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Cow milk is readily adulterated due to its complex properties that can emulsify many adulterants. Among
the commonly used adulterants in cow milk are hydrogen peroxide (HP) and nitrite. Commercially
available HP is added to extend cow milk's shelf life, while nitrite enters through the tap or pond water
added to increase cow milk's volume. HP disrupts human free radical balance, while nitrite can cause
methemoglobinemia. This study aims to rapidly detect these adulterants on-site by developing a point-
of-care kit. A modified streptavidin—horseradish peroxidase (Strep—HRP)-tetramethylbenzidine (TMB)
assay was used for designing the biosensor for HP detection. The Strep—HRP complex was immobilized
on 8-well polystyrene strips with glutaraldehyde crosslinking. TMB was used as the substrate to detect
HP at concentrations of 0.04% (v/v) and higher. Nitrite was detected using a modified Griess assay,
wherein for the biosensor, the Griess reagent was coated on polystyrene strips with polyethylene glycol
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and Griess assay strips prepared in this investigation were stable for 25 and 10 days, with three times

DOI: 10.1038/d4ra06816e reusability for HP and twice for nitrite detection. Both strips were accurate, up to 95%, for detecting HP
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1 Introduction

Cow milk is a nutrient-rich complex emulsion consumed by
most people globally, constituting an integral part of their diets
from childhood to adulthood. Milk is defined as ‘the normal
mammary secretion derived from complete milking of a healthy
milch animal without either addition thereto or extraction
therefrom’.* Over time, global milk and dairy consumption has
gradually increased. Milk is a white-colored complex emulsion
and, hence, susceptible to easy adulteration. Prolonged
consumption of adulterated cow milk, containing harmful
chemicals, poses health risks. Ensuring the safety and quality of
cow milk is crucial worldwide due to its significant role in the
diet. To confirm its safety, thorough testing for adulterants is
essential. As cow milk demand increases, adulteration becomes
a tempting means to meet demand and gain profit quickly.> On
a global scale, the Food Safety and Standards Authority of India
(FSSAI) has defined most commonly added adulterants in cow
milk, some added to extend shelf life, and some added to
comply with quality standards.?
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One of the adulterants added to cow milk to maintain its
shelf life and quality while transporting it is hydrogen peroxide.
When consumed, hydrogen peroxide (HP) rapidly diffuses into
the oral cavity and upper GI tract cells, thus triggering the onset
of oxide radical imbalance. In excess concentrations, HP causes
an imbalance in the free radical concentration of the organ
systems, thus causing irregularity in their functions, which
might result in cancer and genotoxicity.* Hence, the action of
enzymes, including peroxidases, is essential to maintain
balance. The activity of peroxidases is catalyzed by metal ion
cofactors, and their sequestration helps in preventing the
toxicity of HP in the cell by decreasing Fenton chemistry. Failure
of the metal ion sequestration can damage tissues or all organs
of the body.?

There are some reports on the adverse effects of HP exposure
on various human cells. Human lymphocytes were exposed to
tannic  acid and  gallic acid, which  reduced
formamidopyrimidine-DNA-glycosylase (FPG)-sensitive sites,
while ellagic acid inhibited the formation of Endolll-sensitive
sites. It was observed that the exposure resulted in enhanced
lymphocyte resistance to DNA breakage induced by HP.®
Significant DNA damage was observed in HepG2 cells that were
directly proportional to the concentration of HP and time of
exposure/incubation.” The damage reduced over time, which
might be due to DNA repair mechanisms and antioxidant
enzymes. Exposure of human lymphocytes to HP caused an
increase in apoptosis and necrosis. Comet assay and FPG
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confirmed the genotoxicity caused by exposure to HP, whereas
exposure to grape juice reduced DNA damage and necrosis.®

The HP detection is carried out using some advanced or
complex techniques, such as using a chromogenic strip with an
integrated QR code,’ Fourier Transformation Infrared (FTIR)
Spectroscopy,* sensors based on Fibre Optic Displacements
(FODS),"* flexible substrates such as carbonaceous materials,
polymers, paper, glass, and silicon wafers enhanced with metal
oxide-based nanostructures for improved performance that
have detection limits ranging from 100 nM to 1 mM, suitable for
health, food, and environmental monitoring,”> membrane-
based sensors,” for on-site detections using the portable
ratiometric fluorescent probe' are some of the notable exam-
ples. However, the idea of developing a cost-effective qualitative
and quantitative sensor for hydrogen peroxide is still under
development.

