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ABSTRACT: In this paper, simple imine-based organic fluorophore 4-amino-3-(anthracene-9 yl
methyleneamino) phenyl (phenyl) methanone (APM) has been synthesized via a greener approach
and the same was used to construct a fluorescent immunoassay for the detection of Listeria
monocytogenes (LM). A monoclonal antibody of LM was tagged with APM via the conjugation of
the amine group in APM and the acid group of anti-LM through EDC/NHS coupling. The designed
immunoassay was optimized for the specific detection of LM in the presence of other interfering
pathogens based on the aggregation-induced emission mechanism and the formation of aggregates
and their morphology was confirmed with the help of scanning electron microscopy. Density
functional theory studies were done to further support the sensing mechanism-based changes in the
energy level distribution. All photophysical parameters were measured by using fluorescence
spectroscopy techniques. Specific and competitive recognition of LM was done in the presence of
other relevant pathogens. The immunoassay shows a linear appreciable range from 1.6 × 106−
2.7024 × 108 cfu/mL using the standard plate count method. The LOD has been calculated from
the linear equation and the value is found as 3.2 cfu/mL, and this is the lowest LOD value reported for the detection of LM so far.
The practical applications of the immunoassay were demonstrated in various food samples, and their accuracy obtained was highly
comparable with the standard existing ELISA method.

■ INTRODUCTION
Listeria monocytogenes (LM) is mostly witnessed as an
important and third leading human pathogen which causes
foodborne deaths in the USA.1,2 In general, LM is a bacterial
genus made up of Gram-positive round-end-shaped bacterium
with short rods and they will occupy the cytoplasm of living
cells.3−5 LM species are widely present in the soil, water, feed,
vegetation, farms, and industrial plants.6−11 The main isolation
source for LM is food materials such as milk products, seafood,
vegetables, and raw and cooked meats12−16 and hence the
contamination has been initiated from these food origins.17,18

LM is used to grow at temperatures ranging between −0.4 and
45 °C, at pH values of 5.0−9.6, and it has an ability to survive
even at high salt concentrations and also low-water
activity.19−22 It mostly resists to certain preservative agents
and thus makes its elimination from food very difficult.

In developed countries, LM readily occurs in ready-to-eat
food as they have gained considerable popularity due to their
better flavor, affordability, and accessibility.23 Infections
associated with LM could be categorized into non-invasive
(febrile listerial gastroenteritis) and invasive (infection caused
at sterile parts of the body such as the blood, liver, and cerebral
fluid) listeriosis.24,25 Non-invasive listeriosis shows severe
symptoms like fever, diarrhea, headache, and muscle pain
(myalgia) after a short incubation period when a healthy

person intakes a high ingestion dose of the pathogenic
listeria.26−28 On the other hand, invasive listeriosis mainly
affects the immune-suppressed young and elderly aged people
like cancer patients, pregnant women, and acquired immuno-
deficiency syndrome patients.29 Especially in pregnant women,
it can cause premature labor, stillbirth, abortion, and neonatal
infection, with high neonatal mortality.30 As far as literature
survey is concerned, the minimal infectious dose for LM is
reported as 100 colony-forming units (cfu) per gram of food,
and the general infection dose of LM for a healthy host will be
in the range of 107−109 (cfu/g), and a range of 105 and 107

(cfu/g) has been witnessed as the risk of infection.31 In
developing countries like India, the foodborne diseases are
contagious ones based on the seasons and plenty of milk, milk-
derived products, meat, seafood, and vegetables have been
reported to be contaminated as per the recent survey. Based on
these serious health issues so far discussed above, we have
chosen this bacteria for our studies and planned to design a
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simple sensing assay to detect as well as quantify LM in food
matrixes.

