by reducing the silver ions present in the silver
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precursor. As a result, bright yellow-coloured NPs solution could be obtained, which
indicates formation of smaller sized NPs. However, in the presence of melamine, the three
—NH2: groups of melamine, interacts with the “OH group of EGCG via hydrogen bonding.
This interaction inhibits the formation of NPs as there are fewer available active sites for
reducing the ions to particles, resulting in formation of larger aggregated particles. This
suggests that polyphenols interacted with melamine instead of the silver ions (Ag") present
in the solution. To study the reproducibility of the sensing method, the experiment was
performed in triplicates, convergent findings were observed in all cases, demonstrating a

uniform LOD and high repeatability [52].

In the presence of melamine, the reducing agent engages with it instead of the
metal ions, resulting in the generation of fewer NPs or aggregated NPs of larger size with
altered shapes [53,54]. This phenomenon results in colorimetric changes in the synthesized
NPs, which could be correlated with the concentration of melamine in spiked milk.

Melamine contains multiple hydrogen atoms, which enable strong interactions with the

reducing agent [55] (Fig. 2.A.3).
) g
AN 4.-)

~
Uncoated AgNPs aloag with sitver lons In presence of
melamine

Epigallocatechin Gallate
(EGCG Major Polyphenol in Green Tea) S Pamparain

Figure 2.A.3: Mechanism of melamine sensing by GT-AgNPs.

2.A.1.3.2 Selectivity study

Green tea contains multiple flavonoids and bio polyphenols, which make it a strong

antioxidant. However, presence of melamine, disrupts the formation of NPs. To ensure the
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selectivity of the analysis and verify whether other potential adulterants or preservatives
interfere with the sensing process, a comprehensive selectivity test was performed. For
this assessment, milk samples were deliberately spiked with various adulterants such as
formalin, urea, salicylic acid, dextrose, and cyanuric acid at a 1000 ppm concentration and
melamine at 50 ppm concentration. The goal was to investigate whether the presence of
other elements in trace amounts affects the detection process and also result in colorimetric
change. The findings implied that none of these analytes significantly interfered with the
synthesis of the NP prepared by the protocol. The colour of the salt solution changed to
yellow or brown even in the presence of these adulterants, indicating no interference in
formation of NPs by other adulterants. Therefore, the method is found to be appropriate
for melamine detection without any observable interference from the reported adulterants

[56] (Fig. 2.A.4).

2.A.1.3.3 Sensor performance metrics

To determine the LOD, a calibration graph was plotted correlating absorbance with the
concentration of melamine. The colorimetric changes observed with increments in the
concentration of melamine were analysed by a UV—Vis spectrophotometer, which
revealed a substantial shift and decrease in absorbance. This can be attributed to a decrease
in the number of NPs or the formation of larger-sized aggregated particles in the presence
of melamine. Based on the response obtained from the UV—Vis spectrum, the LOD of the
sensing scheme was calculated by using the slope (s) of the calibrated graph and the

standard error (o) (from 3 blank experiments) using the formula (equation 2.A.1) [57,58],

3.30

LOD = =2 (2.A.1)

The recovery rate was also accessed, which was found to be 93%. It was
calculated by obtaining the theoretical amount of melamine added from the calibration

graph and the amount of melamine added, by using the formula (equation 2.A.2) [58],

Experimentally derived amount of melamine

Recovery = X 100% (2.A.2)

Actual amount of melamine

By analysing all the results, the LOD of the sensor was found to be 1.44 ppm
which is much lower than the permissible limit suggested by FSSAI, limit of 2.5 ppm. The
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sensitivity and dynamic range of sensing are also calculated from the calibrated graph.
Sensitivity is determined by using the slope of the graph, yielding a value of 0.01 a.u./ppm
(arbitrary unit/ppm). This sensitivity was achieved within a dynamic range spanning 0.1
to 15 ppm. Within this range, the sensor demonstrates a linear response in absorbance

corresponding to changes in the melamine concentration in milk [59,60] (Fig. 2.A.5).

Control Ib
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Figure 2.A.4: (a) Colorimetric response of GT-AgNPs in the presence of various
adulterants (C-Control, Mel-Melamine, For-Formalin, U-Urea, D-Dextrose, SA-Salicylic
acid and CA-Cyanuric acid), and (b) UV-Vis plots of GT-AgNPs corresponding to their
colorimetric variations in presence of other adulterants.
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Figure 2.A.5: (a) UV-Vis plot of synthesised GT-AgNPs in presence of melamine at varied
concentration, and (b) linear calibrated graph between absorbance vs. concentration of
melamine in milk.
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2.A.2 Colorimetric sensing of hydrogen peroxide by Bombax ceiba leaves

functionalised AgNPs"

Hydrogen peroxide, a strong oxidizing agent, is often used as a milk adulterant to extend
its shelf life by inhibiting the growth of microorganisms that cause spoilage. While it acts
as an effective preservative, the consumption of hydrogen peroxide is highly toxic and
poses serious health hazards, including irritation to the gastrointestinal tract, damage to
tissues, and potential systemic toxicity at higher concentrations. Detecting hydrogen

peroxide in milk is crucial to prevent its harmful effects [61].

AgNPs, known for their remarkable plasmonic properties, are widely used in
colorimetric sensing applications. Traditionally AgNPs are synthesised and functionalised
via physical or chemical route, which are not only expensive but also pose significant risks
to human health, other living organisms, and the environment. In contrast, biosynthesised
AgNPs offers a sustainable alternative, providing higher stability and yield. It can also be
utilised as a highly efficient colorimetric sensor, which offers a rapid, simple, non-toxic,
and eco-friendly, route enabling the production of NPs with well-defined sizes and reduced

cytotoxicity [62].

The detection methods reported in the literature to sense hydrogen peroxide
generally involves the wuse of spectrofluorometric, spectrophotometry, and
electrochemistry [63]. Although these methods have revolutionized many fields, but they
possess significant drawbacks including tedious sample preparation, expensive
instrumentation, and time-consuming analysis. Therefore, an alternative method is needed
to address these limitations and make the technology accessible for the use of common
people. Few colorimetric methods have been documented in literature, but they often
involve the use of harsh chemicals in NP synthesis, making it harmful for the environment
[64]. Additionally, the synthesis procedure of these NPs is cumbersome and most of them

do not target detection of this toxic compound in a complex matrix system like milk.

In contrast, our study introduces a streamlined and eco-friendly alternative where

AgNPs were synthesized and functionalised using cotton leaf extracts. These biologically

*This section of the thesis is published in U. Das et al, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, 316:124290, 2024
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derived NPs are utilized for the colorimetric sensing of hydrogen peroxide in milk. This
method not only simplifies the detection process but also eliminates the need for complex

preprocessing, making it a practical and sustainable solution for milk adulteration analysis.

2.A.2.1 Synthesis of Bombax ceiba leaves functionalised AgNPs and

pretreatment of milk

Preparation of Bombax ceiba leaves extract: Cotton leaves were collected from a village
area near Jorhat, Assam, India. These freshly collected leaves were then washed repeatedly
with DI, chopped into small pieces and kept in an oven at 80°C for 12 h for drying. 10 g of
the dried leaves were added to a conical flask containing 100 mL of DW and boiled for 1
h at 100°C. This extract solution was then allowed to cool down. Finally, it was double

filtered through Whatman no. 1 filter paper and stored at 4°C for further use [65].

Synthesis of AgNPs: At first, | mM AgNOs solution was prepared by adding 0.0169 g of
AgNOs to 100 mL of DI which was stirred for 5 min and 600 rpm at room temperature to
prepare the metallic salt precursor solution. To 40 mL of this solution, 400 pL of cotton
leaves extract was added and stirred at 50°C at 600 rpm. After 2 min, the solution exhibited
a yellowish colour which indicated the formation of AgNPs. The entire synthesis was
carried out at a pH of 7, which was maintained by adding NaOH to the colloidal solution

[65].

Pre-treatment of milk: Same protocol was implemented as outlined in the previous study
(section 2.A.1.1). After following this process, the resultant milk supernatant, was then
spiked with various concentrations of hydrogen peroxide (1.5 to 30 ppm) for subsequent

testing.

2.A.2.2 Characterisation of Bombax ceiba leaves extract functionalised

AgNPs

Characterisation of the NPs were performed by following the previous protocol (section
2.A.1.2). UV-Vis spectra of the synthesised NPs displayed a strong absorption peak at 434
nm [42] (Fig.2.A.6.a).
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In the XRD diffraction spectrum four distinct peaks were obtained at 26 values
of 37.82°, 45.82°, 64.15° and 76.34° which were attributed (111), (200), (220) and (311)
planes of silver. This suggests that the synthesised AgNPs possess an FCC crystalline
structure [43]. Further, two less intense diffraction peaks were also observed in the XRD
diffractogram of the synthesised CT-AgNPs between 50° and 60°, it may have arisen from
the minor phase impurities or lattice distortions introduced during synthesis. It can also be
attributed to the presence of organic stabilizers or capping agents interacting with the NPs

surface, which sometimes introduce additional diffraction peaks (Fig.2.A.6.b).