Tap or pond water containing nitrites and nitrates is another
common adulterant in cow milk distributed mainly in unorga-
nized sectors. Regular consumption of such adulterated cow
milk causes gut issues. Fig. 1 describes how nitrites and nitrates
in effluents discharged from small-scale industries enter water
resources such as lakes and ponds and, from there, into public
taps. When milk from the cow is less than the regular volume,
the milkman adds pond water or water from public taps to
satisfy consumer demand. In this process, nitrites directly enter
the cow milk. Cows consume the pond water, and excess nitrate
is either excreted in the urine or enters into the gut and is
converted to nitrite by the gut bacteria.” This signifies indirect
addition and indicates the presence of nitrites in cow milk. Cow
milk usually contains less than 1 ppm of nitrite. When humans
consume cow milk adulterated with tap or pond water, the
nitrites combine with haemoglobin and are converted into
methemoglobin. This process impairs the oxygen-carrying
capacity of red blood cells and can potentially be fatal.*®

Nitrite is most commonly determined using the Griess assay,
wherein nitrite in the presence of N-1-naphthylethylenediamine
dihydrochloride (NED) and sulfanilamide undergoes diazoti-
zation to form a magenta-colored azo dye recorded at 540 nm."
Some of the detection devices designed based on the Griess
assay include hydrogels for simultaneous detection of nitrite
and nitrate," in combination with 3,3,5,5-tetramethylbenzidine

| Nitrate (NO,) [e—] Industrial Effluents |—J Nitite (NO,) |

| Rel d into common pond water F:
Unsupervised addition Ingestion by the cow
Source of tap water of water to cow milk

Conversion of NO5 to
NO, by gut microbes

| Presence of NO," in cow milk |
Accumulation in gut

Excretion through
urine into ponds

Fig. 1 Influx of nitrites in cow milk.

1578 | RSC Adv, 2025, 15, 1577-1589

View Article Online

Paper

(TMB) and glucosamine hydrochloride (GAH)."> However, none
are reusable; hence, they are not cost-effective for wide use in
the field.

Surface drying of enzymes and reagents is a long-explored
area of interest for the development of PoC devices being
developed for the detection of small molecules. Some of the
research has been highlighted in the following table (Table 1):

In comparison with spray drying and freeze-drying methods,
vacuum drying is suitable for different enzymes that are stable
over a wide range of temperatures. Freeze drying is an expensive
procedure that involves the use of liquid nitrogen.*® Post-drying
care for such enzymes is extremely important after freeze
drying. Spray drying is a commonly used method for large
enzyme volumes. Hence, vacuum drying is the most suitable
method for working with micro volumes of enzymes.

With the above-mentioned gaps, the current research
focuses on developing a microassay-based kit to detect
hydrogen peroxide and nitrite in cow milk. The kit has been
developed using enzyme immobilization and reagent stability,
which help ensure ease of adulterant detection, affordability
and accessibility for common people, and safety during use.
The unique characteristics of the developed kit are reusability
and the absence of sample preprocessing. This approach
addresses the immediate health risks of these adulterants and
supports broader efforts to maintain food safety and consumer
trust in dairy products.

2 Materials and methods
2.1 Chemicals and reagents

The following chemicals and reagents of analytical grade were
used in this investigation: streptavidin tagged horseradish
peroxidase (HRP) enzyme (RD Systems, Minneapolis) (20x
stock), 3,3,5,5-tetramethylbenzidine (TMB) substrate (Himedia)
(10x stock), sulfanilamide (SRL Chemicals), N-(1-naphthyl)
ethylenediamine dihydrochloride (NED) (Sigma Aldrich),
glutaraldehyde (Amresco Pvt. Ltd) polyethylene glycol-400 (PEG-
400) (SRL Chemicals), 30% hydrogen peroxide (500 mL) (Avra
Synthesis Pvt. Ltd) 8-well non-coated polystyrene strips (NUNC
Pvt. Ltd) phosphate buffer (pH 7.2), carbonate buffer (pH 9.2),
citrate-phosphate buffer (pH 4.8-5).

