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A competitive lateral flow immunoassay using amorphous carbon nanoparticles (CNPs) and non-
immunoglobulin antigen has been developed for the rapid detection of adulteration of cow’s milk with
buffalo’s milk. Purified polyclonal antibodies against a specific buffalo’s milk protein fraction were conjugated to
CNPs and sprayed on a conjugate pad. The test line consisted of buffalo’s skimmed milk proteins (1.6 pg/cm),
while the control line contained anti-rabbit antibodies raised in goat (0.5 pg/cm). In the test procedure milk

sample is mixed with 100 mM borate buffer (pH 8.8 containing 1% BSA and 0.05% Tween 20) and pipetted onto
the sample-cum-conjugate pad. A black/grey test line can be observed if the sample is free from buffalo’s milk.
The sensitivity of the test i.e. no visible test line is 5% adulteration of cow’s milk with buffalo’s milk. The test has
applicability at the milk receiving stations and can be applied to heated milk samples.

1. Introduction

Lateral flow immunoassay (LFIA) has been established as an effective
analytical tool in the health sector for the rapid diagnostic of various
physiological conditions (van Amerongen, Veen, Arends, & Koets,
2018). Being a rapid technique, LFIA is also finding applications in
monitoring the quality of raw food material. The technique is of
immense use to assess the quality of perishable foods such as milk and
meat prior to their processing. Lateral flow immunoassays have been
developed for rapid detection of, e.g. antibiotics residues (Lata, Sharma,
Naik, Rajput, & Mann, 2016; Naik, Sharma, Mann, Lata, Rajput, &
Surendra Nath, 2017), aflatoxin M1 (Anfossi et al., 2013; Wang et al.,
2018), melamine (Zhong et al., 2016) microbial toxin (Upadhyay &
Nara, 2018) and allergens (Wang et al., 2015) in milk. LFIA has also
been applied for rapid detection of adulteration of soymilk in bovine
milk (Gautam, Sharma, Lata, Rajput, & Mann, 2017). In recent times,
this technique has also found applications for species authentication of
milk because milk from some species is being marketed at premium
prices due to perceived health effects, for their typical sensory properties
or due to their intended use (Genis, Sezer, Bilge, Durna, & Boyaci, 2020;
Ullah, Khan, Ali, & Bilal, 2020).

* Corresponding author.

The species authentication of milk is also a requirement of regulatory
bodies of many countries. The European Union has regulation (Euro-
pean Union Regulations, 2018) for the detection of cow’s milk compo-
nents in cheese made from milk of minor species. The Indian regulatory
authority has defined standards of milk of different species such as cow,
buffalo, goat, sheep and camel (FSSAI Regulations, 2011) to regulate
their sale to consumers. This has led to price variations in milk of various
species and thus encourages admixing of one species of milk with
another. This is a type of economically motivated adulteration and
although such mixing may not affect food safety, but it leads to mis-
labelling and thus compromises consumers’ preference. India is the
largest producer of buffalo’s milk contributing to 49% and the second-
largest producer of cow’s milk contributing to 47% of the total milk
production of 187.7 million tons (DAHD Report, 2019). Almost all the
constituents in buffalo’s milk have higher levels than in cow’s milk. It is
nearly twice as rich in fat and about 30% higher in total solids than
cow’s milk. The differences in chemical constituents and physico-
chemical properties of both cow’s and buffalo’s milk make them suit-
able for certain specialized products (Aneja, Mathur, Chandan, &
Banerjee, 2002). Most of the well-known cheese varieties in the world
are normally produced from cow’s milk (Arora & Khetra, 2017).
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Further, cow’s milk yields a soft coagulum, making it suitable for
preparation of Chhana which is used as the main ingredient for some of
the Indian dairy sweets like sandesh, rasogolla, rasmalai, etc. There has
also been a shift in the preference of consumers for cow’s milk over
buffalo’s milk due to various reasons including therapeutic aspects and,
therefore, some leading dairy companies in India are exclusively mar-
keting liquid cow’s milk (Das, 2015; ICICI Securities, 2018). To cater the
demand of cow’s milk, addition of water to buffalo’s milk and passing it
as a cow’s milk, i.e. 100% adulteration, is being practiced (Sharma,
Rajput, & Barui, 2013). Dairy industries as well as regulatory bodies are
looking for simple and rapid methods for the detection of buffalo’s milk
in cow’s milk supplies. In the past, tests have been developed for
detection of buffalo’s milk in cow’s milk which include a PCR-based test
(De et al., 2011) and an agglutination assay (Verma, 2019). LFIAs have
been developed for the detection of the presence of cow’s milk in goat’s,
sheep’s or buffalo’s milk (Galan-Malo, Mendiara, Razquin, & Mata,
2018; Liu et al., 2019). These LFIA have been developed using gold
nanoparticles (AuNPs) by using antibodies that had been raised either
against bovine immunoglobulin (Galan-Malo et al., 2018) or casein (Liu
et al., 2019). The use of carbon nanoparticles (CNPs) in LFIA has not
been broadly exploited. Earlier, it has been reported that use of CNPs as
label in LFIA increased the signal-to-noise ratio which has been mainly
attributed to contrast of dark black colour of carbon against white
nitrocellulose membrane (Aktas, Wichers, Skouridou, van Amerongen,
& Masip, 2019; Posthuma-Trumpie, Wichers, Koets, Berendsen, & van
Amerongen, 2012).