Images obtained from TEM analysis displayed roughly spherical and elongated
structure with a mean size of 16.42 nm (Fig.2.A.6.c; Fig.2.A.6.d. & Fig.2.A.6.e.). [44].
Similarly, FESEM results depicted NPs of roughly spherical structure with some particles
possessing an elongated shape having a mean size of 10.18 nm [45] (Fig.2.A.6.1).

For the functional group present in cotton leaves analysis, an FTIR study was
conducted. A broad transmittance dip at 3430 cm™! corresponds to the O—H stretching of
hydrogen-bonded hydroxyl groups. Transmittance dips at 2953 cm™ and 2914 cm™ were
attributed to the asymmetric and symmetric stretching vibrations of C—H bonds, typically
from alkanes or alkyl groups. The absorbance peak at 1723 cm™ corresponds to the
stretching of the C=0O group, indicated the presence of aldehydes, ketones, esters, or

carboxylic acids, while the peak at 1622 cm’

was associated with C=C stretching
vibrations from alkenes or aromatic rings. Dips at 1406 cm™ and 1378 cm™! correspond to
C—H bending vibrations from methyl or methylene groups, while dips at 1110 cm™ and
1049 cm™! were due to C—O or C—O—C stretching, commonly found in alcohols, ethers, or

polysaccharides.

The FTIR spectrum of the NPs exhibited similar transmittance dips, suggesting
the presence of comparable functional groups or chemical bonds to those in the reference
material. For CT-AgNPs, a broad dip at 3430 cm™ was observed, attributed to O-H
stretching. Additional transmittance dips at 2922 cm™ and 2852 cm™! correspond to C-H
stretching vibrations associated with alkyl groups. The dip at 1633 cm™! indicates C=0O
stretching, while the dip at 1384 cm! corresponds to C—H bending, often linked to methyl

groups or carboxylate ions. A dip at 1127 cm™! was assigned to C—O stretching, likely from
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alcohols, ethers, or esters. The similarity in transmittance dips between the FTIR spectra
of the NPs and the cotton leaf extract suggests that the functional groups present in the
NPs align closely with those in the extract. This indicates successful functionalization, the
potential presence of stabilizing agents, and a comparable chemical composition between

the two samples [66,67] (Fig.2.A.6.2).
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Figure 2.A4.6: Characterisation of CT-AgNPs (a) UV-Vis spectrum, (b) XRD pattern, (c)
TEM image (high magnification), (d) TEM image (low magnification), (e) size distribution
analysis from TEM, (f) FESEM image, and (g) FTIR spectrum.
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2.A.2.3 Colorimetric sensing

To perform the colorimetric detection, 400 puL of the H2O> spiked milk supernatant of
different concentrations (1.5 to 30 ppm) were added into 400 pL of AgNPs solution.
Consequently, colour of the solution changed from yellow to light yellow and finally

become colourless with increase in concentration of H>O» in milk (Fig. 2.A.7).

Figure 2.A.7: Pictorial representation of colorimetric change of CT-AgNPs under various
concentration of hydrogen peroxide.

2.A.2.3.1 Mechanism

The antioxidant property of the cotton leaves extract not only facilitates reduction of Ag”
to AgNPs but also provides a stable coating around the surface of the NP which prevents
it from aggregating in presence of any other substance. But, the powerful oxidizing nature
of hydrogen peroxide breaks the encapsulation of the functionalising agent and causes
oxidation of AgNPs. This oxidation leads to the conversion of zero valent silver back to
its ionic form. It results in formation of silver ions from NPs, leading to subsequent
alteration of the colour of NP solution. As the concentration of hydrogen peroxide rises,
the vulnerability of AgNPs to oxidation increases, resulting in a concurrent reduction of
absorbance in the absorption spectra of the LSPR peak position due to a significant decline
in the number of NPs present in the solution. As the standard potential of H>O>/H>O
(E f,z 0,/H,0 = 1.77 V) is higher than Ag'/Ag (E£g+ /ag = 0.8V), in favourable medium the

AgNPs get easily oxidised in presence of hydrogen peroxide (Fig. 2.A.8) [65,68-70].
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2.A.2.3.2 Selectivity study

Cotton leaf extract is rich in antioxidants, which play a crucial role in reducing Ag" into
AgNPs. Additionally, flavonoids and polysaccharides in the extract provide a unique
encapsulation around the AgNPs, preventing their aggregation even in the presence of
other chemicals. However, due to its strong oxidizing nature, hydrogen peroxide can
oxidize the NPs. A selectivity study was also performed to determine the colorimetric
changes in the synthesised NPs in presence of other adulterants such as formalin, salicylic
acid, ammonium sulphate, urea and melamine in 100 ppm concentration each and
hydrogen peroxide 20 ppm concentration in milk supernatant. It has been observed that
there is no significant colorimetric change upon addition of different adulterant spiked
milk to the NPs solution. There was also no significant decrease of shift in UV—Vis
absorbance peak by addition of milk supernatant spiked with various interfering

adulterants (Fig. 2.A.9).
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Figure 2.4.9: (a) Colorimetric change in CT-AgNPs in presence of various adulterants
(F-Formalin, HP-Hydrogen peroxide, U-Urea, SA-Salicylic acid, M-Melamine, and AS-
Ammonium sulphate), and (b) UV-Vis plots of CT-AgNPs corresponding to their
colorimetric variations in presence of various adulterants.
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2.A.2.3.3 Sensor performance metrics

To determine the LOD, of the sensor, the colorimetric variations was subjected to UV-Vis
study. Where the colorimetric change in NPs indicated distinct spectral alterations
corresponding to different concentrations of hydrogen peroxide. This highly efficient
sensor can be utilised to qualitatively detect the levels of hydrogen peroxide concentration
ensuring adherence to the its permitted limits in milk as defined by different countries
which is deemed to be between 5-10 ppm. Significant decrease in absorbance was
observed at 434 nm which can be attributed to the decrease in concentration of AgNPs

with increase in hydrogen peroxide in milk [28,62,63].

From the UV-Vis spectra, a linear calibration graph was plotted between the
absorbance at 434 nm of NPs against various concentration of the adulterant hydrogen
peroxide (ranging from 1.5 ppm to 21 ppm) as they display a linear relationship with a R?
value of 0.97. From the calibrated linear fitting graph, the standard deviation (of 3 blank
measurements) and slope of the calibration graph were obtained which was then used in
the standard formula for determination of LOD (as discussed in the previous section
2.A.1.3.3). The LOD was found to be 8.46 ppm. Similarly, by using the formula discussed
in the previous chapter, the recovery rate of the sensing scheme was found to be 92% with

a sensitivity of 0.03 a.u./ppm of hydrogen peroxide [65] (Fig. 2.A.10).
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Figure 2.A.10: (a) UV-Vis plot of the synthesised CT-AgNPs in presence of hydrogen
peroxide in milk at varied concentration, and (b) linear calibrated plot between
absorbance of NPs vs. concentration of hydrogen peroxide in milk.
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2.A.3 Colorimetric sensing of formalin by Il-cysteine functionalised

AgNPs

Milk is a perishable commodity that requires proper refrigeration to maintain its quality.
Unscrupulous vendors may resort to using formalin as a cheaper alternative to refrigeration
or other legal preservatives. While this might preserve the milk's appearance and delay
souring, it poses significant health risks to consumers. It is toxic and carcinogenic to
humans, and its consumption can lead to severe health consequences. Short-term exposure
can cause abdominal pain, nausea, irritation of the gastrointestinal tract and vomiting,
whereas. long-term consumption of may lead to chronic conditions such as cancer,

respiratory problems, and kidney failure, as formaldehyde is a known carcinogen [71].

As it is a small volatile molecule, it can easily react with other substances,
including milk proteins and fats [72]. Once the formaldehyde reacts, it may not remain in
its free form, making it harder to detect directly. It can also form complexes with milk
components, which can mask its presence. As a result, detecting formalin in milk is
challenging, necessitating specialized pretreatment steps and the use of advanced

instruments.

To address this gap, our study reports the detection of formalin as an adulterant
using l-cysteine-functionalized AgNPs. Formalin exhibits a strong affinity for amino (-
NH:) groups. When it is introduced into the solution containing l-cysteine-functionalized
AgNPs, it reacts with the amino groups on the l-cysteine. This chemical reaction primarily
involves the formation of Schiff bases, altering the surface chemistry of the NPs. The
interaction induces the aggregation of AgNPs by reducing the interparticle distance, which
causes a distinct shift in their LSPR properties. This aggregation results in visible colour

change, providing a straightforward and efficient means to detect formalin.

2.A.3.1 Synthesis of I-cysteine functionalised AgNPs and pretreatment of
milk

Preparation of reducing and functionalising agents: 1| mM AgNQOj solution was prepared

by adding 0.0169 g in 100 mL of DW. For uniform dissolution of the precursor salt the
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solution was stirred at room temperature for a duration of 10 min at a stirring rate of 600
rpm. Following which, 2mM of NaBH4 solution was prepared by adding 0.008 g in 100
mL of DW for a duration of 5 min at room temperature at a stirring rate of 600 rpm. To
properly cap and encapsulate the NPs 1% TSC solution was prepared for which 1 g of TSC
was dissolved in 100 mL of DW at room temperature and a stirring rate of 600 rpm. For
functionalisation of AgNPs, 2.8 mM I-cysteine solution was prepared for which 0.034 g
of l-cysteine was added to 20 mL of DW solution and stirred at 60°C for a duration of 30

min at a rate of 1000 rpm [73].