Generally, estimation of LM has been addressed as very
difficult and in many cases, they are not declared precisely. On
the point-of-need concern, already existing tests cannot be
performed, and also, these tests require specialized laboratories
and practices and leads to inefficient monitoring and control.
Therefore, the rapid and sensitive LM bacterial detection is
needed as a key element for efficient prevention of foodborne
diseases32 and also food industries require a new analytical tool
or advanced detection methods to monitor LM bacterial
contamination, which leads to food recalls and consequent
economic losses, to meet the strict and specific regulatory
guidelines on food security.33

Commonly, identification and quantification of bacteria
mostly rely on conventional, culture-based methods, immuno-
logical-based assays, biochemical assays like agar plates, and
microbroth dilution assays. However, these methods are
inadequate to be performed in closed, confined spaces, as
production plants. Mostly, culturing of pathogens requires an
enrichment step in a broth followed by bacterial growth on
agar plates, and also biochemical and physiological tests for
strain identification. They are generally labor-intensive and
most time-consuming. Sometimes more than 5 days may also
be taken to provide initial results, and in some specific cases, it
will take more than a week to confirm a specific pathogenic
strain.

Currently existing developed traditional methods/techni-
ques have been replaced with molecular approaches such as
PCR amplification, DNA hybridization,34 and ELISA-based
techniques.35 In general, PCR and DNA hybridization-based
techniques are faster but need isolated genetic materials,
specific instrumentation, trained personnel, and high cost,
which is not suitable for clinical point-of-care usage. Nowadays,
various and specific detection methods have been introduced
for detecting LM in food samples, including loop-mediated
isothermal amplification assays,36 matrix-assisted laser desorp-
tion ionization time-of-flight (MALDI-TOF) mass spectrosco-
py,37 and Fourier transform infrared (FT-IR) spectrosco-
py.38−44 Though some remarkable advantages are reported,
these methods lack various aspects such as calculating the
number, biochemical characteristics, and colony identification,
which are more time-consuming, and these immunological
assays can suffer in specificity and hence false-positive results
were noticed.45 Moreover, these methods have been lacking in

additional aspects like the amount of waste produced, long
enrichment time, quantity and the use of expensive chemicals,
and specialized equipment.46

Therefore, fast and sensitive immunoassays are extremely
important and needed for the early prevention of food-based
disease spreading associated with LM. Recently, electro-
chemical-based immunosensors have been reported which
are the most promising techniques because of their high
specificity, rapid analysis, and field deployable possibility.47−50

Very recently, an electrochemical immunosensor was proposed
by using an immobilized mouse monoclonal anti-Listeria
monocytogenes antibody with graphene nanosheets chemically
decorated with hybrid nanoparticles of a silver-ruthenium
bipyridine complex core and a chitosan shell and has shown
good response toward LM with a concentration range from 102

to 107 20 cells/mL and a detection limit of 2 cells/mL.51

Though these electrochemical sensors have shown better
sensitivity, they need multiple steps and require more than two
materials to fabricate the electrodes of most of the electro-
chemical immunosensors used, lot of characterization
techniques, and the need of some blocking agents to mask
these electrodes. In recent years, fluorescence-based immuno-
assays have provided a good platform for designing good
number of sensors with high potential, fast and high accuracy,
direct detection, less time consumption, and minimum amount
of reagents. Interestingly, fluorescence-based glutathione
sensors have been reported in the system of the living being
by using metal organic frameworks, such as [Ru(bpy)3 2+

encapsulated in UiO-66] coated with manganese dioxide
nanosheets52 [MnO2 NS@Ru(bpy)32+], using poly(thymine)-
template fluorescent copper nanoparticles, a portable fluo-
rescent sensor for the detection of organophosphorus
pesticides with a detection limit of 3.33 × 10−5 ng/μL and a
linear range of 1.00 × 10−4 −1.0 ng/μL,53 and using MnO2
nanosheets modified with 5-carboxyfluorescein for the
determination of H2O2, glucose, and cholesterol.54 Plenty of
immunoassays have also been reported to date for various
pathogenic bacteria and applied for human biofluids.47

Likewise, some good number of immunoassays have been
designed for LM (Table 1). A recently fluorescence sandwich-
type immunoassay has been developed for LM using a
chitosan-cellulose nanocrystal membrane with a detection
limit of 102 cfu/mL.55 Wang et al. have proposed a simple
methodology by combining aptamer-coupled magnetic beads
and IgG antibody-based dual recognition units for the