In this research article, a buffalo’s milk specific protein fraction has
been isolated for raising polyclonal antibodies and a LFIA has been
developed using amorphous CNPs. The main aim of the present research
work was the development of a rapid and sensitive LFIA by employing
antibodies raised against the buffalo’s milk protein fraction using CNPs
as label agent. These antibodies can detect the presence of buffalo’s milk
in cow’s milk at less than a 5% adulteration level.

2. Materials and methods
2.1. Materials

Glass fiber based sample-cum-conjugate pad (Grade 8951) and cot-
ton linter fiber based absorbent pad (Grade 270) were obtained from
Ahlstrom-Munksjo, Helsinki, Finland. Three different types of nitrocel-
lulose membrane used in the study were purchased from GE Healthcare
Life Sciences, Pittsburgh, PA, USA (FF80HP and FF120HP) and Sartorius
Stedim Biotech, Gottingen, Germany (UniSart CN 140). Amorphous
CNPs (carbon black) were from Orion Engineered Carbons, Houston, TX,
USA. Goat anti-rabbit IgG (Fc fragment specific) was obtained from
Jackson Immuno Research, Inc. West Grove, PA, USA. Goat anti-rabbit
antibodies conjugated with horseradish peroxidase (anti-rabbit
IgG-HRP), 3,3,5,5'-tetramethylbenzidine (TMB), boric acid, sodium
tertraborate, trehalose, bovine serum albumin (BSA) (heat shock frac-
tion, protease free), albumin from chicken egg white (OVA) were pur-
chased from Sigma-Aldrich, St. Louis, Missouri, USA. Throughout the
study, Type I water (<18.2 MQ cm) was used (PURELAB® Water Puri-
fication System, ELGA Lab Water, High Wycombe, UK). Pure buffalo’s
milk and cow’s milk samples were collected from the Livestock Research
Center, ICAR-National Dairy Research Institute, Karnal, India. Pooled
milk samples were collected and brought into the laboratory in glass
bottles and stored at 4 °C and were used within 24 h.

2.2. Preparation of anti-buffalo polyclonal antibodies against a buffalo’s
milk specific protein fraction

Polyclonal antibodies were raised against buffalo’s milk’s specific
protein fraction as per the protocol suggested by Jairam and Nair (1980)
with modification. In brief the modified method is as follows:
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2.2.1. Isolation of buffalo’s milk specific protein (antigen) and its
characterization

Whole buffalo’s milk was centrifuged (Sigma 3 K15, Osterode am
Harz, Germany) at 3000xg (4 °C for 30 min) and cream plug formed at
the top was carefully removed and discarded. Thirty millilitres of
skimmed milk thus obtained was centrifuged (Sigma 3K15, Osterode am
Harz, Germany) at 10,700xg (4 °C for 30 min). The supernatant was
discarded and the protein pellet obtained was re-suspended in the same
volume of water. The preparation was stored at 4 °C and was used for
immunization of rabbits. For comparison, a similar kind of preparation
was also prepared using cow’s milk. The protein content in the prepa-
ration was estimated using the Kjeldahl method (ISO 8968-4, 2016).