Preparation of AgNPs: To prepare the NPs, 28 mL of NaBH4 was continuously stirred at
800 rpm, to it 14 mL of 1 mM AgNOs solution was added dropwise under continuous
stirring to the solution. The colour of the solution immediately changed to yellow colour
indicating formation of NPs in the solution. To prevent aggregation of particles 1 mL of
TSC was added to this colloidal solution under continuous stirring at 800 rpm at room
temperature. The stirring of NPs was continued for 20 min for uniform encapsulation and
capping of each NP by the negatively charged citrate group. Following this 0.5 mL of 2.8
mM l-cysteine solution was added to the synthesised NP solution which was then stirred
at 900 rpm for 15 min at room temperature for uniform surface functionalisation of the
citrate capped NPs with I-cysteine. The pH of the solution was then adjusted to 7 by adding
0.1 M NaOH solution under continuous stirring at 900 rpm. The resulting solution was

greenish yellow in colour indicating formation of 1-cysteine functionalised AgNPs [73].

Pretreatment of milk: Same protocol was implemented as outlined in the previous study
(section 2.A.1.1). After following this process, the resultant milk supernatant, was then

spiked with various concentrations of formalin (0.1 to 100 ppm) for subsequent testing.

2.A.3.2 Characterisation of I-cysteine functionalised AgNPs

Characterisation of the NPs were performed by following the previous protocol (section
2.A.1.2). UV—Visible analysis was performed where the NPs displayed a sharp absorption
peak at 391 nm. Occurrence of this sharp peak confirms formation of less polydisperse

and smaller sized AgNPs in the solution (Fig. 2.A.11.a) [42].
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To determine the crystallographic structural study of the synthesised NPs, XRD
analysis was performed. From XRD, four distinct peaks were obtained at 20 values of
37.53°, 43.82° 63.98° and 76.96° in the XRD diffractogram which is attributed (111),
(200), (220) and (311) planes of silver. This suggests that the synthesised AgNPs possess
an FCC crystalline structure (Fig. 2.A.11.b) [43].

Images obtained from TEM analysis of synthesized NPs displayed is roughly
spherical structure and were of a mean size of 10.85 nm [44] (Fig. 2.A.11.c; Fig. 2.A.11.d
& Fig. 2.A.11.e). Similarly, FESEM images obtained from the analysis mostly depicted
NPs of mean diameter of 11.47 nm which are roughly spherical structure (Fig. 2.A.11.f)
[45].

FTIR characterization was performed to identify the functional groups
responsible for the encapsulation and functionalization of NPs. The FTIR spectrum of 1-
cysteine revealed characteristic transmittance dips, including a broad dip at 3436 cm’!
attributed to O—H or N—H stretching vibrations, which likely arise from hydroxyl groups
(O-H) in carboxylic acids or amino groups (N—H) in the molecule. Additional dips at 2982
cm™! and 2083 cm! correspond to C-H stretching vibrations from alkyl groups or
methylene (-CH,) groups, while the dip at 2542 cm™! represents the S—H stretching
vibration characteristic of the thiol (-SH) group. The absorption band near 1600-1650 cm™
may be attributed to presence of C=C stretching vibrations in alkenes, C=C stretching in
aromatic rings. Additionally, the bands between 1406 and 1197 cm™ correspond to C-H

stretching or C-O stretching, common in amino acid structures.

In the FTIR spectrum of I-cysteine-functionalized NPs, dips observed at 3428 cm”
1.2089 cm™, 1631 cm™!, and 1388 cm™' confirm successful functionalization. The dip at
3428 cm! corresponds to O—H or N-H stretching vibrations, indicating the presence of
hydroxyl (-OH) or amine (-NHz) groups that likely interact with the NP surface via
hydrogen bonding. The dip at 2089 cm! suggests weak C=N stretching or S—H stretching,
representing interactions of the thiol (-SH) group, a crucial functional group for binding to
AgNPs. The dip at 1631 cm™ is attributed to C=0O stretching vibrations from the carboxyl
(-COOH) group or N-H bending, highlighting the involvement of carboxylic or amine

groups in coordinating with the NP surface. The dip at 1388 cm™! may corresponds to C—
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H bending or symmetric COO™ stretching from deprotonated carboxyl groups (Fig.
2.A.11.g) [73,74].

2.A.3.3 Colorimetric sensing

0.5 mL of formalin-contaminated milk supernatant is added to 1 mL of I-cysteine-
functionalized AgNPs (Fig. 2.A.12). Upon its addition the colour of the NPs changes from
greenish yellow to orange and finally dark brown with increase in concentration of

formalin.

2.A.3.3.1 Mechanism

For detecting formalin, AgNPs are surface-functionalized with I-cysteine. The
functionalization involves strong binding between the thiol (-SH) group of I-cysteine and
the AgNPs surface, forming a stable NP-ligand complex. When formaldehyde is
introduced, it reacts primarily with the amine (-NH:) group of l-cysteine, leading to the
formation of Schiff bases formaldehyde-derived products. This interaction alters the

surface properties and aggregation behaviour of the NPs [75].

The interaction between formaldehyde and l-cysteine-functionalized AgNPs
reduces the interparticle distance, due to changes in the surface charge or chemical cross-
linking facilitated by formaldehyde. This reduction in interparticle distance causes a shift
in the LSPR of the AgNPs, resulting in a visible colour change. The NP solution transitions
from greenish-yellow to brown or black as aggregation progresses. This colorimetric shift
serves as a direct and visual indicator of formalin presence in formalin-adulterated milk.

[75,76] (Fig. 2.A.13).

2.A.3.3.2 Selectivity study

A selectivity study was also performed to determine the colorimetric changes in the
synthesised NPs in presence of other common milk adulterants such as melamine,
hydrogen peroxide, urea, and dextrose in 100 ppm concentration and formalin in 20 ppm
concentration. It has been observed that there is no significant colorimetric change or

decrease/shift in UV—-Vis absorbance peak upon addition of different adulterant spiked
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milk to the NPs solution. This is due to the fact that L-cysteine on the surface of AgNPs
selectively binds with formalin which results in aggregation of NPs (Fig. 2.A.14).
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Figure 2.A.12: Pictorial representation of colorimetric change of [-cysteine-AgNPs under
various concentration of formalin.
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Figure 2.A.13: Mechanism of colorimetric sensing of formalin by [-cysteine-AgNPs.
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Figure 2.A.14: (a) Colorimetric change in [-cysteine-AgNPs (C-Control, F-Formalin, D-
Dextrose, U-Urea, HP-Hydrogen peroxide, and M-Melamine) and (b) UV-Vis plots of NPs
corresponding to their colorimetric variations in presence of various adulterants.

2.A.3.3.3 Sensor performance metrics

The LOD for formalin is determined by analysing the UV-Vis data, where the absorbance
ratio of the NPs is measured in response to varying concentrations of formalin in milk. A
calibration graph was then plotted, showing the relationship between the absorbance ratio

61




Chapter II: Colorimetric Sensing of Milk Adulterants

and the concentration of formalin. As there has been a significant decrease in absorbance
at 394 nm and increase in absorbance at 500 nm caused by aggregation of particles.
Regression analysis was performed on this calibration graph to obtain the slope and
standard deviation, which are used to calculate the LOD (by using the formula reported in
the previous study), found to be 3.51 ppm, with a recovery rate of 90% and a sensitivity
of 0.002 change in absorbance ratio/ppm (Fig.2.A.15) [77].
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Figure 2.A.15: (a) UV-Vis plot of the synthesised [-cysteine-AgNPs in presence of formalin
in milk at varied concentration, and (b) linear calibrated graph between absorbance ratio
vs. concentration of formalin in milk.

2.A.4 Colorimetric sensing of salicylic acid by Citrullus lanatus rind

functionalised silver nanoparticles”

Salicylic acid, a commonly used preservative, is a significant milk adulterant added to
extend the shelf life of milk, typically at concentrations of 0.04—-0.05%. Despite its
widespread use, salicylic acid poses severe health risks, including gastrointestinal
irritation, organ damage, and potential long-term toxicity, leading to its regulatory ban in
many countries. However, deliberate adulteration with salicylic acid remains prevalent.
Detecting this adulterant is essential to ensure milk safety and prevent associated health

hazards [78].

Plasmonic NPs, particularly AgNPs, offer an innovative approach to adulterant
detection due to their exceptional optical properties. When exposed to adulterants, AgNPs
undergo a shift in their LSPR band, leading to detectable changes in the optical properties,

*This section of the thesis is published in U Das et al., Measurement, 242: 115818, 2025
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including colour variation. This principle has been effectively utilized in the fabrication of
colorimetric sensors, enabling rapid, sensitive, and straightforward detection of milk

adulterants [79].

Traditionally, AgNPs are synthesized through chemical or physical routes, while
effective, are often expensive and harmful to both human health and the environment. In
contrast, biosynthesized AgNPs, using plant extracts or other biological reducing agents,
provide an eco-friendly, cost-effective alternative. These biosynthesized NPs exhibit
excellent stability and high sensitivity, making them suitable for practical applications.
The combination of these features highlights the potential of AgNPs as a reliable and
accessible solution for ensuring the quality and safety of dairy products while minimizing

environmental and health impacts.