2.2 Toxicity prediction of urea and glucose using ProTox - III

Adulterants, ingested by consuming adulterated cow milk, carry
risks of developing health issues, which, in the worst cases,
might be fatal. Hence, it becomes imperative to understand
these chemical compounds' toxicity and be aware of their
effects on human organs and organ systems.> The rate at which
an adulterant can cause toxicity or the effects of its analogues on
humans can be predicted using the ProTox - III software.
Forecasting the toxicity and presenting the structural data of the
molecule under consideration can be achieved by the simplified
molecular-input line-entry system (SMILES).”” The model
prediction for toxicity of an adulterant is created when the user
provides a query followed by a selection in the checklist based
on four major categories:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Organ toxicity.

(b) Toxicity endpoints.

(c) Tox21 nuclear receptor signaling pathways.

(d) Tox21 stress response pathways.

Different types of prediction models were categorized to
specify results more precisely. Queries for hydrogen peroxide
and nitrite were inserted, which got auto-updated in the SMILES
to acquire toxicological analysis for these compounds and their
analogs. Specific toxicity models were then chosen for hydrogen
peroxide and nitrite, generating detailed reports based on the
selection.?®

2.3 Preliminary testing of cow milk for hydrogen peroxide
and sodium nitrite

To detect adulteration in cow milk samples, preliminary tests
are necessary to understand the presence or absence of
hydrogen peroxide and sodium nitrite as the first step of the
analysis. The National Dairy Development Board (NDDB) kit
was used for the preliminary detection of hydrogen peroxide
and nitrite in cow milk samples. However, the quantification of
the adulterants is not possible with this kit. Fresh cow milk
samples procured locally at Hyderabad and Pilani, India, were
tested for hydrogen peroxide and sodium nitrite using the
NDDB kit.** Packaged cow milk (Amul Taaza) was used as
a control, and the samples were divided into three sets and then
tested in triplicates. The first set was used as a control, the
second set was spiked with 0.02-0.08% (v/v) of peroxide, and the
last set was spiked with 0.2-1 mM of sodium nitrite.

To perform the NDDB test for HP, 20 uL hydrogen peroxide
reagent from the kit was added to 280 pL of each of the control
cow milk samples, locally procured cow milk samples, and 0.2%
hydrogen peroxide stock and incubated at 26-28 °C for 10 min
for color development. Similarly, for testing nitrite, 60 puL of
nitrite reagent was added to 240 pL each of the control cow milk
samples, locally procured cow milk samples, and 1 mM sodium
nitrite stock solution and incubated at 26-28 °C for 10 min to
observe color development.

2.4 Detection of hydrogen peroxide using enzyme-
immobilized strips

2.4.1 Streptavidin-horseradish peroxidase (Strep-HRP)
immobilization using glutaraldehyde crosslinking method. The
activation buffer solution was prepared by adding 50 pL
glutaraldehyde to 950 uL carbonate buffer of pH 9.2 to activate
the uncoated polystyrene strips. 120 pL of the activation buffer
was added to each of the eight wells. The activation buffer was
discarded after incubating the strip at 4 °C overnight. The wells
were washed with phosphate-buffered saline (PBS) (pH 7.2).

For hydrogen peroxide detection, the streptavidin-tagged
HRP solution 20x was diluted for immobilization. It was
highly specific due to streptavidin tagging and, hence, was
diluted with PBS in different ratios, i.e., 50x, 100x, 200, 400X,
800x%, and 1600x. An activated polystyrene strip was taken, and
100 pL of each dilution was added to the wells. These strips with
enzyme solutions were left to dry at 30 °C for 60 minutes in
a vacuum concentrator (Eppendorf, Hamburg, Model No.:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5305). After drying, the enzyme-coated wells were washed with
PBS, covered with cello tape, and stored at 4 °C.