2.2.2. Preparation of anti-buffalo polyclonal antibodies

Adult male albino rabbits (New Zealand White) with body weights
ranging from 1.5 to 2 kg were used for the production of polyclonal
antibodies using the buffalo’s milk specific protein as the immunogen.
Immunization was done for 6 weeks on three consecutive days in a week
using both intravenous (i/v) and intraperitoneal (i/p) routes. In the first
week, the immunogen was injected via the intravenous route 0.5 mL on
day 1, 2 and 1.0 mL on day 3. In the second week, 1.0 mL on day 1 via
the intraperitoneal route, subsequently 1.0 mL and 1.5 mL i/v on day 2
and 3. In the third week, 1.5 i/p, 1.5 i/v and 2.0 i/v on day 1,2,3,
respectively. In the fourth week: 2.0 (i/p), 2.0 (i/v) and 2.5 (i/v) on day
1, 2 and 3. In the fifth week: 2.5 (i/p), 2.5 (i/v) and 3.0 (i/v) on day 1, 2
and 3. Sixth week: 3.0 (i/p), 3.0 (i/v) and 3.5 (i/v).

Blood samples from each rabbit were collected prior to immuniza-
tion as well as after the 4th week of immunization in 15 mL sterile falcon
tubes and kept undisturbed at 4 °C for 12 h. The tubes were then
centrifuged at 1200xg (Kubota, Tokyo, Japan) to get the red blood cells
settle down and the obtained antiserum was tested for titre by mixing it
with an equal amount of diluted (1:10, aqueous) buffalo’s and cow’s
skimmed milk on a glass slide. The formation of an agglutination reac-
tion within 15-20 s confirmed the formation of antibodies and the im-
munization was continued for the rest of the rabbits for subsequent
weeks.

After the completion of immunization schedule, blood samples were
collected and serum was prepared as described above. The IgG fraction
of the anti-buffalo antiserum was purified using a protein A column
(Miller & Stone, 1978).

2.2.3. Quality of anti-buffalo antibody preparation

The quality of the prepared anti-buffalo antibodies was assessed
using an enzyme-linked immunosorbent assay (ELISA) (Lata et al.,
2016). Dilutions of antiserum, purified antibody and pre-immune serum
were made (1:100, 1:200, 1:500, 1:1000, 1:2000, 1:4000 and 1:8000,
1:16,000) and these dilutions were added to wells of a microtiter plate
coated with 100 pL buffalo’s milk specific protein fraction (0.6 pg/mL),
followed by washing and addition of anti-rabbit IgG-HRP. After removal
of unbound anti-rabbit IgG-HRP, TMB substrate was added to develop
the colour and the absorbance reading was done at 450 nm in microplate
reader (Infinite F200Pro, Mannedorf, Switzerland).

2.3. Conjugation of anti-buffalo antibodies to amorphous CNPs

A 1% aqueous suspension of amorphous CNPs was sonicated in ul-
trasonic bath (VWR Singapore Pte Ltd. Singapore) for 1 h at 40 KHz at
room temperature. Subsequently, a 0.2% carbon suspension was pre-
pared in borate buffer (5 mM, pH 8.8) and the preparation was sonicated
for 5 min (Bioruptor Plus, Diagenode SA, Seraing, Belgium). For
conjugation the purified anti-buffalo antibody preparation was desalted
using 0.5 mL spin columns (7 K MWCO, Zeba Spin Desalting Columns,
Thermo Scientific, Rockford, USA). Protein content in the desalted
preparation was 1.85 mg/mL estimated using the spectrophotometer
(DeNovix DS-11 FX, Wilmington, USA). One millilitre of 0.2% carbon
suspension was mixed with the purified antibody preparation (protein:
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1.85 mg/mL) to a final protein concentration of 350, 175, or 87.5 pg/
mL. The content was stirred at 4 °C for 12 h on a magnetic stirrer and
subsequently centrifuged at 13636 x g (4 °C, 15 min, Sigma 2 K15,
Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany). The
pellet was washed three times with washing buffer (borate buffer, 5 mM,
pH 8.8 containing 1% BSA) and suspended in 100 mM borate buffer (pH
8.8 containing 1% BSA). The conjugate was stored at 4 °C until further
use. Conjugation of CNPs with anti-buffalo antibodies was verified by
running the lateral flow assays strips containing a control line having
goat anti-rabbit IgG (0.25 mg/mL) in 100 mM borate buffer (pH 8.8
containing 1% BSA and 0.05% Tween 20). .