So far, only one study by Aftab ef al. has reported detection of salicylic acid in
milk by using selenium NPs with a detection limit of 10~ M [29].

Taking cue from this, the current study uses biogenic AgNPs from watermelon
rind extract to create plasmonic AgNPs for colorimetric sensing of salicylic acid in milk.
Compared to previous studies, this detection method is more robust, simple, and cost-
effective, paving way for a novel, eco-friendly approach for detecting salicylic acid. The
method demonstrated a low LOD and higher recovery rates than those reported in existing

literature.

2.A.4.1 Synthesis of Citrullus lanatus rind functionalised AgNPs and

pretreatment of milk

Preparation of Watermelon Rind Extract: The outer green peel of the watermelon was
removed carefully, and the white rind part was collected. The white rind was then chopped
into small parts and subjected to drying in an oven at 100°C for 8 h. Once dried, they were
then thoroughly washed with DW multiple times. Subsequently, 40 g of the dried rind was
added to conical flask containing 100 mL of DW. This solution was then heated at 100°C
for 1 h. Afterward, the extract was double-filtered twice using Whatman filter paper no. 1

to remove any impurities. The filtered extract was then stored at 4°C for further use [80].
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Synthesis of AgNPs: To prepare a 1 mM AgNOs solution, 0.0169 g of AgNO3 was added
to 100 mL of DW and dissolved under magnetic stirrer for 5 min at 600 rpm. Subsequently,
20 mL of this AgNOs3 was stirred continuously at 60°C at 700 rpm. To this solution, 800
pL of WR extract was introduced and was stirred for 20 min at 60°C at 600 rpm. The
colour of the solution changed to yellow, indicating the synthesis of NPs. Finally, the pH
of the NP solution was brought to 7 by adding NaOH [80].

Pretreatment of Milk: Same protocol was implemented as outlined in the previous study
(section 2.A.1.1). After which, the resultant milk supernatant, was then spiked with various

concentrations of salicylic acid (0.05 to 15 ppm) for subsequent testing.

2.A.4.2 Characterisation of Citrullus lanatus rind functionalised AgNPs

Characterisations of the functionalised NPs were performed by using the methodology as
reported in the previous sections. The UV-Vis spectrophotometer, revealed a distinct
LSPR peak at 395 nm. This indicated the formation of less polydisperse NPs of very small
size (Fig. 2.A.16.a) [42].

The XRD diffraction pattern of the synthesized NPs displayed four distinct peaks,
indicating that the synthesised NPs are crystalline in nature. These peaks corresponded to
the (111), (200), (220), and (311) crystallographic planes, with 20 values of 38.18°, 44.4°,
64.51°, and 77.41°, respectively. The occurrence of these specific diffraction peaks

suggests that the synthesized NPs exhibit an FCC structure (Fig. 2.A.16.b) [43].

TEM images depicted that the synthesised NPs were spherical and some of them
are hexagonal in shape. The size distribution profile displayed that the NPs ranged from 1
to 30 nm, with an average diameter of approximately 12.07 nm (Fig. 2.A.16.c; Fig.
2.A.16.d & Fig. 2.A.16.e). Additionally, FESEM examination was also performed which
also displayed same results (Fig. 2.A.16.f) [44].

To determine the functional groups responsible for functionalisation, reducing
and encapsulation of NPs, FTIR characterisation was performed. The spectra revealed a
significant transmittance dip around 3450 cm’!, corresponding to the hydroxyl group (H-

bonded OH stretch) indicative of the OH stretch of water molecules in the rind extract.
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This hydroxyl group was also involved in the functionalization of the NPs. Peaks at 1734
and 1637 cm™ correspond to the C=O stretching of esterified carboxylic groups (-
COOCH3) and free carboxylic groups (-COOH), respectively. The symmetric vibrations
of ionic carboxylic groups (—COO-) appear at 1489 and 1447 cm™'. The peak at 1394 cm’
!has been assigned to the symmetric stretching of pectin, and the peaks from 1350 to 1000
cm! are attributed to the stretching vibrations of carboxylic acids and alcohols. The FTIR
spectrum of the watermelon rind extract indicates the abundant presence of carboxylic and
hydroxyl groups, which act as proton donors for binding cations. These functional groups
facilitate the functionalization of the NPs, as evidenced by similar transmittance dips

observed in the NPs themselves (Fig. 2.A.16.g) [81].

Absorbance (a.u.)
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Figure 2.A.16: Characterisation of WR-AgNPs (a) UV-Vis spectrum, (b) XRD pattern, (c)
TEM image (high magnification), (d) TEM image (low magnification), (e) size distribution
analysis from TEM, {f) FESEM image, and (E) FTIR spectrum.
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2.A.4.3 Colorimetric sensing

1 mL of the salicylic acid-spiked milk supernatant at various concentration (0.05 to 15
ppm) was introduced to 3 mL of the WR-AgNPs solution and incubated for 30 min at
ambient temperature (Fig. 2.A.17).

Figure 2.A.17: Pictorial representation of colorimetric change of WR-AgNPs under
various concentration of salicylic acid.

2.A.4.3.1. Mechanism

Colorimetric sensing leverages the principle of induced NP aggregation in presence of an
analyte. In this work, watermelon rind extract was used as a functionalizing agent for
synthesizing NPs. Due to its abundant antioxidants, it possesses, excellent reducing
property and helps in reduction of metal ions to NPs. The antioxidants in the watermelon
rind extract provide a source of electrons which helps in conversion of Ag" to zerovalent
silver, which then agglomerates into NPs of the desired size. This synthesis approach is

commonly referred to as the bottom-up method [82].

FTIR analysis revealed that watermelon rind is rich in carboxylic and hydroxyl
groups, which act as proton donors for binding cations. Additionally, the rind contains high
levels of vitamin C, dietary fiber, citrulline, potassium, and small amounts of vitamin B-
6. These components not only help in reduction of Ag* to NPs but also helps in surface
functionalization of the NPs-enhancing their selectivity. This functionalization enables
specific interactions with salicylic acid in milk, as salicylic acid contains two OH groups
that can engage in hydrogen bonding with other OH groups present in the watermelon rind

extract, particularly those from vitamin C. The FTIR spectra confirmed the presence of
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these hydroxyl groups on the functionalized NPs. The hydrogen bonding between the OH
groups of the NPs and salicylic acid reduce the interparticle distance, leading to NP
aggregation [81-83].

The agglomeration of NPs causes a colorimetric change, which is evidenced by a
prominent decrease and shift in the LSPR peak. This shift confirms the interaction and
subsequent agglomeration of the NPs, validating the presence of salicylic acid in the

sample [84] (Fig. 2.A.18).

2.A.4.3.2. Selectivity study

Selectivity analysis was conducted to assess the potential interference caused by other
common adulterants in milk. The study evaluated the presence of substances such as
melamine, urea, and formalin in 75 ppm concentration and salicylic acid in 15 ppm
concentration in milk supernatant to determine their impact on the absorbance of the
sensing scheme. The results displayed that there was no significant decrease or shift in
absorbance when these other adulterants were present. In contrast, only the presence of
salicylic acid resulted in a pronounced decrease in absorbance. This distinct response
indicates that the fabricated sensing scheme is highly selective and effective for detecting
salicylic acid in milk. The high selectivity underscores the robustness and reliability of the
method, ensuring that it can accurately identify salicylic acid without being confounded

by other potential adulterants (Fig. 2.A.19).

=

Salicylic Acid Spiked Milk *] ; ]

Colorimetric change
due to aggregation of AgNPs

Salicylic
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Highly Dispersed AgNPs

Figure 2.A.18: Mechanism for colorimetric sensing of salicylic acid by WR-AgNPs.
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Figure 2.A.19: (a) Colorimetric change in NPs in presence of other adulterants (Control,
Salicylic acid, Melamine, Urea, and Formalin), and (b) UV-Vis plots of NPs
corresponding to their colorimetric variations.

2.A.4.3.3 Sensor performance metrics

The visible colorimetric change observed in the images was validated and quantified using
UV-Vis spectroscopy. In the UV-Vis spectra, a significant decrease in absorbance was
observed at the LSPR peak position of 395 nm. This peak is characteristic of AgNPs
indicating their presence and specific optical properties. Concurrently, an increase in
absorbance was noted at 551 nm, which is indicative of NP aggregation. This aggregation
occurs due to the reduction in interparticle distance, which is caused by presence of analyte
salicylic acid. To further analyse this phenomenon, a calibration graph was plotted
between the absorbance ratio (Assi/Asgs) and the concentration of salicylic acid in milk.
The resulting linear trend depicted an increment in the absorbance ratio with rising
concentrations of salicylic acid. This is due to the fact that higher concentrations of
salicylic acid induce greater aggregation of NPs, thereby reducing their interparticle
distance. The linearity of this trend is crucial for qualitative analysis, providing a reliable

method for determining salicylic acid concentrations in adulterated milk samples [85].