Table 1. Comparison of the Performance of the Immunoassay with Existing Sensing Platforms for LM Bacteria

sensing material
detection
technique

LOD
(cfu/mL)

linear range
(cfu/mL) food matrixes refs

monoclonal antibodies fiber-optic 3 × 102 goat’s cheese 63
Aptamer-A8 fiber-optic 1 × 103 103 sliced beef, chicken, and turkey 64
polyclonal antibodies fiber optic 103 ready-to-eat beef, chicken, and turkey meats 65
Fe3O4 NPC colorimetric 5.4 × 103 5.4 × 103−

5.4 × 108
sterile milk samples 66

RAPTOR fiber optic 5 × 105 frankfurter sample 67
UCNPs@GDN tannic acid, and hydrogen
peroxide (HP)

fluorescent
nanosystem

1.30 × 102 103 to 108 water, milk, and beef 68

polystyrene fiber fiber-optic 4.3 × 103 69
CRISPR-Cas12a fluorescence 10 70
Au@Pt nanozyme-mediated magnetic
relaxation switching (MRS)

fluorescence 30 3 × 102−
3 x 107

chicken sample 71

4-amino-3-(anthracen-9-
ylmethyleneamino)phenyl(phenyl)
methanone

fluorescence 3.2 1.6 × 106−
2.7024 × 108

vegetables, milk and milk products, non-vegetarian
foods, processed foods, and staple foods

current
work
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detection of LM that gave a bright fluorescence signal due to
the aggregation-induced emission with a limit of detection
(LOD) and linear range of 10 and 10−106 cfu/mL,
respectively.56 An aptamer-based sensor has been designed
by Chen et al., which may be composed with two parts such as
aptamer-functionalized up conversion magnetic nanoparticles
with a linear range from 68 to 68 × 106 cfu/mL and a LOD of
8 cfu/mL.57 Based on Pickering emulsion interfaces, LM was
detected via molecularly imprinted polymer with CdTe
quantum dots with a linear range from 103 to 105 cfu/mL
and ended with a low detection limit of 103 cfu/mL.58 Kaur et
al., have detected LM by using peptide and gold nanoclusters.
Herein, leucocin A peptide is used as a binding factor for LM
bacteria, and the fluorescence signal was triggered on by gold
nanoclusters with a LOD of 2 × 105 cfu mL−1.59

Though plenty of nanoparticle-based sensing immunoassays
have been reported, abovementioned immunoassays have
mainly suffered due to reasons such as high-cost equipment,
being more time-consuming, requiring complex operations,
low sensitivity, or poor stability, which impede their further
application. Therefore, there is an urgent need to establish a
reliable and simple sensing method for the detection of LM
bacteria with excellent sensitivity and selectivity.

Here, a simple and new fluorescence-based immunoassay for
the selective detection of LM bacteria is proposed as the main
objective of this research. In this regard, a simple fluorophore
4-amino-3-(anthracene-9 yl methyleneamino) phenyl (phenyl)
methanone (APM) having an imine part which was
synthesized via a one-pot greener approach using the
ultrasonication method. The EDC/NHC tagging protocol
was adapted to tag the APM probe with anti-LM. This Schiff
base fluorophore-tagged anti-LM was utilized as a simple
immunoassay platform for the detection of LM bacteria with
the calculated linear range and LOD as from 1.6 × 106 to
2.7024 × 108 cfu/mL and 3.2 cfu/mL, respectively. The
developed immunoassay has been applied for the quantifica-
tion of LM bacteria in various food materials. This is the first
organic fluorescent probe-based immunoassay for the
detection of LM with lowest LOD as compared to that of
other reported immunoassays.