2.4.2 Testing varying HRP dilutions for strip reusability.
HRP dilutions, 50 to 1600x, were immobilized on polystyrene
strips. These strips were used to optimize the best possible
enzyme dilution ratio for detection specificity, reuse, and strip
longevity. A standard HRP-TMB-hydrogen peroxide detection
assay was performed to analyze the color development observed
with each immobilized enzyme dilution. 100 pL of PBS was
added to the wells containing immobilized enzyme, and the
strip was incubated for 10 minutes. 100 pL TMB substrate was
added, and the strip was incubated again for 10 minutes. 3 uL of
0.04% (v/v) hydrogen peroxide was added to each of the wells,
and the strip was incubated for 10-12 minutes for the color to
develop. Absorbance readings were recorded at 630 nm. The
wells were washed and reused for the same assay three times
further to assess the reusability of the immobilized enzyme and
to determine the final optimized Strep-HRP dilution for kit
development.

2.4.3 HRP-TMB detection method for hydrogen peroxide.
Enzyme assays were performed using varying HRP dilutions. An
HRP-TMB assay was performed using varying concentrations of
hydrogen peroxide to obtain a standard graph using 400x
diluted HRP. To 100 pL of 1:400 Strep-HRP dilution, 100 uL
TMB was added, and the strips were incubated for 5 min 2-8 pL
of 0.04% hydrogen peroxide was added to each of the wells, and
the strip was incubated for 10-12 minutes for the color to
develop. Absorbance was recorded at 630 nm.

For performing a standard assay using immobilized HRP
enzyme strips, 100 pL of PBS was added to the wells with 1 : 400
diluted and immobilized HRP enzyme, and the strip was incu-
bated for 10 minutes. 100 uL TMB was added, and the strip was
incubated again for 10 minutes. 2-8 pL of 0.04% hydrogen
peroxide was added to each of the wells, and the strip was
incubated for 10-12 minutes for the color to develop. Absor-
bance readings were taken at 630 nm. The same protocol was
followed for detecting hydrogen peroxide in cow milk samples

View Article Online
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using immobilized Strep-HRP strips. The polystyrene strips
were washed with PBS, covered with cellophane tape, and stored
at 4 °C. Standard curves obtained using HRP solution and
immobilized HRP were compared and analysed.

The developed method for the colorimetric HP sensor has
been summarized in the following schematic (Fig. 2):

2.5 Detection of nitrite using Griess assay strips

2.5.1 Nitrite detection strip preparation. 5x NED solution
was prepared in distilled water, and 5x sulfanilamide solution
was prepared in 5% hydrochloric acid. 5x Griess reagent was
prepared by mixing NED and sulfanilamide solutions in a ratio
of 1:1. 6% PEG was used as a stabilizer for the study.

For nitrite detection, two eight-well strips were taken. For the
first strip, reagents were coated as prepared without adding
PEG. However, for coating the second strip, PEG was added to
NED and Griess reagent as a stabilizer before coating.

The first well was left uncoated for both strips, and the
subsequent three wells were coated with 1x, 2.5x, and 5x
concentration strength of NED. The fifth well was left uncoated,
and the subsequent three wells were coated with 1x, 2.5x, and
5x concentration strengths of Griess reagent. These strips with
reagent solutions were left to dry at 30 °C for 60 minutes in
a vacuum concentrator (Eppendorf, Hamburg, Model No.: 5305).
The protocol was chosen to achieve uniform reagent coating on
a strip surface while simultaneously reducing drying time
without substantially compromising the reagent's activity.”****
The reagent needed to be coated and, hence, dried on the surface
of a microassay strip well. With the limited surface area avail-
ability of 0.28 cm?, the uniform drying of the enzyme solution
becomes essential. This ensures maximum interaction with
distilled water for activation, reducing the time required for
detection of adulteration by quick color change. These imperative
pointers help in the production of uniform reagent-covered
diagnostic test strips and other similar applications thus avoid-
ing false positive test results. After drying, the reagent-coated
wells were covered with cello tape and stored at 4 °C.