In general, NP aggregation alters the optical properties due to changes in their
size and shape. This is reflected in a shift in the absorbance peak or the formation of a new
peak, as NPs exhibit different plasmonic resonance based on their physical state. As NPs
aggregate, their collective plasmonic fields interact, leading to these spectral changes. The
more salicylic acid is present, the greater would be the extent of NP aggregation, leading

to an increased absorbance ratio.
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Further, the calibration curve was utilised to calculate the LOD for the sensing
scheme, which was determined to be 0.55 ppm. This value is significantly lower than the
general permissible limit for these adulterants, thereby asserting the sensitivity of the
method. The recovery rate of the sensing scheme was found to be 96%, indicating high
accuracy. Additionally, the method demonstrated a dynamic sensing range between 0.05
and 15 ppm with a sensitivity of 0.06 change in absorbance ratio/ppm. This broad dynamic
range and high sensitivity make the scheme effective for detecting even trace amounts of

salicylic acid in milk [83-85] (Fig. 2.A.20).
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Figure 2.4.20.: (a) UV-Vis plot of the synthesised WR-AgNPs in presence of salicylic acid
in milk at varied concentrations, and (b) linear calibrated graph between absorbance ratio
vs. concentration of salicylic acid in milk.

2.A.5 Conclusion

In this study, a range of innovative and eco-friendly approaches for detecting milk
adulterants were explored, focusing on the synthesis and application of plasmonic AgNPs.
By employing various green and cost-effective methodologies, such as the use of green
tea, cotton leaves, watermelon rind extract, and chemical routes with functionalizing
agents such as L-cysteine, the synthesized AgNPs demonstrated exceptional stability,
selectivity, and sensitivity across different detection platforms. These NPs displayed
distinct optical properties, such as colorimetric responses and LSPR shifts, enabling
efficient detection of toxic adulterants like melamine, hydrogen peroxide, formalin, and

salicylic acid in milk.
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The study highlights the versatility of AgNP-based colorimetric sensors. The
interference-based method utilizing green tea extract provided a low LOD of 1.44 ppm for
melamine, while the biosensing of hydrogen peroxide achieved an LOD of 8.46 ppm,
underscoring the method's eco-friendliness and simplicity. Similarly, the watermelon rind-
based synthesis demonstrated an LOD of 0.55 ppm for salicylic acid. Meanwhile, 1-
cysteine-functionalized AgNPs showed their utility in formalin detection, with an LOD of

3.51 ppm, further emphasizing the rapidity and user-friendliness of this approach.

These methodologies, characterized by their ease of implementation, minimal
preprocessing requirements, and compatibility with simple spectroscopic techniques,
stand out as practical alternatives to conventional detection methods. The integration of
biological reducing agents not only enhanced the stability and functionality of the NPs but
also aligned with sustainable practices, reducing environmental impact. Overall, this work
underscores the potential of AgNPs as reliable, eco-friendly, and efficient sensors for

ensuring the quality and safety of milk.
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PART B: Colorimetric sensing of milk adulterants and contaminants

with substrate”

Proliferation of adulteration and contamination in cattle milk is a century old global
problem, which can only be curbed with proper detection measures. However, the
currently available sensing architectures do not support simultaneous detection of multiple
toxic adulterants and carcinogenic contaminants with high portability, and cost
effectiveness. To address these lacunae, a paper based colorimetric sensor has been
designed here that works on the principle of nanotechnology. The sensing system is
sketched on a paper substrate that contains seven conduits attached with test regions for
selective impregnation with respective functionalized AgNPs. The fabricated paper-based
device can detect the presence of different milk adulterants and contaminants by displaying
visible colorimetric response. This sensing approach is easy, portable, cost-effective,
highly selective, sensitive, and has a lower LOD. This innovative technology requires no
analytic or spectroscopic method to perform the detection—thereby making it an
inexpensive point of care analysis platform for onsite detection of adulterants and

contaminants in real samples.

The paper-based system could detect multiple toxic adulterants in milk e.g.,
melamine, hydrogen peroxide and formalin and other carcinogenic contaminants such as
lead, cadmium, mercury and arsenic ions in milk simultaneously with high accuracy,
sensitivity and selectivity. The proposed sensing unit is based on the synergy of paper-

based sensing and nanotechnology.

2.B.1 Synthesis, functionalisation of AgNPs and pretreatment of milk

2.B.1.1 Synthesis of maleic acid functionalised AgNPs

Preparation of reducing and functionalising agents: 1 mM AgNOs3 solution was prepared
by adding 0.0169 g in 100 mL of DW. Following which, 2mM of NaBH4 solution was
prepared by adding 0.008 g in 100 mL of DW for a duration of 5 min at room temperature

"This section of the thesis is published (early publication) as a patent (U. Das et al.,

Patent application no.: 202331046391)
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at a stirring rate of 600 rpm. To properly cap and encapsulate the NPs 1% TSC solution
was prepared for which 1 g of TSC was dissolved in 100 mL of DW. For functionalisation
of AgNPs, 18 Mm maleic acid solution was prepared for which 0.042 g of maleic acid was
added to 20 mL of DW solution and stirred at room temperature for a duration of 10 min

at a rate of 600 rpm [86].

Preparation of functionalised NPs: To prepare the NPs, 28 mL of NaBH4 was
continuously stirred at 800 rpm. To it, 14 mL of 1 mM AgNOs3 solution was added
dropwise. The colour of the solution changed to yellow colour from colourless. To prevent
aggregation of particles 2 mL of TSC was added to this colloidal solution under continuous
stirring at 800 rpm at room temperature. The stirring of NPs was continued for 20 min for
uniform encapsulation and capping of each NP. Following this 2 mL of 18 mM maleic
acid solution was added to the synthesised NP solution which was then stirred at 900 rpm
for 30 min at room temperature for uniform surface functionalisation of the citrate capped
NPs with the polyphenolic group of maleic acid. The pH of the solution was then adjusted
to 7 by addition of 0.1 M NaOH solution under continuous stirring at 900 rpm. The
resulting solution was deep yellow in colour indicating formation of smaller sized maleic

acid functionalised AgNPs [86].

2.B.1.2 Synthesis of 1-cysteine functionalised AgNPs

AgNPs were prepared as per the same protocol reported in the previous study (section

2.A3.1).

2.B.1.3 Synthesis of Camellia sinensis encapsulated AgNPs

Synthesis of reducing and capping agent: 1 mM AgNO;3 solution was prepared by
following the same protocol as reported in section (2.B.1.1). Following which, green tea
extract was prepared for which pre-processed green tea was used. 3 g of dried green tea
leaves were weighed and then washed with DW. It was then added to 50 mL of DW, this
mixture was then heated at 60°C for a duration of 15 min. After which the extract was

filtered twice by using a Whatman no. 1 filter paper [87].
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Preparation of the encapsulated NPs: 40 mL of 1 mM AgNOs; solution was stirred
continuously at a rate of 600 rpm. To this solution 800 uL of green tea extract was added
and the resulting solution was stirred at a 600 rpm in room temperature conditions. To this
solution 200 puL of 0.1 M NaOH was added which acted as a catalyst and immediately

changed the colour of the solution to orangey yellow [87].

2.B.1.4 Synthesis of PVA functionalised BRB reduced AgNPs

Synthesis of reducing and functionalising agent: Precursor AgNO3; was prepared by
following the same protocol as reported in the previous section (section 2.B.1.1).
Following which, the BRB was prepared, for which 50 g of root bulb was chopped into
small pieces, washed properly and dried in an oven at 100°C for 12 h. To this dried BRB,
200 mL of DW was added and the resulting mixture was heated at 100°C for 1 %2 h. Then
this extract was filtered twice by using Whatman filter paper no. 1. For functionalisation
of NPs, 3% PVA solution was prepared for which 3 g of PVA was dissolved in 100 mL of
DW by stirring it at 60°C for a duration of 3 h at a rate of 900 rpm [88,89].

Preparation of functionalised AgNPs: 40 mL of 10 mM AgNOs solution was taken in a
50 ml beaker and was stirred continuously, to it 3.2 mL of BRB extract was added and the
solution was stirred at 900 rpm at 120°C for a duration of 30 min. Following this, the 5
mL of 3% PVA solution was added dropwise and the resulting solution was stirred at 800
rpm for 1 h at 60° C. The pH of the solution was then adjusted to 7 by addition of 0.1 M
NaOH solution under continuous stirring at 900 rpm. The resulting solution was brown in

colour indicating formation of PVA functionalised AgNPs [88,89].

2.B.1.5 Synthesis of citric acid functionalised AgNPs

Synthesis of reducing and functionalising agent: Precursor salt AgNOs, the reducing
agent, and the capping agent were prepared by following the same protocol as reported in
section 2.B.1.1. For functionalisation of NPs, 6.4 mM citric acid solution was prepared for
which 0.024 g of citric acid was added to 20 mL of DW and stirred for a duration of 5 min

at a rate of 600 rpm at room temperature [90].
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Preparation of functionalised NPs: AgNPs were prepared as per the same protocol
reported in the previous study (section 2.B.1.1). Following which, the NPs were
functionalised for which 3 mL of 6.4 mM citric acid solution was added to the synthesised
NP solution. It was then stirred at 900 rpm for 15 min at room temperature for uniform
surface functionalisation of the AgNPs with citric acid. The pH of the solution was then
adjusted to 7 by addition of 0.1 M NaOH. The resulting solution was yellow in colour

indicating formation of citric acid functionalised AgNPs [90].