■ METHODS AND TECHNIQUES
Methodology. Greener Synthesis of APM Using the

Sonochemical Method
Currently, a simple imine was synthesized via the ultrawave

sonication method. Briefly, 9-anthracenecarboxaldehyde (1
mmol) and 3,4-diamino benzophenone (1 mmol) were
dissolved in 10 mL of absolute ethanol and stirred for 5 min
and followed by the addition of 300 μL of glacial acetic acid
with constant stirring. Then, the mixture was kept under a
bath-type ultrawave sonicator (1.5 Hz) and sonicated for 20
min (Scheme 1). The completion of the reaction was

confirmed by the appearance of a single spot corresponding
to the product in TLC analysis. After that, the action mixture
was poured into ice-cold water, and a light yellow precipitate
was obtained. It was filtered, washed with diethyl ether, and
finally dried over using anhydrous CaCl2 under a vacuum
chamber. It was recrystallized using absolute hot ethanol to
obtain the pure product, and the yield was found to be 99.5%
(1.98 g). As the reaction has utilized the simple sonication
method, green solvents, good atom economy, and maximum
product yield, our current approach is claimed as greener.
Structural Elucidation of APM. The structural character-

ization was done by using NMR, HR-MS, and FT-IR
techniques, and the data are given below.

1H and 13C NMR spectra were recorded for APM and are
shown in Figure S1a,b, respectively.

1H NMR (500 MHz, [d6] DMSO, 298 K): δ 7.79 (s, 1H),
7.14 (d, 2H), 6.77 (d, 4H), 6.63 (dd, 5H), 6.55−6.47 (m, 5H),
6.46 (s, 2H) in ppm.

13C NMR: (500 MHz, [d6] DMSO, 298 K): 13C NMR (126
MHz, DMSO): δ 196.26 (s), 196.26 (s), 138.64 (s), 138.64
(s), 132.60 (s), 132.60 (s), 131.12 (s), 131.12 (s), 130.95 (s),
130.95 (s), 129.98 (s), 129.98 (s), 129.75 (s), 129.75 (s),
129.01 (d, J = 14.1 Hz), 127.59 (s), 126.20 (s), 125.87 (s),
125.49 (s).

The HR-MS study was carried out for APM and is shown in
Figure S2.

C23H16N2 (calculated mass�400.15): Observed mass −[M
− H] = 400.15, yield: 98.5%.

The FT-IR analysis was done for APM and is shown in
Figure S3.

FT-IR:IR spectra (in cm−1): Imine (−CH�N−) and
carbonyl (−C�O) 1652 cm−1; primary amine (−NH2)
3537 cm−1; and C−N stretching 1296 cm−1.
EDC/NHS Protocol for the Coupling of anti-LM with

APM. The APM was tagged with anti-LM via the standard
EDC/NHS coupling protocol. Briefly, 1 equiv of anti-LM (1
mL, 4.1 mg/1000 μL) in MES buffer and 4 equiv (4 mL, 0.001
M) of APM were mixed, and then, 100 μL of each EDC and
NHS were added one by one to the above solution. It was
gently stirred for 2 h and then kept for incubation at −4 °C for
1 h and stored at −4 °C in a deep freezer for 1 day for further
use. Then, the resultant tagged anti-LM/APM (0.0082 mg/
2000 μL) was allowed to stand at room temperature for 10
min, and then, it was centrifuged at 30,000 rpm for 20 min at
−4 °C (Scheme 1). The resulting pellets were collected and
washed thoroughly with PBS buffer five times. The unbounded
APM was removed simply by washing with PBS buffer and
confirmed by analyzing the supernatant solution using UV−vis
spectra until the disappearance of the standard UV−vis peak of
APM. The final APM/anti-LM in buffer solution was stored at
−4 °C for further studies.60

Scheme 1. Scheme Illustrating the Greener Synthesis of APM
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Revival and Maintenance of Bacterial Cultures. The
lyophilized cells of LM were grown initially in brain heart
infusion broth (BHI broth) at 37 °C for 24 h and maintained
LM in Luria Bertani broth (LB broth) at 37 °C. The
lyophilized cells of Salmonella. paratyphi, Klebsiella. pneumo-
niae, Staphylococcus. aureus, Escherichia coli, and Bacillus. cereus
were initially grown on nutrient agar (NA) at 37 °C and
maintained in LB broth at 37 °C.
Viable Cell Number Analysis. The culture of LM was

grown in LB broth at 37 °C for 16 h. After incubation, the
bacterial culture was centrifuged at 10,000 rpm for 20 min.
The cell pellet was washed thrice with PBS and Tween-20
buffers. The cells were resuspended and serially diluted in PBS
solution, and the viable cell number was calculated using the
most probable number method.
Designing of the Immunoassay (APM/anti-LM). The