A

Immobilization of
Strep-HRP on
polystyrene strips

-

Optimization of
dilution ratio
for Strep-HRP

e

(1. en ) N
( 1 50 / \
_~ Does the ™~
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Fig. 2 Protocol for detection of HP in cow milk using immobilized Strep—HRP.
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2.5.2 Comparison of NED and Griess reagent-coated strips
for nitrite detection. Two of the above-prepared strips were
taken. In the strips, 147 uL distilled water was added to wells
coated with NED, and 297 uL distilled water was added to wells
coated with Griess reagent, and the strips were incubated at
room temperature, 26-28 °C, for 15 minutes. After 15 minutes,
150 pL sulfanilamide was added to strips coated with NED. 3 pL
of sodium nitrite from 1 mM stock solution was added to each
well. The development of pink color was observed, and the
absorbance was recorded at 540 nm. The strips were used again
to assess reusability and determine the number of days the
reagents remained stable with or without PEG.

2.5.3 Detection of nitrite using Griess reagent-coated wells.
Griess assay was performed using varying concentrations of
sodium nitrite to obtain a standard graph. 1 mL of 1 mM stock
solution of sodium nitrite was prepared. For a standard graph,
142 pL of 1x NED and 2-8 pL of sodium nitrite solution were
added in each well except the first one, which was left blank.
The strip was incubated for 5 minutes, and then 150 uL of 1x
sulfanilamide was added to the well. Instantaneous develop-
ment of pink color was observed. Absorbance was recorded at
540 nm. For performing a standard assay using coated Griess
reagent, 292 nL of distilled water was added to the wells with
coated reagent, and the strip was incubated for 10 minutes. 2-8
pL of 1 mM sodium nitrite was added to each well, except the
first one that was left uncoated, and the strip was incubated at
room temperature, 26-28 °C, for 5 minutes for the color to
develop. Absorbance readings were taken at 540 nm. The same
protocol was followed for detecting nitrite in cow milk samples
using strips coated with Griess reagent to which PEG was added
for reagent stabilization. The polystyrene strips were rinsed with
distilled water, covered with cellophane tape, and stored at 4 °C.
The developed method for the nitrite sensor is summarized in
Fig. 3:

The following schematic provides a diagrammatic visuali-
zation of the working of the adulterant sensing methods (Fig. 4):
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3 Results and discussion

The experiments for qualitative and quantitative hydrogen
peroxide and nitrite measurements using the developed kit
were performed in triplicates. 11 Samples procured from
Hyderabad and Pilani were used for the study. Statistical anal-
ysis of the results was performed using IBM SPSS 29.0.2.0
software. The variance was calculated using ANOVA for two
factors with replication.

3.1 Toxicity prediction using ProTox - III

The toxicity assessment of a compound based on ProTox - III
offers insights into its specific effects on organs and organ
systems. Based on selections, reports were generated for
hydrogen peroxide and sodium nitrite, presented in Fig. 5a and
b, illustrating their observed toxicity in human organs and
organ systems.

The findings indicated that hydrogen peroxide belongs to
class IV with an LDs, value of 376 mg kg™ ', while sodium nitrite
was classified under class II, with an LD, value of 434 mg kg™ .
This suggests that significant harm is likely with regular
consumption of these compounds relative to body weight.
Moreover, the reports were scrutinized to discern potential
toxicities depicted in the prediction model as active probabili-
ties. Referring to Fig. 5a and b, it is evident that hydrogen
peroxide contributes to ecotoxicity, while sodium nitrite can
cause immunotoxicity, mutagenicity, and ecotoxicity. These
predictions are based on probability and structural resem-
blance among toxic components or molecules referred to as
analogs, with effects varying depending on human anatomy and
genetics.**

3.2 Preliminary testing of cow milk samples for hydrogen
peroxide and nitrite using NDDB kit

As a preliminary detection using the hydrogen peroxide reagent
provided in the NDDB kit, no red color developed for any of the
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Fig. 3 Protocol summary for detection of nitrite using fixed Griess reagent stabilized with PEG.
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fresh cow milk samples, confirming that no added hydrogen
peroxide was present.*” Different intensities of red color were
observed for spiked samples, confirming the addition of
peroxide. Dilution of cow milk with pond or tap water indirectly
adds nitrites to cow milk.*® Upon addition of pond water
detection reagent from the NDDB kit, none of the cow milk
samples developed a blue color. However, samples spiked with
0.2-1 mM sodium nitrite developed an increasing intensity of
blue color, confirming the adulteration with nitrite.