2.4. Optimization of parameters for the preparation of lateral flow assay
Strips

For optimization of the lateral flow assay for detection of buffalo’s
milk in cow’s milk, several parameters were studied by using half-lateral
flow (HLF) assay strips. HLF strips were prepared on backing cards
having a pressure sensitive adhesive and consisting of a 2.5 cm nitro-
cellulose membrane (FF80HP) and 3.5 cm absorbent pad. First of all,
nitrocellulose membrane was pasted on a backing card followed by
pasting an adsorbent pad that overlapped 2 mm on the nitrocellulose
membrane. Firm and reproducible attachment was accomplished by
using a laminator (LM5000™ Clamshell Laminator, Biodot Inc., Irvine,
CA, USA). The architecture of the HLF strip is given in the Supplemen-
tary Data section. The test line (diluted buffalo’s skimmed milk con-
taining various concentrations of milk protein) was dispensed on the
nitrocellulose membrane by a Linomat IV TLC dispenser (Camag, Mut-
tenz, Switzerland) at a distance of 14 mm from the origin of the nitro-
cellulose membrane. Finally, 5 mm wide strips were cut using a
programmable cutter (CM5000™ Guillotine Cutter, Biodot Inc., Irvine,
CA, USA) and packed in aluminum pouches (Nefab, Barneveld, The
Netherlands) along with silica desiccants (Multisorb Technologies, Inc.,
NY, USA). The strips were stored at room temperature until use.

2.5. Detection of buffalo’s milk in cow’s milk using HLF assay strip

Cow’s milk was spiked with buffalo’s milk in the range of 1 to 100%.
Ten microliters of such prepared samples were added to 80 pL 100 mM
borate buffer (pH 8.8 containing 1% BSA and 0.05% Tween 20) in a well
of a microplate assay plate. Prior to the assay, 10 pL ten times diluted in
100 mM borate buffer (pH 8.8 containing 1% BSA and 0.05% Tween 20)
carbon colloidal conjugate containing different levels of anti-buffalo
antibodies was added to this mixture. Prepared HLF strips were placed
in the well of a microwell assay plate. After 10 min the test line was
visually inspected and the strips were scanned using flatbed scanner
(Epson Perfection V600 Photo, Seiko Epson Corporation, Nagano,
Japan) at an 8 bit grayscale and a resolution of 1220 dpi. The intensity of
the test line was evaluated using the TotalLab Quant (TotalLab Ltd.,
Newcastle-Upon-Tyne, UK) in terms of total pixel grey value. Subse-
quently, pixel grey value per unit area was calculated by dividing the
total pixel grey value by the test line pixel area. Each test was repeated
three times and the absence of a visually perceptible test line was taken
as the detection limit.

2.6. Preparation of complete lateral flow (CLF) assay strips

Different segments of the lateral flow assembly were pasted on a
backing card having a pressure sensitive adhesive (Gautam et al., 2017)
using the laminator. Anti-buffalo antibody-carbon nanoparticle conju-
gate diluted with dilution buffer (100 mM, borate buffer, pH 8.8, con-
taining 1% BSA and 3% Trehalose) was sprayed (20 pL/cm) on a
conjugate pad by using a Biodot Dispense Platform (Biodot Inc., Irvine,
CA, USA). Test line (diluted buffalo’s skimmed milk containing 400 pg/
mL protein) and control line (anti-rabbit antibodies raised in goat having
a protein concentration of 250 pg/mL) were dispensed on the
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nitrocellulose membrane by a Linomat IV TLC dispenser (Camag, Mut-
tenz, Switzerland). Finally, 5 mm wide strips were cut using a pro-
grammable cutter and packed in aluminum pouches (Nefab, Barneveld,
The Netherlands) along with silica desiccants (Multisorb Technologies,
Inc., NY, USA). The strips were stored at room temperature until use.

2.7. Detection of buffalo’s milk in cow’s milk using CLF assay strip

Cow’s milk was spiked with buffalo’s milk in the range of 1 to 100%.
The fractions were ten times diluted in 100 mM borate buffer (pH 8.8
containing 1% BSA and 0.05% Tween 20). One hundred microliter of
diluted sample was dispensed on the sample-cum-conjugate pad of the
lateral flow strip that had been placed in a plastic cassette. After 10 min
strips were removed from the cassettes and bands at the test and control
lines were visually inspected and scanned and the detection limit was
assessed as described earlier (Section 2.5).

