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Milk is an emulsion of proteins and fats in water that contributes to a nutritious diet and enhances our immune system. However, |
contamination of heavy metals in milk due to an increase in industrialization and urbanization can be a serious threat to human health. |
This study focused on the rapid detection of heavy metals particularly lead and mercury in milk using biochemical assays as well as paper-
based colorimetric sensor based on green synthesized silver nanoparticles (AgNPs) from leaf extract of Hemigraphis colorata. Biochemical |
assays such as the lead chromate test and sodium hydroxide test were employed to detect lead and mercury in milk samples. The biogenic |
AgNPs were characterized by UV-Vis spectroscopy, scanning electron microscope, Fourier transform infrared spectroscopy, energy |
dispersive X-ray analysis (EDX) and X-ray diffraction. The unique properties of silver nanoparticles (AgNPs) like surface plasma resonance |
(SPR), large surface area and visible colour change upon aggregation when metal ions interact, enable them to detect heavy metals. This
is a portable and affordable method of detection that ensures safer milk consumption and sustainable environmental practices. I
|
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INTRODUCTION

Milk contains both macro- and micronutrients that are
essential for immune system function, bone formation and
growth and it also contains vitamins and unique fatty acids
[1,2]. In its purest form, milk is an emulsion of protein and fat
in water, along with dissolved minerals, vitamins and carbo-
hydrates [3]. As the concentration of hazardous substances
and environmental contaminants rises, milk and milk products
become less safe. The increasing industrialization and urbani-
zation have increased the accumulation of xenobiotics, parti-
cularly heavy metals. Its pollution has been a major health risk
to humans, especially if it enters the body through the food
chain [4]. Several diseases have been connected to heavy metal
toxicity, but the severity of the condition increases significantly
if the heavy metals are detected in milk, which is the staple diet
for the vulnerable age group of individuals [5].

The different types of nanoparticles encompass organic,
inorganic and carbon-based types and possess unique chemical,
electrical and biological properties, making them suitable for
various applications [6]. Noble metal nanoparticles, like silver

nanoparticles (AgNPs), are increasingly studied due to their
unique characteristics, such as chemical inertness, strong absor-
ption of electromagnetic waves, biological compatibility and
surface plasmon resonance. These properties make AgNPs
valuable in diverse applications, including water purification
[7], DNA sequencing [8], biological sensors [9], catalysis [10]
and antimicrobial activities [11]. An eco-friendly, cost-effective
and safer method for synthesizing AgNPs is essential due to
their widespread use. In the past decade, green synthesis has
gained recognition for using naturally accessible biological
sources to obtain metallic nanoparticles [12]. This method is
easy to use, low-maintenance, low-energy consumption and
environmental friendly. In this work, leaves of Hemigraphis
colorata are used for the green synthesis of AgNPs. This plant
belongs to the Acanthaceae family and has therapeutic benefits
for treatment of inflammation, bleeding, ulcers and wounds
[13].

The colorimetric detection of heavy metals using green-
synthesized nanoparticles has gained traction due to its
simplicity, eco-friendliness and user-centric approach. This
process typically operates via two distinct mechanisms. In the
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first mechanism, a redox reaction occurs between the nano-
particles and the heavy metal, leading to the oxidation of the
nanoparticles, which results in a visible colour change along
with a blue shift in the UV-vis spectra, indicating a reduction
in the nanoparticle peaks. In the second mechanism, heavy
metals induce the aggregation or complexation of nanoparticles,
resulting an increase in nanoparticle size. This aggregation is
reflected as a redshift in the UV-vis spectra and is accompanied
by a visible colour change [14]. Green-synthesized AgNPs
offer eco-friendly, sensitive detection of heavy metals like Pb*",
Hg™, Cd*, Ni**, AI** and Cu** through colour changes or LSPR
shifts. The Pb** and Hg** were detected through the aggregation
or oxidation-reduction, while Cd** and Ni** cause nanoparticle
aggregation with visible colour changes. Mentha arvensis based
AgNPs detect Al** with a yellow to reddish-brown shift and
Moringa oleifera derived AgNPs iden-tify Cu** through brown-
to-grey colour changes. These cost-effective methods are highly
selective and applicable to environmental and biological samples
[15].