APM/anti-LM pellets were used for our immunoassay
designing. These pellets were thoroughly dissolved in PBS
buffer under constant stirring. 2 mL of the prepared APM/
anti-LM (0.0082 mg) solution was mixed thoroughly with 10
μL of different diluted LM samples and kept under incubation
for 25 min at 4 °C and 388 nm was fixed as the excitation
wavelength for the throughout sensor studies, and the resulting
fluorescence changes were recorded at 476 nm in PBS buffer
solution.
Detection of LM in Real Food Samples. The main

sources for LM are vegetables, milk and milk products, non-
vegetarian foods, processed foods, and staple foods stored in
the refrigerator. Different food samples (vegetable�carrot,
ladies finger, potato, and tomato; milk; milk products�butter,
cheese, curd, and paneer; non-vegetarian foods�chicken, egg,
freshwater fish, seawater fish, prawn, and mutton; processed
foods�bread, ice cream, and tomato sauce; and staple
foods�chapati and boiled rice) were used to evaluate the
applicability of the sensor in real samples. The food samples
were collected from a local market named Vadapalanji, and the
staple foods were procured from the university canteen,
Madurai Kamaraj University. The solid food samples were
weighed (5 g) and grounded using the mortar and pestle and
resuspended in PBS with 0.05% to attain the final volume of 10
mL. Then, 10 mL of each real sample was transferred into
different test tubes and inoculated with 1 mL of LM taken
from 24 h old cultured LM and incubated at room temperature
for 12 h.
Techniques. A Bruker 500 MHz spectrometer was used for

basic 1H and 13C NMR studies using DMSO-[d6] as solvent
which contains a trace quantity of internal standard,
tetramethylsilane, and the corresponding chemical shifts were
reported in ppm at 25 °C. HR-MS spectra were measured
using an Agilent HR-MS spectrometer. FT-IR spectra were
measured using a Shimadzu FT-IR spectrometer. UV−visible
spectra were recorded using the double beam UV−vis
spectrophotometer (JASCO-V-730). Fluorescence measure-
ments were carried out using a Cary Eclipse spectropho-
tometer having a 450 W xenon lamp and 5 and 2.5 nm were
maintained as excitation and emission slit widths, respectively,
throughout the experiments. The formation of the aggregates
was confirmed by using a SEM instrument, TESCAN VEGA3
SBH.
Computational Methods. To gain insights into the

geometry and electronic properties, density functional theory
(DFT)-based calculations were carried out utilizing the
Gaussian 16 (Revision A.03) suite of program. Initially, the

relaxed potential energy scan was carried out to find the most
stable (lowest energy) conformer. Subsequently, the most
stable conformer was subjected to the optimization process.
The APM geometry in the ground state was optimized without
any symmetry constraints using hybrid Becke’s three-
parameter and Lee−Yang−Parr’s gradient corrected correla-
tion functional (B3LYP) in conjunction with Pople’s split
valence basis set with polarization functions [6-311G(d,p)].
The B3LYP functional is weighted at 20% exchange and 80%
correlation. Moreover, the vibrational frequency analysis was
carried out at the same level of theory to confirm the geometry
as true minima on the potential energy surface. The molecular
orbital contributions in the electronic transitions were
simulated using the QM Forge package.

■ RESULTS AND DISCUSSION
Coupling of anti-LM with APM. We have utilized EDC/

NHS coupling protocol for tagging anti-LM with the APM
fluorophore via the formation of an amide bond. The coupling
was confirmed based on the absorbance changes using UV−vis
spectroscopy, and it assists us to confirm the formation of an
amide bond. Absorption spectra for APM was recorded in a
phosphate buffer medium and two major absorption peaks
appeared at 266 and 388 nm, which may be due to π−π* and
n−π* transitions, respectively (Figure S4). For coupling
studies, MES and phosphate buffers were used, and the same
coupling protocol adapted in our previous work was
followed.60 The peaks at 266 and 388 nm have been red-
shifted to 300 and 401 nm, respectively, during the interaction
with anti-LM. These spectral changes were observed because
of the formation of an amide bond between the −NH2 group
of APM and the −COOH group of anti-LM61 (Figure S5).
The unbounded APM was removed by consecutive washing
with PBS buffer and it was confirmed by UV−vis spectra
(Figure S6). This anti-LM coupled APM has been used as a
basic sensing platform of the developed immunoassay and
these pellets were stored at −4 °C for further use.
Selective Studies of Fluorescent Immunoassay