3. Results and discussion

3.1. Preparation of polyclonal antibodies against the buffalo’s milk
protein fraction

The development of LFIA for the detection of buffalo milk in cow
milk is summarized in Fig. 1. One of the most important steps in the
development of an immunoassay is the preparation of robust and spe-
cific antibodies against the analyte of interest. In the past various anti-
genic fractions of buffalo’s milk like skimmed milk, micellar casein,
individual caseins (Jairam & Nair, 1980) and sedimented buffalo’s milk
specific protein fraction (Verma, 2019) were used by different re-
searchers for the production of antisera to develop a test for the detec-
tion of buffalo’s milk as an adulterant in cow’s milk. Agglutination assay
was developed for the detection of buffalo milk in cow’s milk using these
antisera (Verma, 2019). Based on these earlier findings, in the present
study, a specific buffalo’s milk protein fraction has been used for raising
antibodies. This protein fraction was obtained from 30 mL skimmed
buffalo’s milk by centrifugation at 10,700xg for 30 min at 4 °C. The
pellet was collected and resuspended in 30 mL water. The protein con-
tent in this diluted fraction was found to be 3.0 + 0.3 mg/mL. This
protein fraction of buffalo’s milk was used for raising polyclonal anti-
bodies in rabbits. The identification of the specific proteins in this
buffalo’s milk fraction (pellet) is part of another study.

Antiserum collected after 4 weeks was subjected to agglutination
reaction with diluted buffalo’s and cow’s milk and results are presented
in Fig. 2A. The result clearly indicates the agglutination reaction of
antiserum with buffalo’s milk and not with cow’s milk, which confirms
the specificity of the antiserum towards buffalo’s milk. The agglutina-
tion reaction of the antiserum with buffalo’s milk occurred within 5 sec
while cross-reactivity of the antiserum was not observed with cow’s milk
even up to 15 min. Similar results were also observed in immunodiffu-
sion experiment (Fig. 2B) wherein the formation of precipitating lines of
the antiserum with either pure buffalo’s milk or its mixture with cow’s
milk at various levels was observed. This indicates the specific reaction
of the antiserum with buffalo’s milk. Whereas, no precipitating line was
observed with pure cow’s milk. Further, it may be noted that the in-
tensity of the precipitating lines decreases with the decreasing quantity
of buffalo’s milk in the mixture. Following the full immunization
schedule of the rabbits, the total pool of antiserum was subjected to
protein A affinity chromatography for purification of the IgG fraction
and the protein content of the purified antibodies was found to be 1.82
=+ 0.05 mg/mL. The quality of these anti-buffalo antibodies was checked
by indirect ELISA. For comparison, pre-immune serum and antiserum
were also taken and the results are presented in Fig. S1. It is clear that,
pre-immune serum had little activity towards the target analyte. On the
other hand, in the case of antiserum and purified antibodies, absorbance
values were around 0.87 and 0.72, respectively at zero dilution and
decreased with dilutions. This indicated that antibodies in the antiserum
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Fig. 1. Summary of development of lateral flow immunoassay for detection of buffalo’s milk in cow’s milk.

B

Fig. 2. Checking the quality of antiserum. A. Incubation of equal volumes of
the antiserum raised in rabbit against the protein fraction isolated from
buffalo’s milk with diluted (1:10) skimmed milk from cow (1) and buffalo (2)
milk. Agglutination can be seen for buffalo’s milk, B. Analysis of the interaction
between the antiserum raised in rabbit against the protein fraction isolated
from buffalo (a) and buffalo’s skimmed milk (b), cow’s skimmed milk (c),
buffalo’s skimmed milk mixed with cow’s skimmed milk (50:50) (d), and
buffalo’s skimmed milk mixed with cow’s skimmed milk (25:75) (e).

as well as in the affinity purified preparations have reacted with the
target analyte i.e. the buffalo’s milk protein fraction which had been
coated onto the wells of the ELISA plate.

3.2. Development of the LFIA for the detection of buffalo’s milk in cow’s
milk

In this study, we developed a competitive format of the LFIA because
preliminary results did not provide satisfactory results with the sand-
wich format. The design of the competitive LFIA was similar to design

described earlier (Gautam et al., 2017). One of the main steps in the
development of this LFIA was the successful conjugation of antibodies to
a coloured label and we have used colloidal carbon in this study. For
initial experiments wherein antibodies and antigen loading on CNPs and
test line, respectively, were optimized, only lateral flow strips with
nitrocellulose membranes and absorbent pads were used, the so called
HLF strips (Fig. 3A). To reduce development time, sample pad as well as
conjugate pad were not used in these prepared HLF strips. Optimization
studies were done in the wells of a microtitre plate containing diluted
sample as well as carbon nanoparticles-antibody conjugate (CNP-C). The
percent buffalo’s milk in cow milk, where the test line was absent, was
taken as the sensitivity of the assay. Test line intensities that were
significantly less than the intensity of the 100% cow’s milk control could
be interpreted as adulterated with a percentage between the test sig-
nificance level and the absolute sensitivity of the test.