There is a growing demand for affordable and rapid dete-
ction methods for diagnostics and environmental monitoring,
particularly in developing regions. Paper-based devices, such
as strip tests and microfluidics, are cost-effective, portable and
easy to use, relying on capillary action to direct analyte flow
and produce visible colour changes. Synthesized from biodeg-
radable materials like cellulose, they are ideal for nontechnical
users [16]. Silver nanoparticles (AgNPs) have emerged as a
superior alternative for colorimetric sensing due to their high
extinction coefficients, enhancing optical brightness and sensi-
tivity in UV-visible detection [17]. Biochemical assays such
as the lead chromate test and the sodium hydroxide test are
also employed to detect heavy metals, specifically lead and
mercury, in milk samples. Thus, in this study, we proposed a
paper-based colorimetric sensor based on green synthesized
silver nanoparticles (Ag NPs) from leaf extract of Hemigraphis
colorata for the detection of heavy metal ions in milk.

EXPERIMENTAL

Preparation of plant extract: Fresh leaves of H. colorata
were collected, washed thoroughly in tap water and shade-
dried for a few days. It was then finely powdered and stored
for extract preparation. The plant extract was prepared by
dissolving 5 g of powder into 100 mL of distilled water. It was
then heated at 50 -60 °C for 20-25 min in a hot plate magnetic
stirrer. The filtrate was then filtered using muslin cloth twice
to remove impurities and stored in cold conditions for further
use.

Biosynthesis of AgNPs: A 10 mM silver nitrate solution
was freshly prepared and stored in a dark condition. For the
biosynthesis of silver nanoparticles, plant extract and silver
nitrate solution were combined in a ratio of 1:10 and the pH
of the mixture was adjusted to alkaline by gradual titration
with NaOH. A colour change from light brown to wine red
occurred within minutes, indicating nanoparticle formation.
The supernatant was then extracted from the solution after it
had been centrifuged for 15 min at 10,000 rpm. The resulting
pellet was resuspended in distilled water and centrifuged again

at 10,000 rpm for 15 min, with this washing step repeated twice.
Afterwards, the pellet was cleaned with 100% ethanol and allo-
wed to dry for 1 h at 50 °C in a hot air oven. Finally, the dried
nanoparticle sample was finely ground using a micropestle and
stored in an Eppendorf tube for further characterization.

Collection of milk samples: Four different milk samples
were collected from the local markets of Bengaluru city, India.
One natural cow milk, two commercial milk samples and one
milk powder were collected and named M1, M2, M3 and M4
respectively and stored in the cold room for further use.

Characterization: The X-Ray Diffraction (XRD) patterns
were recorded on PANalytical X-ray diffractometer using
CuKo. radiation (A = 1.5406 A) operated at 50 kV and 100
mA. The experiments performed in the diffraction angle range
of 20 =20-80°. The UV-Vis measurements were carried out using
Shimadzu UV 1700 pharmaspec U V-visible spectrophotometer.
Infrared analysis were performed by a Nicolet Nexus 670 Fourier
transform infrared spectrometer in a wavenumber range from
4000 to 400 cm™. The surface morphological characterization
was performed by SEM (Jeol-JSM 6701-F), whereas the EDX
analysis was performed on a Hitachi SU6600 FE-SEM equip-
ped with an EDX attachment.

Sample preparation of AAS analysis: A 50 mL of 24%
TCA was added to 5 mL of each milk sample in the volumetric
flask to help in the milk sample’s digestion. The milk samples
were shaken at 5 min intervals for 30 min and then each sample
was centrifuged at 4000 rpm for 5 min. It was then filtered
using filter paper and stored in a stopper container. These acid-
digested milk samples were used for the analysis of AAS with
the help of Perkin-Elmer Analyst 300 AAS (Perkin-Elmer SK)
instrument.