3.3 Qualitative and quantitative detection of hydrogen
peroxide using immobilized HRP strips

The HRP is a specific enzyme for detecting hydrogen peroxide in
the presence of TMB as its substrate. The tagging of streptavidin
with HRP increases its specificity for detection. Hence, a very
low enzyme concentration is enough to detect hydrogen
peroxide.** The reaction can be summarized as follows:

Colorless TMB

horseradish peroxidase
- -

+ hydrogen peroxide blue colored TMB

Optimizing the concentration of streptavidin-HRP is critical
to efficiently detect hydrogen peroxide in cow milk. Immobi-
lizing a higher concentration of streptavidin-HRP does not
provide efficient results as the ratio between substrate and
enzyme needs to be optimum for detection. Different dilutions
of Strep-HRP in the range of 1:50-1:1600 were used to
understand the best dilution ratio for the development of

© 2025 The Author(s). Published by the Royal Society of Chemistry

a reusable hydrogen peroxide detection kit. Two assays were set
up in parallel to optimize the following:

(a) The first would confirm the most effective Strep-HRP
dilution ratio for optimum color development in 10 minutes,
further ensuring the developed color's stability for approxi-
mately an hour (60 minutes).

(b) The subsequent assays would help determine the number
of times a single well with immobilized Strep-HRP could be
used for efficient hydrogen peroxide detection.

Fig. 6a depicts the results of the first assay. Dilutions 1:50
and 1:100 were highly concentrated for hydrogen peroxide
detection, and the results obtained did not give the desired cyan
color. Instead, the change was relatively quick from cyan to dark
green to colorless, which could not be recorded in real-time.
Hence, Fig. 6a does not include the results for these two dilu-
tions. From Fig. 6a, it can be deduced that the color change was
quick for 1:200 dilution of Strep-HRP, and the highest
optimum cyan color absorbance was recorded within four
minutes. However, the color intensity later reduced. Among the
dilution ratios 1:400, 1:800, and 1:1600, the best develop-
ment time was observed for the 1:400 ratio. Within seven
minutes, the highest absorbance for cyan color was obtained,
and it remained stable for the next three minutes, and on
further incubation, the color continued to remain so. This
might be due to the stable nature of Strep-HRP and the
optimum substrate-to-enzyme ratio required for best
detection.”

Repetitive assays were performed with different immobilized
Strep-HRP dilutions to optimize the reusability of the detection

RSC Adv, 2025, 15, 1577-1589 | 1583
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strip. The results of these assays are depicted in Fig. 6b.
Immobilization of 1:50 and 1: 100 dilutions resulted in quick
color change followed by rapid loss of enzyme upon washing the
well for reuse, whereas for 1:200-1:1600 dilutions, optimum
cyan color was developed that remained stable.*® Washing the
used wells and reusing them for detection helped conclude that
optimally, only three uses were possible with the immobiliza-
tion of a 1:400 ratio of Strep-HRP dilution. Rapid enzyme loss
and degradation were observed for 1:50, 1:100, and 1:200
Strep-HRP dilutions, whereas the color development was
extremely slow for 1:800 and 1:1600 dilutions after the wash.

From the results in Fig. 6a and b, it can be concluded that the
dilution 1:1600 did not have an optimum enzyme concentra-
tion to detect hydrogen peroxide. In contrast, dilutions 1 : 200,
1:400, and 1:800 could be compared for their activities and
stability of developed color. Two-factor ANOVA analysis was
done for the samples using SPSS software, and the results have
been summarized in Fig. 6c¢. For the kit to be considered stable,
dilution 1:400 seemed appropriate, with the least standard