2.B.1.6 Synthesis of salicylic acid functionalized AgNPs

Preparation of reducing and functionalising agent: Precursor salt AgNOs, the reducing
agent, and the capping agent were prepared by following the same protocol as reported in
the previous section (section 2.B.1.1). For functionalisation of NPs, 13.03 mM salicylic
acid solution was prepared for which 0.036 g of salicylic acid was added to 20 mL of DW
and stirred at 90°C for a duration of 45 min at a rate of 900 rpm [91].

Preparation of functionalised NPs: AgNPs were prepared as per the same protocol
reported in the previous study (section 2.B.1.1). Following this, 2 mL of 13.03 mM
salicylic acid solution was added to the synthesised NP solution which was then stirred at
900 rpm for 20 min at room temperature for uniform surface functionalisation of the citrate
capped NPs with salicylic acid. The pH of the solution was then adjusted to 7 by addition
of 0.1 M NaOH solution. The resulting solution was yellow in colour indicating formation

of salicylic acid functionalised AgNPs [91].

2.B.1.7 Synthesis of I-glutamine functionalised AgNPs

Preparation of reducing and functionalising agent: Precursor salt AgNOs3, the reducing
agent, and the capping agent were prepared by following the same protocol as reported in
the previous section (section 2.B.1.1). For functionalisation of NPs, 14.3 mM I-glutamine
solution was prepared for which 0.042 g of I-glutamine was added to 20 mL of DW and
stirred at 60°C for a duration of 30 min at a rate of 1000 rpm [92].

Preparation of functionalised NPs: AgNPs were prepared as per the same protocol

reported in the previous study (section 2.B.1.1). Following this, 1.5 mL of 14.3 mM I-
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glutamine solution was added to the synthesised NP solution which was then stirred at 900
rpm for 30 min at room temperature for uniform surface functionalisation of the citrate
capped AgNPs with I-glutamine. The pH of the solution was then adjusted to 7 by addition
of 0.1 M NaOH solution under continuous stirring at 900 rpm. The resulting solution was

greenish yellow in colour indicating formation of 1-glutamine functionalised AgNPs [92].

2.B.1.8. Pretreatment of milk

For detection, milk needs to be pretreated to remove the interfering fats and proteins as
they may cause hindrance in the detection process. Accordingly, 200 mL of milk was
initially pre-treated with 10 mL of vinegar, to obtain the whey. The mixture was then
stirred properly with a glass rod and then vortexed for 5 min. The pH of the mixture was
adjusted to 7 by addition of 3M NaOH. This whey or milk supernatant was then filtered
twice using a Whatman filter paper no. 1. This milk supernatant was spiked with various
concentrations of different adulterants and heavy metal ions as contaminants such as
melamine (0.001-100 ppm), formalin (0.37-370000 ppm), hydrogen peroxide (0.003-
300000 ppm), mercury ion (Hg?") (0.0001-100 ppm), arsenic ion (As*") (0.001-100 ppm),
cadmium ion (Cd*") (0.001-100 ppm) and lead ion (Pb*") (0.001-1000 ppm).

2.B.2. Characterisation of functionalised AgNPs

2.B.2.1 Characterisation of maleic acid functionalised AgNPs

To ensure the formation and determine the characteristics of the synthesized AgNPs, they
were first subjected to UV—Vis spectroscopic analysis. This confirmation of formation of
AgNPs was based on the observation of a distinct absorbance spectrum at approximately
407 nm [42]. Furthermore, XRD diffractogram confirmed the structural orientation of the
NPs to be FCC and crystalline, with diffraction peaks at (111), (200), (220), and (311)
[43]. TEM study confirmed that the synthesized AgNPs exhibited a spherical shape with
a mean diameter of 3.90 nm and were of size ranging between 1 and 10 nm [44] (Fig.

2.B.1).
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2.B.2.2 Characterisation of I-cysteine functionalised AgNPs

Similarly, all the characterisations of the l-cysteine functionalised AgNPs are already

reported in section (section 2.A.3.2).

2.B.2.3 Characterisation of green tea encapsulated AgNPs

All the characterisations were performed as per reported in section 2.B.2.1. A distinct
absorbance peak was obtained at 405 nm [42]. XRD study revealed that the synthesised
NPs are FCC and crystalline in nature [43]. TEM data confirmed that the synthesized NPs
exhibited a spherical shape with a mean diameter of 8.31 nm and size ranging between 2

and 22 nm [44] (Fig. 2.B.2).

2.B.2.4 Characterisation of PVA functionalised BRB reduced AgNPs

All the characterisations were performed as per reported in section 2.B.2.1. Distinct
absorbance peak was obtained at 406 nm [42]. Furthermore, XRD study revealed that the
synthesised NPs were FCC crystalline structure [43]. TEM data confirmed that the
synthesized NPs exhibited a spherical shape with a mean diameter of 11.86 nm and size

ranging between 4 and 22 nm [44] (Fig. 2.B.3).

2.B.2.5 Characterisation of citric acid functionalised AgNPs

All the characterisations were performed as per reported in the previous section 2.B.2.1.
Distinct absorbance peak was obtained at 390 nm [42]. Furthermore, XRD study revealed
that the synthesised NPs were FCC crystalline in structure [43]. TEM data confirmed that
the synthesized NPs exhibited a spherical shape with a mean diameter of 22.35 nm and

size ranging between 5 and 45 nm [44] (Fig. 2.B.4).
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Figure 2.B.1: Characterisation of MA-AgNPs (a) UV-Vis spectrum, (b) XRD pattern, (c)
TEM image, and (d) size distribution analysis from TEM.
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Figure 2.B.2: Characterisation of GT reduced AgNPs (a) UV-Vis spectrum, (b) XRD
pattern, (c¢) TEM image, and (d) size distribution analysis from TEM.
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2.B.2.6 Characterisation of salicylic acid functionalised AgNPs

All the characterisations were performed as per reported in the previous section. Distinct
absorbance peak was obtained at 392 nm [42]. Furthermore, XRD study, suggested that
the synthesised NPs were FCC crystalline in nature [43]. TEM data confirmed that the
synthesized NPs exhibited a spherical shape with a mean diameter of 8.64 nm and size

ranging between 1 and 16 nm [44] (Fig. 2.B.5).

2.B.2.7 Characterisation of I-glutamine functionalised AgNPs

All the characterisations were performed as per reported in the previous section. Distinct
absorbance peak was obtained at 394 nm [42]. Furthermore, XRD study confirmed that
the synthesised NPs possess an FCC crystalline structure [43]. TEM data confirmed that
the synthesized NPs exhibited a spherical shape with a mean diameter of 21.13 nm and

size ranging between 5 and 55 nm [44] (Fig. 2.B.6).
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Figure 2.B.3.: Characterisation of PVA-AgNPs (a) UV-Vis spectrum, (b) XRD pattern, (c)
TEM image, and (d) size distribution analysis from TEM.
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Figure 2.B.4: Characterisation of CA-AgNPs (a) UV-Vis spectrum, (b) XRD pattern, (c)
TEM image, and (d) size distribution analysis from TEM.
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Figure 2.B.5: Characterisation of SA-AgNPs (a) UV-Vis spectrum, (b) XRD pattern, (c)
TEM image, and (d) size distribution analysis from TEM.
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Figure 2.B.6: Characterisation of I-glutamine-AgNPs (a) UV-Vis spectrum, (b) XRD
pattern, (¢) TEM image, and (d) Size distribution analysis from TEM.

2.B.3 Fabrication of paper-based platform

At first, a geometrical pattern in the form of diverging conduits having common centre
was fabricated on a photopaper with the help of a laser printer. Then a hydrophobic barrier
was stamped with the help of paraffin wax which was used as hydrophobic ink using a
stamp of similar dimension as that of the design printed on the photopaper. The paper
substrate was then heated in an oven at 100°C to allow the hydrophobic ink to permeate
into the photopaper outside the boundary region of the multi-finger conduits. Then,
Whatman no. 1 filter paper of diameter 1 cm was attached to each leg end. It was then
treated with 200 pL of different selectively functionalized NPs and was allowed to get air
dried for 1 h at room temperature. Subsequently, each leg was then further treated with the

selectively functionalised NPs and allowed to dry.

To ensure uniform flow of the milk supernatant through each channel, a 3D-
modeled substrate was fabricated to support the detection scheme. This 3D-printed setup

consists of three parts.
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Bottom Layer: This layer is cylindrical in shape with a height of 15 mm, outer diameter
of 80 mm and an inner diameter of 75 mm. It was made up of tough polylactic acid (PLA)

which was used to hold the paper substrate.

Middle Layer: This layer having similar composition with bottom layer facilitates
uniform liquid flow through preferably seven channels separated by hydrophobic barriers.
It contains seven conduits, each of width 10 mm and a length of 30 mm, and a central
opening with a diameter of 30 mm. The middle layer has a height of 5 mm and a diameter
of 74.5 mm, fitting perfectly on the base plate with the wax-coated paper sandwiched
between the two substrates. The diameter of this layer was precisely maintained to ensure

it fits perfectly onto the bottom layer when pressed together.

Top Layer: This layer also has a similar composition with bottom and middle layer aids
in visualizing the colour change in NPs. It has a height of 4 mm and a diameter of 74.5
mm, with one central opening/hole of 30 mm diameter and seven openings/holes at the
ends of the conduits, each 10 mm in diameter. This layer was simply attached to the middle

layer using an adhesive.