toward LM. Selectivity of the developed immunoassay was
tested in presence of LM and other coexisting pathogenic
bacteria like E. Coli, S.paratyphi, B.cereus, S. aureus, and K.
pneumoniae. This kind of specific antibody-tagged fluorophores
offers an excellent selectivity to recognize of LM.60,61 First, the
fluorescence nature of APM, APM/anti-LM, and APM/anti-
LM/LM were recorded in PBS medium (Figure S7). APM has
exhibited a maximum fluorescence intensity at 477 nm which is
mainly due to the transfer of charge (CT) from the donor
amine groups of benzophenone to the acceptor anthracene
part, which was supported by the DFT study. After addition of
antibody LM to the PBS solution containing APM, the
fluorescence intensity of the above peak decreased with the
slight blue shift from 477 to 469 nm. When anti-LM is
introduced, this CT is inhibited due to the formation of the
amide bond and this may increase the energy levels between
molecules and hence a slight blue shift is noted. To the same
mixture, when LM was added, the fluorescence intensity
increased drastically and doubled compared to the emission
intensity of pure APM with a blue shift from 477 to 460 nm.
This was due to the formation of an immunocomplex and
further increases the energy levels. Hence, the blue shift seems
to be caused by an energy-transfer process that is related to the
complex formation between APM/anti-LM and LM.62 At the
same time, when the other interfering pathogenic bacteria were
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added to the solution containing APM/anti-LM, no increment
in the emission intensity was observed as for LM addition
instead there was a slight decrement in the emission intensity.
It shows that the APM/anti-LM platform has strong selective
interactions with LM (Figure 1). This kind of a fluorescence
immunosensing platform does not need any blocking agents as
in the case of the electrochemical immunoassay.60 This
phenomenon shows the applicability of the developed
immunoassay for the detection of LM in various food matrixes
selectively in the presence of other interfering bacteria.
Quantification of LM using APM/anti-LM. The

developed immunoassay has shown an excellent emission
response as well as visible color change for LM under a UV
lamp (Figure S8). In order to quantify or find out the
sensitivity of the developed immunoassay, the parent culture
was diluted in a serial manner from 10−1 to 10−10 times and the
same bacterial solution was used to quantify LM by using the
immunoassay platform. There was a gradual increment in the
fluorescence intensity observed with the addition of the above
bacterial solutions and the corresponding emission data are
given in Figure 2. From the fluorescence intensity data, the cfu
was calculated using the standard plate counting method61 for

the respective dilution factors (10−1 to 10−10). The developed
immunoassay has covered a wide range of detection from 1.6 ×
106 to 2.7024 × 108 cfu/mL and the LOD has been calculated
as 3.2 cfu/mL. When the linear range of the developed
immunoassay is compared with that of previous nanoparticle-
based fluorescence platforms, our report is comparable and
sometimes better than that of earlier reports. However, the
LOD of our sensing platform is lowest than the earlier reports
(Table 1). This is the first organic fluorescent probe-based
immunoassay for the detection of LM.