1584 | RSC Adv, 2025, 15, 1577-1589

deviations among the results and clear variability. Although for
1:800 dilution, the results were optimal, the development of
color was slow, and even after 10 minutes, it was not stable. At
1:200, the developed color began fading after 5 minutes and
hence could not be considered for stability. Thus, 1:400 dilu-
tion was finalized for the hydrogen peroxide detection strip.
After the dilution of 1:400 was finalized for Strep-HRP
immobilization, the performance efficacy of the enzyme solu-
tion was compared with that of the immobilized enzyme strip,
as depicted in Fig. 6d. Based on the standard curves obtained
while testing the standard hydrogen peroxide stock solution,
the R*> values were optimal for the Strep-HRP solution and
immobilized Strep-HRP 1:400 dilution ratio. Immobilized
Strep-HRP provided the absorbance results with a better R
value (=0.97) for 1:400 dilution, while the other dilutions, 1 :
800 and 1 : 1600, were comparatively inefficient. Lastly, the shelf
life and stability of the developed strip are essential for
a consumer. Hence, assays were performed every alternate day
to check the detection efficiency of the strip with immobilized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Results of streptavidin—HRP immobilization for hydrogen peroxide detection — (a) time taken for optimum color development for
different Strep—HRP dilutions; (b) optimization of Strep—HRP dilution based on the number of uses/well; (c) ANOVA results for optimum dilutions
and time taken for color development; (d) standard curves comparing the efficiency of hydrogen peroxide detection using Strep—HRP solution
and immobilized Strep—HRP; (e) shelf life and stability assessment of the immobilized Strep—HRP kit for hydrogen peroxide detection.

Strep-HRP. From Fig. 6e, it is concluded that at 4 °C, the strip is
functional at its best. In contrast, detection efficiency was found
to slowly reduce over 25 days when stored at room temperature
in the range of 24-28 °C.*

Based on the results obtained, Fig. 7 indicates the working of
the Hydrogen Peroxide Detection Kit. The spiked cow milk
samples have been tested using the designed kit.}*”

{ Indian patents with application no. 202411034469 and 202411043404,
incorporating parts of this work, were filed on 30th April and 4th June 2024,
respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.4 Qualitative and quantitative detection of nitrite using
strips coated with Griess reagent

When a sample containing sodium nitrite is added to the Griess
reagent, it forms a magenta-pink-colored azo dye, and the
absorbance is recorded at 540 nm.

Griess reagent

Colorless sample magenta pink colored azo dye

_—
NED+-sulfanilamide

To detect the presence of water in cow milk samples, indirect
determination of the presence of nitrite is optimized by using
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Fig. 7 Testing of spiked cow milk samples for hydrogen peroxide
using immobilized Strep—HRP kit.

the Griess assay. The detection consists of the following two
aspects:

(a) Determining the concentration of Griess reagent to be
coated.

(b) The presence or absence of stabilizing agent to assess
reusability of the Griess reagent coated strip.

To detect nitrite in the samples, a comparison was made to
assess the detection efficiency of NED-coated strips against
those coated with the Griess reagent. However, the efficiency of

View Article Online
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colour development followed by optimal absorbance was found
to be better for Griess reagent-coated strips, and hence, the
study was optimized accordingly.

Fig. 8a and b depict the efficiency of detecting sodium nitrite
standards using 1x Griess reagent solution against different
coated concentrations of Griess reagent coated at concentra-
tions of 1x, 2.5%, and 5x. On comparison, it was observed that
the assay performed using 1x solution had a very high detection
efficiency with an R* value of 0.99, whereas an optimal R* value
of 0.98 was obtained for 1x coated reagent. R* values for other
concentrations, 2.5x and 5Xx, were not comparable and hence
disregarded for consideration. Inverse variation between the
reagent concentration and absorbance values signifies that the
number of molecules of the reagent is far more than the
number of molecules of the substance available for interaction,
and hence, the absorbance is lower.?®

Assays were performed to assess the stability and reusability
of the wells coated with 1x Griess reagent. Fig. 8c depicts that
the best detection was attained when the coated Griess reagent
was stabilized with 6% PEG. When the well was coated with
Griess reagent without PEG, the absorbance values in the
second use dropped considerably. Coating with NED was
another option. However, the absorbance values were lower
when compared to the coated Griess reagent. The use of PEG as
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Fig. 8 Results of Griess reagent coating and stabilization for nitrite detection — (a) standard curve for detection of nitrite using 1x Griess reagent
solution (b) standard curves for detection of nitrite using coated Griess reagent of different concentrations 1x, 2.5x, 5x (c) assessment of stability
of coated Griess reagent for usage in presence and absence of PEG as stabilizing agent (d) ANOVA results for assessment of standard deviation
and optimum number of reuses of coated Griess reagent of different concentrations.
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Fig. 9 Testing of spiked cow milk samples for nitrites using PEG
stabilized Griess Assay kit.