Biochemical tests for the detection of heavy metals

Potassium chromate test for lead ions (Pb**): For each
milk sample, a confirmatory test of lead was performed. The
confirmatory test of lead was done by adding a few drops of
dil. HCI to the sample and to the precipitate formed, potassium
chromate solution was added. A yellow precipitate of lead(Il)
chromate (PbCrOy) forms, confirming lead in the sample. The
colour change was observed with the addition of AgNPs. The
same was repeated with lead-spiked milk samples. A 0.1 M
lead acetate solution was taken as control and its colour change
was observed with the addition of AgNPs solution.

Sodium hydroxide test for mercuric ions (Hg**): The
confirmatory test for mercury was also performed for each
milk sample. To a sample, few drops of NaOH was added. The
formation of yellow HgO precipitate confirms mercury in the
sample. The colour change was observed with the addition of
nanoparticles. The same was repeated for milk samples spiked
with mercury. The confirmatory test was done with the addition
AgNPs and without the addition AgNPs to observe the change
in the colour of the precipitate. A 0.1 M mercuric chloride
acts as the control.

FTIR analysis of the precipitate formed in the biochemical
test: The precipitate formed in the above-mentioned biochemical
test was prepared for FTIR analysis to determine the functional
group in the complex formed. Variations in colour changes
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Fig. 1. (a) Silver nitrate solution, (b) plant extract and silver nitrate solution in 1:10 ratio respectively, (c) AgNPs solution

and precipitate formations were observed in each milk sample,
interacted with AgNPs and other chemicals and the precipitate
formed was analyzed.

Biochemical test for detection of heavy metals in milk
using L-cysteine: Each of the milk samples was spiked with
few drops of 0.1M lead acetate and mercuric chloride taken
separately in two sets. To each of the samples, AgNP solution
was added and mixed well. A few drops of 0.1M L-cysteine
was added to each sample and the colour change was observed
before and after the addition of L-cysteine.

Development of paper-based colorimetric sensor for
the detection of lead and mercury: Whatman filter paper
was cut into small strips of uniform size. It was coated with
AgNP solution either by dip coating or spray coating method.
It was then allowed to dry in room temperature or at low temp-
erature in a hot air oven. The dried strips were then coated with
L-cysteine to enhance their affinity towards mercury and lead
ions. The coating can be done by dip coating or spray coating
method and allowed to dry. These strips were then used for
detecting heavy metals.

RESULTS AND DISCUSSION

A red wine-coloured AgNPs solution was obtained using
leaf extract of H. colorata, as shown in Fig. 1. The pH of the
AgNPs solution is alkaline and a stable red-wine colour was
obtained after combining plant extract and AgNPs solution in
1:10 ratio. Thus, indicating the successful reduction of Ag*
ions and formation of AgNPs solution.

UV-Vis spectral studies: The absorbance range was found
to be 425 nm in UV-vis spectroscopy for the AgNPs solution
is shown in Fig. 2. The deep red color arises from surface plasmon
resonance (SPR), attributed to the presence of organic molecules
capped with AgNPs. The stability of the AgNPs solution was
confirmed by taking absorbance readings for four continuous
months and the absorbance was found within the range of 400-
500 nm.

FTIR spectral studies: The IR spectra of AgNPs solution
were analyzed and two distinct peaks (Fig. 3) confirmed the
presence of O-H stretch at 3300.28 cm™ and C=0 (carbonyl
groups) & C=C stretch at 1636.57 cm’', which are due to to the
presence of alcoholic/phenolic and aromatic compounds, resp-
ectively present in the leaf extract of H. colorata.

Morphological studies: The SEM image of green synthe-
sized AgNPs at a magnification of 150000x and 50000x resp-
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Fig. 2. UV-Vis spectrum of H. colorata mediated silver nanoparticles
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Fig. 3. FTIR spectrum of H. colorata mediated silver nanoparticles

ectively are shown in Fig. 4. It has a size ranging from 30-35
nm and has spherical in shape. They appeared to be aggregated
and polydisperse and a rough surface texture which influences
its properties.
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Fig. 4. SEM images of H. colorata mediated silver nanoparticles

SEM was paired with EDX and the elemental composition
of silver nanoparticles was confirmed. AgNPs showed a strong
signal at 3 keV as shown in Fig. 5, confirming the presence of
silver majorly in the sample. The formation of other peaks are
the oxide, sodium and carbon contamination that might have
occurred during plant extract synthesis or it could be the
residual elements formed during the synthesis.