In general, using the ELISA plate count method, one could
count the cfu up to two digits for any bacterial detection. In
this study, the developed immunoassay detected the LM up to
3.2 cfu/mL. This is one of the most remarkable advantages of
this immunoassay.
Competitive Response Study of the Developed

Fluorescence Immunoassay. As the food matrixes are
contaminated with more than one microorganism, thus we
have cross-checked the selectivity through a competitive
response study of the immunoassay in the presence of all
other interfering pathogenic microorganisms in the same
solution. In detail, 1 equiv of all interfering pathogens was

Figure 1. Specific fluorescence response of APM/anti-LM toward LM in the presence of other pathogens (A) and the corresponding bar diagram
(B) (Concentration of APM is 0.001 M; bulk concentration of anti-LM is 4.1 mg/1000 μL and APM/anti-LM is 0.0082 mg/2000 μL; LM and
other pathogens are 10−1 cfu/g in PBS buffer pH = 7.4; incubation time is 5 min). [(A) E. coli, (B) B. cereus, (C) S. paratyphi, (D) S. aureus, and
(E) K. pneumoniae].

Figure 2. Emission response of APM/anti-LM while varying the concentrations of LM bacteria (A), and corresponding linear regression plot (B)
(concentration of APM is 0.001 M; bulk concentration of anti-LM is 4.1 mg/1000 μL and APM/anti-LM is 0.0082 mg/2000 μL; LM is 1.6×108 to
2.7106 in PBS buffer pH = 7.4).
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added one by one to the solution containing 1 equiv of APM/
anti-LM/LM and incubated for 5 min at −4 °C for each
addition. The corresponding fluorescence responses were
recorded. No change in fluorescence intensity was observed
and all the graphs overlapped with each other (Figure 3).
Hence, the developed immunoassay could be a promising
immunoassay platform for the detection of LM in any
contaminated real samples.

Proposed Sensing Mechanism of the Developed
Immunoassay. In general, an intra/intermolecular charge-
transfer-based mechanism has been widely existing in most of
the reported organic-based fluorescence-sensing assays.72−74 In
the current study, the probe has exhibited a maximum
fluorescent intensity at 477 nm which is mainly due to the
CT from the donor amine groups of benzophenone to the
acceptor anthracene part, which was supported by the DFT
study.75 After tagging APM with anti-LM, an amide bond was

Figure 3. Competitive study of the developed immunoassay, APM/anti-LM toward LM in the presence of relevant pathogenic bacteria (A), and
corresponding bar diagram (B) [(A) E. coli, (B) E. coli + B. cereus, (C) E. coli + B. cereus + S. paratyphi, (D) E. coli + B. cereus + S. paratyphi +
S.aureus, and (E) E. coli + B.cereus + S. paratyphi + S. aureus + K. pneumoniae] (Concentration of APM is 0.001 M; bulk concentration of anti-LM is
4.1 mg/1000 μL and APM/anti-LM is 0.0082 mg/2000 μL; LM and other pathogens are 10−1 cfu/g in PBS buffer pH = 7.4; incubation time is 5
min.)

Scheme 2. Scheme Illustrating the Tentative Mechanism of Detection of LM Using APM/Anti-LM
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formed between the donor amine group and carboxyl group of
antibody and hence the charge transfer between donor and
acceptor groups was inhibited and hence there was quenching
of the emission intensity. When LM was introduced into the
sensing solution, LM may be forming immunocomplexes with
APM/anti-LM part. Due this complex formation, the distance
between the anthracene part of the complex is decreased which
induces dimerization followed by aggregation of the complexes
(Scheme 2). The formation of the aggregation is responsible
for the above drastic increase in the emission intensity. This
kind of phenomenon was absorbed by many research
groups.76−80 This aggregation-induced emission mechanism
was further supported by SEM and the corresponding image is
given in Figure S9.
Computational Analysis. The ground-state geometry of

APM is optimized in the gas phase and the same is depicted in
Figure 4. The Cartesian coordinates of the geometry and

calculated frontier molecular orbitals and energy gap (Eg) of
APM are shown in Figure 5. The highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) should be localized over donor and acceptor groups
to form an efficient charge-separated state, respectively.81−84 It
is clear from Figure 5 that the electron densities of HOMO are
predominantly localized over anthracene and amino benzo-
phenone groups. In contrast, in the case of LUMO, the
electron densities are centered more on the anthracene group.
It indicates that the APM molecule exhibits moderate charge

separation. The HOMO, LUMO, and energy gap values for the
APM molecule are −5.45, −2.46 and 2.99 eV, respectively.