3.2.1. Optimization of antibody loading on CNPs using HLF

For the development of the LFIA for the detection of buffalo’s milk in
cow’s milk, antibodies against a specific buffalo’s milk protein fraction
were conjugated with CNPs. Such CNPs have been used in our laboratory
(Wageningen laboratory) from 1993 onwards (van Amerongen et al.,
1993) and were reported to have a size range of 160-180 nm (Aktas
et al.,, 2019). The size is larger than the conventionally used AuNPs
(+40 nm). CNPs have been reported as a very sensitive label as
compared to AuNPs and latex beads amongst other characteristics based
on their dark colour against a white background (Gordon & Michel,
2008; Linares, Kubota, Michaelis, & Thalhammer, 2012). Conjugation
was done by mixing de-salted antibodies with CNPs in 5 mM borate
buffer at pH 8.8. It has been reported that the surface of CNPs is quite
hydrophobic in nature (Ciaurriz, Bravo, & Hamad-Schifferli, 2014) and
the immobilization of antibodies on the surface of particles can be
accomplished by simple physical adsorption that will be followed by
rearrangement of the protein molecules enabling stable hydrophobic
interactions with the surface (Posthuma-Trumpie et al., 2012). In such
non-covalent conjugation, the role of a low ionic strength buffer such as
the 5 mM borate buffer at pH 8.8 is important, because it renders the
protein molecules unstable, thereby promoting the binding of the
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Fig. 3. Architecture of the half- (A) and complete (B) lateral flow immunoassay strip.

protein molecules onto the CNPs that have a slight negative surface
charge. Using the buffers with high ionic strength will neutralize the
negative charge due to the presence of positively charged cations,
causing early co-agglutination of the particles. Once a protein molecule
is immobilized on the surface, the charge of that protein provides
colloidal stability to the CNPs suspension. Earlier publications have also
indicated the use of borate buffer at a similar molarity (Aktas et al.,
2019; Noguera et al., 2011; Suarez-Pantale6n, Wichers, Abad-Somovilla,
van Amerongen, & Abad-Fuentes, 2013). CNP-C once prepared were
found to be stable for at least a year at 4 °C in 100 mM borate buffer (pH
8.8) containing 1% BSA. Since in the present competitive design of the
LFIA the CNP-C will interact with antigen in the sample as well as on the
test line, the quantity of antibodies loaded on CNPs would impact the
sensitivity. Thus, the load of antibodies conjugated to the CNPs was
optimized by comparing their sensitivity. Three levels of antibody
loading on CNPs (350, 175 and 87.5 pg/mL in a 0.2% (w/v) suspension
of CNPs) were evaluated and the sensitivity of the LFIA was assessed
(Fig. 4A). Although at a particular adulterant percentage the intensity of
the test line slightly reduces upon decreasing the amount of adsorbed
antibody, the visual detection limit was similar in all cases (>5%). The
CNP-C preparation with 175 pg/mL was selected for further experi-
ments. This was done as a balance between a good intensity of the test
line on a strip with 0% adulteration and the attempt to use as less
antibody as possible. In all these experiments, a FFSOHP nitrocellulose

membrane was used and antigen loading on the test line was 1.6 pg/cm.
BSA (1%) was used to block unoccupied sites on the CNP-Cs and as the
blocking-on-the-run protein while running tests. To be sure that BSA did
not interfere with the bovine reagents in the test, we also used OVA (1%)
as a blocking protein (Fig. S2). The results show that OVA seem to
decrease the competition as is evident from decreased intensity of test
line in control as well as in subsequent mixtures vis-a-vis when BSA was
used as blocking protein. Further, it may be noted that the decrease in
test line intensity was less than 50% in presence of 1% buffalo’s milk in
cow’s milk as compared to pure cow’s milk indicating OVA is interfering
in the competition. But more than 80% decrease in the intensity was
reported with BSA in the similar experiment (Fig. 4A). Therefore, BSA
was further used as the blocking protein in the assay.