Fig. 5. EDX spectrum of H. colorata mediated silver nanoparticles

XRD studies: The AgNPs were characterized using XRD
to determine their crystalline structure. The XRD pattern has
four distinct peaks at 28.04°, 32.44°, 38.36° and 46.44° corres-
ponding to the face-centred cubic (FCC) lattice of silver as
shown in Fig. 6. The peaks at 38.36° and 46.44° indicates the
AgNPs and peaks at 28.04° and 32.44° may be due to contami-
nation or formation of other compounds.

Atomic absorption spectrometry (AAS): In AAS, none
of the milk samples showed mercury content, however lead
content was present in M1 and M2 sample with 0.4734 ppm
and 0.0725 ppm concentrations, which are the natural and
commercial samples respectively.

Biochemical tests for the detection of heavy metals:
The confirmatory test for lead was conducted, revealing that
the milk, when treated with dilute HCI and potassium chromate,
had no typical precipitate. Upon the addition of AgNPs solution,
the solution’s colour changed to brownish-yellow. With the
spiked milk samples, a yellow precipitate was formed and it
turned light brown when the AgNPs solution was added, which
is due to the plasmonic resonance shifts. The AgNPs may aggr-
egate due to the Pb** ions, thus changing their colour (Fig. 7a).
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Fig. 6. XRD spectrum of H. colorata mediated silver nanoparticles

The confirmatory test for mercury detection in milk samples
yielded no typical colour shift, indicating the absence of mer-
cury (Fig. 7b), as confirmed by AAS analysis. A brownish-red
colour was achieved upon the addition of AgNPs solution to
the milk samples. All milk samples were infused with Hg**
ions, resulting in the formation of a white precipitate upon the
addition of NaOH. The addition of AgNPs solution resulted in
a white turbidity solution and all the milk samples exhibited
same distinctive alterations.

All the milk samples were spiked with Pb**ions. The com-
pounds formed when milk containing lead ions interacts with
HCI, potassium chromate and AgNP were analyzed with FTIR
(Fig. 8). The FTIR peak at 1650-1630 cm™ was observed in
M2, M3 and M4 samples, confirmed the presence of C=0 stret-
ching, which might be formed due to the protein denaturation
of milk samples. The peak at 1540 cm™ is due to presence of
the C-N amide II band, which might be due to the formation of
lead-protein complexes. The peak at 1080-1000 cm™ confirms
the C-O stretching in the carbohydrates, which might be due
to the interaction of phosphate groups and sugars in milk with
lead. Another board peak at 840-830 cm™ in M1 and M2 samples
confirms the C-H bending, which might be due to the formation
of metal coordination complexes involving aromatic comp-
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Fig. 7. (a) The confirmatory test of lead where B1 is M1 spiked with lead, containing dil. HCI and potassium chromate, B2 is M1 spiked with
lead, containing dil. HCI, potassium chromate and AgNPs solution and B3 is M1 with HCI, potassium chromate and AgNPs solution;
(b) the confirmatory test of mercury where E8 is M1 containing NaOH, E9 is M1 containing NaOH and AgNPs solution, E10 is M1
spiked with mercury, containing NaOH and E11 is M1 spiked with mercury, containing NaOH and AgNPs solution
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Fig. 8. FTIR analysis of biochemical test of milk spiked with lead; (a) M1, (b) M2, (c) M3, (d) M4

ounds. The peak at 570-550 cm™ also confirmed the presence ting with NaOH and AgNPs solution are shown in Fig. 9. The
of metal coordination complexes like PbCrO.. peak at 3350-3280 cm™ is common in all the milk samples,

To detect mercury in milk samples, all the samples were confirming the O-H stretching, which is due to the N-H stretc-
spiked with Hg** ions and the FTIR data of these samples reac- hing of amines. This hydroxyl group might be from the NaOH
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Fig. 9. FTIR analysis of biochemical test of milk spiked with mercury; (a) M1, (b) M2, (c) M3, (d) M4

reacting with milk proteins and N-H from the interaction of
milk with mercury and AgNPs. The peak at 1640-1630 cm™ in
the data confirms the presence of C=0 stretching of carbonyl
groups or amides. This peak might be due to the interaction of
mercury with proteins forming metal-protein complexes. The
possible compounds formed could be Ag-protein complexes,
mercuric hydroxide or mercury-protein complexes.