The molecular orbital contribution of electron density for
each atom was calculated at the same level of theory based on
the C-squared population analysis to analyze the trend of
electron transfer between the donor and acceptor groups.84 We
considered the amino benzophenone group as a donor and the
anthracene group as an acceptor. The molecular orbital
contribution from the HOMO of donor and acceptor groups
is 50.72 and 49.28%, respectively. On the other hand, the
contribution from the LUMO of the donor and acceptor
moieties is 24.91 and 75.09%, respectively. The HOMO values
of the donor are higher than that of the HOMO values of the
acceptor. It indicates the possibility of electron transfer from
donor to acceptor groups.
Detection of LM in Food Matrixes. As LM mostly grows

in refrigerated food samples, hence we have collected more
number of food samples including vegetables, rice, chapati,
meat, egg, fish, and dairy products like milk, cheese, paneer,
butter, and ice cream, and tomato sauce. The samples were
prepared as mentioned in the materials and methods section.
Under optimized conditions, the fluorimetric titrations were
performed by the addition of LM with known dilution factors
to the food samples and the corresponding fluorescence
intensity changes were recorded. In all the cases, increments in
the fluorescence intensity were observed and the correspond-
ing graphs are shown in Figure S10. From the standard linear
plot (Figure 2B), the corresponding cfu/mL values of LM in
the respective food samples were calculated. The same
experiments were repeated using the ELISA method and the
efficiency of the developed immunoassay was compared and
the data are given in Table 2. The immunoassay has shown a
good data agreement with the ELISA method. This developed

Figure 4. round-state optimized geometry of the APM molecule.

Figure 5. alculated frontier molecular orbital with energy levels at the
B3LYP/6-311G(d,p) level of theory. The isodensity surface contour
value is set to be 0.02 au.

Table 2. Detection of LM Inoculated Food Samples by
Using Our Developed Immunoassay and the Standard Plate
Count Method

sl. no. food sample

detection of LM in real
samples using
APM/anti-LM

(cfu/mL)

detection of LM in real
samples using ELISA/plate
count method (cfu/mL)

1 carrot 1.52 × 106 1.6 × 106

2 ladies finger 4.2 × 106 5.12 × 106

3 potato 1 × 106 LTC
4 tomato 3.5 × 106 4.08 × 106

5 tomato
sauce

4.12 × 106 4.5 × 106

6 rice 0.9 × 106 LTC
7 milk 4.52 × 106 5 × 106

8 curd 7.975 × 107 8.73 × 109

9 cheese 1 × 106 LTC
10 paneer 4.73 × 106 4.37 × 106

11 butter 4.21 × 106 4.96 × 106

12 bread 5 × 106 5.12 × 106

13 ice cream 1.2 × 106 1.75 × 106

14 chapati 3.52 × 106 4.08 × 106

15 chicken 5.17 × 106 5.32 × 106

16 egg 1.2 × 106 LTC
17 mutton 4.9 × 106 5.12 × 106

18 seawater fish 7.6 × 106 8.16 × 106

19 freshwater
fish

1.2 × 106 1.65 × 106

20 prawn 4.8 × 106 5.15 × 106
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immuno protocol involves cheaper sensing materials and has
quick response unlike the ELISA method, which involves
costly enzymes and is time-consuming to quantify LM.

In this work, a simple and greener methodology was
followed for the synthesis of imine-based fluorophores for
designing an immunoassay to detect LM in food matrixes. This
imine has exhibited a good fluorescence property and it also
possesses good binding site for the coupling with anti-LM. As a
result, the designed immunoassay platform has shown an
excellent specificity for LM among the presence of interfering
bacteria and also has shown a wide linear range of detection
from 1.6 × 106 to 2.7024 × 108 cfu/mL and LOD has been
found as 3.2 cfu/mL. The LOD obtained in our study is the
best report compared to earlier reports. However, the linear
range of our study is comparable with some earlier reports and
this may be limited to some other pathogens in the Listeria
family. The immunoassay has provided a novel protocol for the
determination of LM in various food matrixes and also
exhibited good compatibility with the existing biological
methods of detection.
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