a stabilizer allowed reusing the well optimally up to 3 times,
wherein the third time results were not quantitative but could
provide an understanding of the presence or absence of nitrite,
and the fourth time results could not be considered for any
color change and hence were termed as redundant. These
observations, with a reduction of absorbance values and two
optimal reuses of the well, were due to the washing of wells after
every detection assay and, hence, the loss of coated reagent.*

The strip coated with Griess reagent and stabilized with PEG
was finalized for nitrite detection. However, ANOVA analysis for
samples revealed that the concentration of 1x or 2.5x would be
optimal for detection, as depicted in Fig. 8d, and there was no
significant difference in detection values. However, 1Xx
concentration would be preferable for cost efficacy and reduced
reagent loss. Further, each well could only be used twice to
attain recordable results for nitrite detection. The graph shows
a 50% retention of Griess reagent activity after the first use. The
activity loss was observed to be 24.5%, 37.6%, and 41% for 1x,
2.5%, and 5x concentrations of coated Griess reagent, respec-
tively, after the first use. Hence, 1x proves to be justifiable for
coating.

Finalization of strength for Griess reagent coating as 1x with
stabilization achieved using 6% PEG resulted in a reusable
sensor strip to detect nitrite in cow milk samples. The func-
tioning of the nitrite kit is depicted in Fig. 9 with the strip
coated with different concentrations of Griess reagent with cow
milk samples spiked with increasing concentrations of sodium
nitrite.;*® Hence, the evident increase in azo dye formation with
a deeper magenta-pink color.

4 Conclusion

Cow milk adulterated with hydrogen peroxide was tested using
the HRP-TMB method, while nitrite adulteration in cow milk
was tested using the Griess assay. These reactions provide
qualitative detection of the adulterants by color change and
determine the concentration of the adulterants with an absor-
bance reading of the color intensity at specific wavelengths. The
intensity of color development in the end step of the reaction
was compared with the control sample, which provided a visual
idea of the presence of hydrogen peroxide and nitrite in the cow
milk. The methods were optimized for the following factors: (i)
optimization of Strep-HRP concentration immobilized on
polystyrene strips for hydrogen peroxide detection, (ii) optimi-
zation of concentration of Griess reagent to be coated with
a stabilizer for nitrite detection, (iii) time of incubation for
quick detection, and stability of color and (iv) days for which the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strips can be stored and reused. Although Strep-HRP can be
immobilized on a different strip and similarly for coating Griess
reagent, these two can also be presented over a single 8-well
strip with 4 wells dedicated to each adulterant detection, hence
making the kit novel with two biochemical assays being per-
formed on a single platform. The Strep-HRP complex - TMB
substrate combination was optimized to identify hydrogen
peroxide levels up to 0.04% (v/v), which signifies sensitivity of
detecting peroxide concentrations of 13 mM and above. Hence,
the limit of detection for the hydrogen peroxide kit was found to
range from 1.4-5.9 ug mL ™", In the biosensor setup for nitrite
detection, optimization of the Griess reagent followed by
stabilization with polyethylene glycol (PEG), enabled the
detection of concentrations of nitrite at 32 ug mL~" and above.
The assay is sensitive to detect nitrite up to 37 pM concentra-
tion; hence, the detection limit for the kit was found to be in the
range of 25-185 ng mL . The strips were robust enough to
support the detection of hydrogen peroxide for over 25 days with
three times the reusability of a single well and that for the Griess
reagent for around 10 days, with the reusability of each well up
to two times. The detection efficiency of both strips was more
than 95%. Although the wells were reusable for assays, under
certain conditions, e.g., washing off of the well with phosphate
buffer after use, improper storage of the strips at inappropriate
temperatures, blocking off the active sites if the strip is used for
detecting adulteration of skimmed cow milk, change in the pH
of reagents used for detection were some of the most common
reasons due to which detection activity might get inhibited.
However, developing these strips to detect hydrogen peroxide
and nitrite would help many people understand the quality of
cow milk they consume. The nitrite detection strip would help
solve the significant problem of adding pond or tap water to cow
milk in areas where unorganized sectors carry out the distri-
bution. It can be of great assistance to check for cow milk
quality at various transport stages from farm to home, thus
achieving the end goal of food safety.
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