(@) (b) ()

Biochemical test for detection of heavy metals in milk
using L-cysteine: In the test tubes containing milk samples
M1, M2, M3 and M4 spiked with lead, respectively, a brown
colour appeared with the addition of AgNPs and with the addit-
ion of L-cysteine, a precipitate was formed. This precipitate
may be formed due to the reaction of lead ions and L-cysteine.
L-cysteine has a thiol group (-SH), an amino group (-NH>) and

(d) ©) ()

Fig. 10. Paper-based colorimetric sensor for detection of lead before incubation dipped in (a) distilled water, (b) 0.1 M lead acetate, (c) M1,

(d) M2, (c) M3, (d) M4
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Fig. 11. Paper-based colorimetric sensor for detection of lead after incubation dipped in (a) distilled water, (b) 0.1 M lead acetate, (c) M1, (d)
M2, (c) M3, (d) M4

Fig. 12. Paper-based colorimetric sensor for detection of mercury before incubation dipped in (a) distilled water, (b) 0.1 M mercuric chloride,
(c) M1, (d) M2, (c) M3, (d) M4

Fig. 13.  Paper-based colorimetric sensor for detection of mercury after incubation dipped in (a) distilled water, (b) 0.1 M mercuric chloride,

(c) M1, (d) M2, (c) M3, (d) M4

a carboxylic acid group (-COOH). These functional groups in
L-cysteine can form bonds with the Pb* ions, thus forming a
lead-cysteine complex which is insoluble and precipitates out
of the solution. The precipitation process was enhanced by
the AgNPs, which may interact with thiol groups due to their
surface reactivity, resulting in the increased aggregation of
lead ions with L-cysteine. This could enhance the efficacy of
lead removal from milk. Another possibilities include the degra-
dation of L-cysteine to produce sulfide ions, which may react
with Pb** to form lead sulfide, an intractable black precipitate.

Several factors including the concentration of lead, the
L-cysteine to AgNPs ratio and the milk’s components affect
the nature of precipitate. The milk samples spiked with mercury
also a precipitate was formed after the addition of L-cysteine.
This could be the result of the reaction of the thiol group in L-
cysteine with Hg** ions forming an insoluble precipitate. There
could be other possibilities like due to changes in the surface

charge or binding interactions, AgNPs may form aggregate
when Hg”* is present. Larger AgNPs aggregates containing
Hg*, L-cysteine and AgNPs may be formed with the help of
L-cysteine acting as a mediator or it could be the formation of
mercury sulfide.

Development of paper-based lead and mercury colori-
metric test sensor: L-Cysteine coated paper was dipped in
each milk sample spiked separately with lead and mercury ions
and colour change was observed. There was no colour change
in the strip dipped in distilled water. A red colour appeared on
the strip dipped in 0.1 M lead acetate solution and a white patch
appeared on the strip dipped in 0.1 M HgCl,, which acts as the
control. Lead ion-spiked milk turned red after a few hours, while
mercury-spiked milk developed a white spot. This confirms
the presence of heavy metals lead and mercury in milk samples
and can be utilized as a reliable detection method. The results
are shown in Figs. 10-13.
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Conclusion

This study focuses on the detection of heavy metals in milk
by biosynthesized AgNPs by using biochemical tests as well
as paper-based colorimetric sensor based on green synthesized
silver nanoparticles (AgNPs) from leaf extract of H. colorata.
The development of paper-based colorimetric sensors coated
with AgNPs solution and L-cysteine has paved the way for a
reliable detection method for heavy metals in milk. The ability
of AgNPs to interact with L-cysteine and heavy metals causes
aggregation of molecules, which is responsible for the visible
colour change. This has created a convenient method without
relying on any advanced detection equipment. These methods
act as an eco-sustainable tool for ensuring food safety around
the globe and could be extended to various heavy metals and
other animal products on further optimization.
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