The liquid, when poured at the centre of the substrate, flows through the channels,
and collects at the ends of the conduits, where the functionalized AgNPs are located (Fig.
2.B.7).

Figure 2.B.7: The paper based microfluidic device.
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2.B.4 Colorimetric sensing in paper-based platform

Functionalization refers to surface modification of the AgNPs with suitable bioactive
molecules. These molecules interact with a specific analyte either via hydrogen bonding
or electron donor interaction, resulting in aggregation/oxidation of NPs, which is

responsible for the visible colour change.

5 ml of milk supernatant spiked with various adulterants and contaminants were
poured at the centre of the substrate, milk flows through the channels and finally reaches
the leg end where it interacts with the functionalised AgNPs impregnated on the paper

substrate.

2.B.4.1 Melamine sensing

For the detection of melamine, AgNPs were surface-functionalized with maleic acid,
which contains two carboxylic groups. This colorimetric change can be observed in paper-
based substrates when melamine-adulterated milk comes into contact with the maleic acid-
functionalized AgNPs. The colour of the paper substrate changed from light yellow to
brown or purple with increasing concentrations of melamine (0.001-100 ppm) in milk. The
colorimetric response time of this method ranges from 5 to 15 min. At higher analyte
concentrations, the colour change occurs more rapidly, and the response time decreases

accordingly (Fig. 2.B.8).

Colorimetric change
from yellow to dark brown

Figure 2.B.8: (a) Liquid based sensing, and (b) sensing in paper-based platform of
melamine in milk.
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2.B.4.1.1 Mechanism

Carboxylic groups in maleic acid interact with the NH; groups of melamine, through
hydrogen bonding. This interaction decreases the interparticle distance between the
AgNPs, causing a colorimetric change. The colour of the NPs solution changes from bright

yellow to orange, red, brown, and finally purple as the interparticle distance decreases [17].

2.B.4.1.2 Sensor performance metrics

For determination of LOD for melamine, the change in colour intensity of AgNPs in the
presence of melamine on the paper device was recorded. In order to quantify the
colorimetric data, smartphone camera (Model XIAOMI POCO F5, Aperture F1.8) was
used to capture and record the images of the paper substrate in .jpeg format. The
photographs were then subsequently processed using Image J software by selecting a
circular area as region of interest for each functionalized paper substrate to extract the
mean RGB (red, green and blue) values. RGB additive model is a non-uniform colour
space, hence each component was normalized where r (equation 2.B.1), g (equation 2.B.2),

and b (equation 2.B.3), values were calculated as follows:

R

= i (2.B.1)
G

9 = Ric+s (2.B.2)
B

b = RiGiE (2.B.3)

In this case, a calibration graph was plotted with the ratio [B/(R+G+B)] against the
concentration of melamine, as it resulted in a linear relationship. This graph facilitated the
determination of the LOD using the specified formula. The LOD for the paper-based
sensing scheme was determined to be 0.76 ppm [93-95] (Fig. 2.B.9).
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Figure 2.B.9: Calibration curve for melamine adulterated milk.

2.B.4.2 Formalin sensing

For detecting formalin, AgNPs were surface-functionalized with 1-cysteine. The colour of
the paper substrate changed from greenish-yellow to brown with increasing concentrations
of formalin (0.37-370000 ppm) in milk. The colorimetric response time of this method

ranges from 2 to 5 min (Fig. 2.B.10).

Colorimetric change
from yellow to orange to dark brown

30.000060
00000000

Figure 2.B.10: (a) Liquid based sensing, and (b) sensing in paper-based platform of
formalin in milk.

2.B.4.2.1 Mechanism

The amino (-NH:) groups in l-cysteine reacted with the aldehyde (-CHO) group in
formaldehyde, leading to the formation of Schiff bases. This chemical interaction alters

the surface properties of the NPs, inducing aggregation and thereby reducing the
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interparticle distance. The resulting aggregation caused a visible colour change due to a
shift LSPR band in AgNPs. Additionally, the porous nature of the filter paper facilitates
the smooth movement of NPs, further enhancing their aggregation and reducing

interparticle distance [73,75,76].

2.B.4.2.2 Sensor performance metrics

The LOD was estimated using RGB values which were obtained from the previous method
stated above. A calibration graph was plotted with the ratio [R/(R+G+B)] against the
concentration of formalin, as it resulted in a linear relationship. This graph facilitated the
determination of the LOD using the specified formula. The LOD for the paper-based
sensing scheme was determined to be 4.53 ppm [93-95] (Fig. 2.B.11).
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Figure 2.B.11: Calibration curve for formalin adulterated milk.

2.B.4.3 Hydrogen peroxide sensing

For detecting hydrogen peroxide, AgNPs are capped with the polyphenolic groups of green
tea. The colour of the paper substrate changed from orange yellow to light
yellow/colourless with increasing concentrations of hydrogen peroxide (0.003-300000
ppm) in milk. The colorimetric response time of this method ranges from 1 to 15 min (Fig.

2.B.12).
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Figure 2.B.12: (a) Liquid based sensing, and (b) sensing in paper-based platform of
hydrogen peroxide in milk.

2.B.4.3.1 Mechanism

The hydrogen peroxide molecules can easily oxidize the silver atoms on the surface of the
NPs as the NPs are not stabilised or capped. In this redox reaction, hydrogen peroxide
accepts electrons from the silver atoms, which leads to the formation of Ag" and hydroxide
ions (OH"). The silver atoms (Ag®) lose electrons to become Ag’. These ions are then
released from the surface of the AgNPs into the surrounding solution. The oxidation of
surface silver atoms results in a reduction in the size of the NPs and can lead to changes in
their shape and surface structure, which is responsible for the colorimetric change in NPs

in presence of hydrogen peroxide [96].

2.B.4.3.2 Sensor performance metrics

The LOD was estimated using RGB values which were obtained from the previous method
stated above. A calibration graph was plotted with the ratio [B/(R+G+B)] against the
concentration of hydrogen peroxide, as it resulted in a linear relationship. This graph
facilitated the determination of the LOD using the specified formula. The LOD for the
paper-based sensing scheme was determined to be 5.6 ppm [93-95] (Fig. 2.B.13).

2.B.4.4 Mercury sensing

For detecting mercury, AgNPs were surface-functionalized with PVA and reduced with
BRB extract. The colour of the paper substrate changed from brown to colourless with
increasing concentrations of mercury (0.0001-100 ppm) in milk. The colorimetric response

time of this method ranges from 1 to 20 min (Fig. 2.B.14).

86



Chapter II: Colorimetric Sensing of Milk Adulterants

2.B.4.4.1 Mechanism

AgNPs were coated with PVA, which is a polymer that stabilizes the AgNPs and prevents
their aggregation. PVA has numerous hydroxyl groups (-OH) that can interact with metal
ions, including Hg?* ions. When Hg?" ions are introduced into the solution containing
PVA-capped AgNPs, they can interact with the silver atoms of the NPs. This interaction
often involves the reduction of Hg?>" to elemental mercury (Hg’), which results in
immediate oxidative dissolution of AgNPs. This process involves the oxidation of all the
Ag’in a NPs to Ag" in the presence of Hg*". When AgNPs were dissolved and converted
into Ag", they lose their LSPR properties, resulting in a loss of the yellow colour. This

causes the solution to turn colourless as the NPs get oxidized and dissolved [97].
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Figure 2.B.13: Calibration curve for hydrogen peroxide adulterated milk.
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Figure 2.B.14: (a) Liquid based sensing, and (b) sensing in paper-based platform mercury
in milk.
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2.B.4.4.2 Sensor performance metrics

The LOD value in this case was determined using the HSV model. For accurate LOD
calculation, a linearly calibrated graph was required, which cannot be reliably obtained
using the RGB model due to its nonlinear nature in representing colour intensities. The
HSV model, described by a cylindrical geometry with three parameters—hue, saturation,
and value—was chosen to quantify the colorimetric data. RGB values extracted from the
images were converted to the HSV model using standard algorithms, enabling a more
accurate representation of colorimetric changes and LOD determination. The algorithms

were as follows (equation 2.B.4; 2.4.5; 2.B.6; 2.B.7 & 2.B.8) [98-101]:

V =max(R,G,B) (2.B.4)
<< 0 ifV=0
TV minRGE) rvo (2.B.5)
14
A = max — min (2.B.6)
0 ifS=0

60° x (%) if max =R

H = 60°x(ﬂ+ 2) if max =G
o . (2.B.7)

60° x (— + 4) ifmax =B
H=H+360° ifH<O0 (2.B.8)

Incorporating the mentioned algorithms, a custom Python code was developed
with necessary libraries ‘panda’ and ‘colorsys’ to transform the obtained mean RGB values

to HSV values.

A calibration graph was plotted with the value against the concentration of
mercury, resulting in a linear relationship. This graph facilitated the determination of the
LOD using the specified formula. The LOD for the paper-based sensing scheme was
determined to be 0.87 ppm [98-101] (Fig. 2.B.15).
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Figure 2.B.15: Calibration curve for mercury adulterated milk.

2.B.4.5 Arsenic sensing

For the detection of arsenic, AgNPs are surface-functionalized with citric acid. The colour
of the paper substrate changed from light yellow to brown or purple with increasing
concentrations of arsenic (0.001-100 ppm) in milk. The colorimetric response time of this

method ranges from 1 to 5 min (Fig. 2.B.16).