3.2.2. Optimization of antigen loading on test line using HLF strip

The antigen loading on the test line was also optimized. In our pre-
liminary experiment, we have used the buffalo’s milk protein fraction
that was used as the immunogen (section 2.2.1) for creating the test line.
However, subsequently, it was observed that even buffalo’s skimmed
milk can be used as antigen for test line preparation. Since skimmed
buffalo’s milk is easy to prepare, subsequent experiments were focused
on the optimization of the spraying of the skimmed buffalo’s milk
sample. Skimmed buffalo’s milk contains around 4% protein (Hooda,
Mann, Sharma, & Bajaj, 2020) and the antigen load on the test line was
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Fig. 4. Optimization of antibody loading on carbon nanoparticles (CNPs) and capture antigen loading on test line using half-lateral flow assay strip. A. Anti-buffalo
antibodies were conjugated to CNPs at three different levels [350, 175 and 87.5 pg/mL CNPs (0.2%, w/v)] and the antigen loading on the test line was 1.6 pg/cm.
The conjugates were evaluated for detection of buffalo’s milk in cow’s milk using lateral flow immunoassay strips. B. Three levels of the buffalo milk protein antigen
was sprayed on the test line (1.6, 1.2 and 0.8 pg/cm) and lateral flow immunoassay strips were evaluated for the detection of buffalo’s milk in cow’s milk. FFSOHP
nitrocellulose membranes were used. Line intensities (pixel grey value/unit area) recorded after 1 h (n = 3) are shown and have been subtracted from buffalo’s milk
test line intensity. Extra sites on CNPs were blocked using bovine serum albumin. The test strips are presented as an insert (top right).
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calculated on the basis of the protein content in skimmed milk. While
standardizing antibody loading on CNP-C, the test line was made of 1.6
pg/cm antigen (Fig. 4A). For further standardization of antigen load on
the test line, three different antigen concentrations were taken, i.e. 1.6,
1.2 and 0.8 pg/cm. The results are presented in Fig. 4B. It may be noted
that test line intensity has decreased significantly (>83%) even in the
presence of 1% buffalo’s milk in all three cases. The intensity decreased
to more than 89% in case of milk samples containing 3% buffalo’s milk
and these lines could hardly be seen by the naked eye. Visually, the test
line was not perceptible at 5% adulteration of cow’s milk with buffalo’s
milk, irrespective of the test line antigen loading used. It was decided to
choose a capture protein concentration on the test line of 1.6 pg/cm,
since the intensity of the test line in control milk sample was sufficiently
intense to be visible under field conditions.

3.2.3. Construction of the CLF assay strip

The architecture of the CLF assay strip is presented in Fig. 3B. In this
design, we have used sample-cum-conjugate pad instead of individual
sample and conjugate pads. Sample-cum-conjugate pad was used for
convenience purpose as instead of assembling two different pads only
one pad is required. As sample-cum-conjugate pad is made of glass fiber
with water binder, the material has sufficient water absorption (63 mg/
crnz) and wicking rate (1.5 s/cm). During our initial experiment, sample-
cum-conjugate pad of different grade (water absorption: 46 mg/cm? and
wicking rate 6 s/cm) was also studied, however, it did not provide the
satisfactory results mainly due to a delayed response. The sample-cum-
conjugate was pre-treated with coating buffer containing 100 mM
borate buffer containing 1% (w/v) BSA and was sprayed with diluted
CNP-C (0.02%, w/v). The diluent used was borate buffer (100 mM, pH
8.8) containing 1% BSA & 3% trehalose. The purpose of trehalose is to
preserve the antibodies during the shelf-life of the strips, mainly by
lowering the water activity in the environment by acting as a humectant.
Further, the presence of trehalose in the environment serves to
smoothen the re-suspension of the dry CNP-C. In literature, both
trehalose as well as sucrose has been widely used in the conjugate pad
preparation (van Amerongen et al., 2018). Test line and control line
were drawn towards the distal end of the strip; 3 mm apart. An absor-
bent pad with good water absorption was able to accommodate the 100
uL of diluted milk sample. All the components of the lateral flow strip
were assembled on the backing card and strips were cut at 0.5 cm width.

Commercially, various types of nitrocellulose membranes are
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available having different properties in terms of flow speed and sur-
factant content, factors that have their impact on test parameters such as
duration and sensitivity. In this study, three types of nitrocellulose
membranes were used with different characteristics, FF8OHP and
FF120HP and UniSart CN140. Selection of a nitrocellulose membrane
was done after optimization of two other critical parameters i.e. anti-
body loading on the CNPs and antigen loading on the test line. In
choosing the right nitrocellulose membrane to be used, speed and
sensitivity parameters were taken into consideration. The time of
appearance as well as the intensity of the test line was recorded at fixed
intervals for 20 min. The appearance of the control line reached a
maximum intensity within 10 min in all cases. The results are presented
in Fig. 5 and indicated that with all the combinations, the definite
presence of buffalo’s milk in cow’s milk, i.e. no visible line, could be
detected at >to 5%. The intensity of the test line decreased to more than
68% in all cases on admixing of 1% buffalo’s milk in cow’s milk. In the
case of 3% buffalo’s milk in cow’s milk, the intensity of the test line
decreased further to around 14% of the control value (pure cow’s milk).
On visual inspection, it was observed that the test line completely dis-
appeared when buffalo’s milk equal to or at more than a 5% level was
admixed in cow’s milk in all cases. This also demonstrates the robustness
of the design and fact that the application of antigen on test line and
loading of antibodies on conjugate was optimum. Finally, we have
selected the FF120HP membrane (Fig. 5) as the test line intensity was
brightest in case of control milk samples as compared to other mem-
branes. The bright test line in control milk would be advantageous under
field conditions (Fig. 6).

We found that 100 pL of 10 times diluted sample with 100 mM borate
buffer (pH 8.8 containing 1% BSA and 0.05% Tween 20) provided
satisfactory results. It was expected that the presence of fat globules in
milk could affect the results as indicated from previous publications
(Gautam et al., 2017; Lata et al., 2016; Naik et al., 2017). In these
publications the use of direct skimmed milk has been recommended for
application on lateral flow strips. This is mainly due to the hindrance
created by fat globules in the flow through the nitrocellulose membrane.
Since in the present work, ten times diluted milk samples have been
used, no such obstruction of flow was observed and this will certainly be
an advantage while using the strip under field conditions. To check the
robustness of the method, heated milk samples (85 °C for 1 min) were
also analyzed for detection of the presence of buffalo’s milk in cow’s
milk. It appeared that the sensitivity of the developed LFIA is not

Fig. 5. Optimization of type of nitrocellulose mem-
brane on lateral flow immunoassay strips. Three
different types of commercially available nitrocellu-
lose membranes (FF8OHP, FF120HP and UniSart CN
140) were evaluated for the detection of buffalo’s
milk in cow’s milk. Decrease in test line intensities
may be noted with the increasing concentration of
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affected (Fig. S3) on its application in heated milk samples indicating the
robustness. This indicated that the antigenic proteins in the sample are
still recognized by the antibody molecules in the specific IgG fraction.
Thus, the developed test can also be applied for examining such adul-
teration in pasteurized milk. Although, we have not done the experiment
by subjecting mixture of buffalo’s milk and cow’s milk to UHT condi-
tions, but the applicability of test on UHT cow milk has been verified in
commercial samples (data not presented). Further, the developed strips
have been validated with milk obtained from at least two breeds of
buffalo’s milk (Murrah and Nili Ravi), three bovine breeds (Sahiwal,
Tharparkar, Karan Fries), blind samples (250 samples) and market cow
milk samples. Results were satisfactory and in case of blind samples,
100% accuracy was observed (data not presented). Beside this, the strips
have also been tested with goat milk and it was found that presence of
goat milk did not interfere with the results. The properly sealed strips in
aluminium pouches were stable for at least 20 weeks at ambient
temperature.

4. Conclusion

In the present study, a lateral flow immunoassay with colloidal
carbon nanoparticles as the signal label was developed for the detection
of buffalo’s milk in cow’s milk. The method is rapid as well as sensitive
enough for its application under field conditions to segregate adulter-
ated milk in milk supplies (sensitivity from 1% and higher). Although a
specific protein fraction of buffalo’s milk was used for the development
of polyclonal antibodies, it was demonstrated that skimmed buffalo’s
milk can be used as the capture ligand at the test line. The application of
non-immunoglobulin antigen allows the application of assay even in
heated milks samples.
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Fig. 6. Results with optimized lateral flow immuno-
assay strip in cassette format for the detection of
buffalo’s milk in cow’s milk. Decrease in test line in-
tensities may be noted with the increasing concen-
tration of buffalo’s milk in milk samples. Test line
intensity is completely abolished in presence of 5%
buffalo’s milk in cow milk. Strips were prepared using
FF120HP nitrocellulose membrane, antigen loading
on test line was 1.6 pg/cm and anti-buffalo antibody
was conjugated to carbon nanoparticles at 175 and
pg/mL (0.2%, w/v) level. Extra sites on CNPs were
blocked using bovine serum albumin. Numeric values
indicate buffalo’s milk mixed with cow’s milk (%).
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