Colorimetric change from yellow to black

?000000‘0‘

Figure 2.B.16: (a) Liquid based sensing, and (b) sensing in paper-based platform sensing
in paper-based platform arsenic in milk.
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2.B.4.5.1 Mechanism
Citric acid contains three carboxyl groups (-COOH) and one hydroxyl group (-OH) that

can interact with metal ions. When arsenic ions are introduced into the solution containing
citric acid-functionalized AgNPs, they can interact with the functional groups on the citric
acid. This interaction can involve complexation, where the As®" bind to the carboxyl
groups of citric acid. The binding of As** to the citric acid molecules on the surface of the
AgNPs can lead to coordination. This coordination acts as a "crosslink," causing
aggregation of the AgNPs. When the NPs aggregate, the LSPR band shifts, leading to a
visible colour change. Typically, the colour change can range from yellow to brown or

red, depending on the degree of aggregation and the concentration of the ions [102].

2.B.4.5.2 Sensor performance metrics

The LOD was estimated using HSV values which were obtained from the previous method
stated above (section 2.B.4.4.2). A calibration graph was plotted with the hue against the
concentration of arsenic, as it resulted in a linear relationship. As a linear calibration plot
is crucial for estimation of LOD. This graph facilitated the determination of the LOD using
the specified formula, which was found to be 0.65 ppm [98-101] (Fig. 2.B.17).
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Figure 2.B.17: Calibration curve for arsenic adulterated milk.

90



Chapter II: Colorimetric Sensing of Milk Adulterants

2.B.4.6 Cadmium sensing

For the detection of cadmium, AgNPs were surface-functionalized with salicylic acid.
Typically, the colour change can be observed from yellow to brown or red, depending on
the extent of aggregation and the concentration of cadmium ions (0.001-100 ppm) in milk.

The colorimetric response time of this method ranges from 1 to 5 min (Fig. 2.B.18).

Colorimetric change
from yellow to orange to dark brownish residues

»D0000000@
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Figure 2.B.18: (a) Liquid based sensing, and (b) sensing in paper-based platform
cadmium in milk.

2.B.4.6.1 Mechanism

Salicylic acid possesses both a carboxyl group (-COOH) and an ortho-phenolic hydroxyl
group (-OH), which together provide a bidentate chelating site. When milk spiked with
Cd** were introduced into a solution containing salicylic acid—functionalized AgNPs, they
preferentially coordinate with the oxygen donor atoms of these two groups. This chelation
stabilizes the Cd**—ligand complex and enables the ion to act as a bridge between salicylic
acid molecules on different NPs. As a result, aggregation of the AgNPs occur. The
aggregation perturbs the NPs’ LSPR peak, leading to a red-shift or peak broadening which

results in a visible color change in the solution [103].

2.B.4.6.2 Sensor performance metrics

The LOD was estimated using RGB values which were obtained from the previous method
stated in section 2.B.4.1.2. A calibration graph was plotted with the red intensity against
the concentration of cadmium ion, as it resulted in a linear relationship. As a linear

calibrated graph is necessary for estimation of LOD. This graph facilitated the
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determination of the LOD using the specified formula, which was found to be 0.73 ppm
[93-95] (Fig. 2.B.19).
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Figure 2.B.19: Calibration curve for cadmium adulterated milk.

2.B.4.7. Lead sensing

For the detection of lead ion, AgNPs were surface-functionalized with I-glutamine. The
colour of the paper substrate changed from light yellow to brown with increasing
concentrations of lead (0.001-1000 ppm) in milk. The colorimetric response time of this
method ranges from 5 to 20 min. The colour change occurs more rapidly with higher lead
concentrations, and the response time shortens accordingly with increasing analyte

amounts (Fig. 2.B.20).

Colorimetric change b
from yellow to dark brown
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Figure 2.B.20: (a) Liquid based sensing, and (b) sensing in paper-based platform lead in
milk.
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2.B.4.7.1 Mechanism

L-glutamine is a naturally occurring amino acid, having two amine group (-NH:) and one
carboxyl groups (-COOH) in its molecular structure. These functional groups can interact
with lead ions through coordination chemistry. When lead ions (Pb®") are present in the
solution containing I-glutamine-functionalized AgNPs, they can form coordination
complexes with the functional groups on I-glutamine. Lead ions have a high affinity for
nitrogen and oxygen donor atoms, which are present in the amine and carboxyl groups of
l-glutamine. The binding of lead ions to the functional groups on I-glutamine induces
aggregation of the AgNPs. The aggregation of AgNPs shifts the LSPR band, resulting in

a visible change in colour [104].

2.B.4.7.2 Sensor performance metrics

The LOD was estimated using RGB values which were obtained from the previous method
stated in section 2.B.4.1.2. A calibration graph was plotted with the ratio [G/(R+G+B)]
against the concentration of lead ion, as it resulted in a linear relationship. A linearly
calibrated plot was necessary for calculation of LOD. This graph facilitated the
determination of the LOD using the specified formula, which was found to be 0.35 ppm
[93-95] (Fig. 2.B.21).
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Figure 2.B.21: Calibration curve for lead adulterated milk.
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2.B.5 Simultaneous sensing of multiple adulterants and contaminants in

the paper-based platform

For detection, milk needs to be pretreated to remove the interfering fats and proteins as
they may cause hindrance in the detection process. After successful pretreatment, the milk
supernatant is used for further detection, by pouring it at the centre of the paper substrate,
which flows through all the channels/conduits interacting with the selectively
functionalized NPs at the leg ends. When unadulterated and uncontaminated milk was
poured, the interaction resulted in no colorimetric change. However, if the milk was
adulterated/ contaminated with a specific adulterant/ contaminant, visible colour change

was observed at that particular leg end.

Simultaneous detection occurs when 5 mL of milk contaminated with various
adulterants and contaminants was introduced, causing colour changes in all channel ends.
The response time typically ranges from 5 to 20 min, depending on the concentration of
analytes present. A higher concentration leads to a quicker colour change, while lower
concentrations extend the response time up to 20 min, considered as the standard response
time for sensing. In cases where specific adulterants or contaminants are present, the
colour change occurs selectively in the corresponding channel end designed for detecting
that particular analyte. The standard response time remains consistent at 20 min for these
selective detections. When milk was free from all seven analytes, there was no observable

colour change at the end of each channel where the NPs were localized.

When melamine adulterated milk was poured, the colour of the functionalised
NPs attached to the corresponding to the leg end changes to purple when higher amount
of melamine was present (50 to 100 ppm), to brown (10 to 40 ppm) and to red (0.001 to 8

ppm).

For formalin adulterated milk the colour of NPs changes to dark blackish brown
when higher amount of formalin was present (148 to 370000 ppm), and to black (0.37 to
148 ppm).
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For hydrogen peroxide adulterated milk, the colour of NPs changes to colourless
when higher amount of hydrogen peroxide was present (150 to 300000 ppm), and to pale
yellow (0.003 to 120 ppm).

For mercury contaminated milk the colour of NPs changes to colourless when
higher amount of mercury was present (60 to 100 ppm), to occur (8 to 50 ppm), and to

light brown (0.0001 to 6 ppm).

For arsenic contaminated milk the colour of NPs changes to bluish black when
higher amount of arsenic was present (8 to 100 ppm), to red (1 to 6 ppm), and to orange

(0.001 to 0.1 ppm).

For cadmium contaminated milk the colour of the functionalised NPs changes to
bluish black when higher amount of cadmium was present (30 to 100 ppm), to red (1 to 20
ppm), and to orange (0.001 to 0.1 ppm).

For lead the colour of the functionalised NPs changes to dark agglomerated brown
when higher amount of lead was present (100 to 1000 ppm), to purple (70 to 190 ppm) and
to red (0.001 to 60 ppm).

The fabricated device offers a qualitative assessment of various adulterants,
including melamine, hydrogen peroxide, and formalin, as well as contaminants such as
mercury, arsenic, lead, and cadmium in milk. It achieves this by displaying colour changes
in the substrate, which contains selectively functionalized NPs for detecting each specific

adulterant and contaminant (Fig. 2.B.22).
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Figure 2.B.22: Upon addition of (a) unadulterated or uncontaminated milk, and (b)
adulterated or contaminated milk.

2.B.6 Conclusion

The work reports a novel paper-based sensing platform that uses multiple functionalized
NPs for the simultaneous sensing of various adulterants and contaminants. This platform
features seven conduits, each end selectively impregnated with specific functionalized
NPs, separated by hydrophobic barriers. When adulterated or contaminated milk is poured,
the resulting colour changes at the conduit ends indicate the presence of specific
adulterants. This sensing architecture is specifically designed to detect melamine,
formalin, and hydrogen peroxide as adulterants, and mercury, arsenic, cadmium, and lead
as contaminants, with each sensing scheme could detect the presence of these adulterants
with LOD of 0.76 ppm, 4.53 ppm, 5.6 ppm, 0.87 ppm, 0.65 ppm, 0.73 ppm and 0.35 ppm
for melamine, formalin, hydrogen peroxide, mercury ion, arsenic ion, cadmium ion and

lead ion respectively, with remarkable sensitivity.
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