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ABSTRACT

Scombroid poisoning in fish-based and other fooddpcts has raised concerns due to
toxicity outbreaks and incidences associated wistamine, thus measuring the amount of
histamine toxic molecule is considered crucial guahdicator of food safety and human
health. In this study, liposome-based measuremenistamine was performed via rupturing
mechanism of sulforhodamine B dye encapsulated-héstamine antibody conjugated
liposomal nanovesicles. The immunosensing abilifyimmmuno-liposomal format was
assessed by monitoring the fluorescence at exantatinission wavelength of 550/585 nm.
Immuno-liposomal format assays were considered, lmmed on single wash procedure
(Method 1), which had a detection limit of 10 ppidajuantification limit 15-80 ppb. While
Method 2 based on one-by-one wash procedure hadtectmn limit of 2-3 ppb and
guantification limit 8.5 ppb—200 ppm that requir2dh 30 min to perform. In view of better
guantification limit, Method 2 was chosen for fiethtests required to validate its
applicability in real samples. The feasibility ofelthod 2 was reconfirmed in fresh mackerel
fish, and canned fish (tuna and salmon) with alamdetection limits but with low amplified
fluorescence signals and sufficient levels of mstee recovery from fresh mackerel (73.50-
99.98%), canned tuna (79.08-103.74%) and salmorb@#89.02%). The specificity and
method accuracy were expressed as % CV in the &2B480-8.48%. Overall, the developed
multi-well sensing system (Method 2) showed satisiyy specificity, cost effectiveness,

rapidity, and stability for monitoring histaminextoity as a practical food diagnostic device.

Keywords: Double layered;Liposome immunosensor, Signal amplifiers, Fluoresee

guenching, Histamine toxicity
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1. Introduction

Since 1960s optical detection systems have beemh ase powerful tool to allow
light propagation with a minimum loss for use imser development strategies. Similarly,
nowadays,fluorescence technology has emerged as a meanneitiggy enhancer with
reduced matrix effects, making it applicable food@nsing purposes (Chang et al., 2016).
Food scientists are concerned about several isslaged to the contamination of protein-rich
food products by endogenous bioactive amines amichémessengers in biological systems
(Lin et al., 2018). Nowadays, histamine contamoratdf food is common and considered a
serious human health and food safety issue, héalggcation of fluorescence assay for real
time monitoring of food toxicants, such as histaginas attracted huge attention. Histamine
is mainly formed in protein-rich food matrices bgri@in microorganisms that produce
histidine decarboxylase, which catalyzes the caigerof free histidine to histamine (EFSA,
2011). Given that fish consumption is variable,eaviig size of 250 g was considered
reasonable to establish a maximum level of histanwinfish of 200 mg/kg (FAO, 2012),
whereas the United States Food Drug Administrafld8FDA) set the histamine threshold
limit at 50 mg/kg (FDA, 2011). Hence, the sensitarel selective detection of histamine is of
considerable importance from the safety and climeaspectives and for studies on allergic
responses under various pathological conditionsn (¥&a al., 2014; Yang et al., 2015).
Therefore, it is essential to develop sufficierggnsitive and rapid cost effective methods to
detect histamine residues for clinical and foodydasis.

A number of analytical detection methods have lmeloped for the determination
of histamine levels in food products, including eese-phase high performance liquid
chromatography (RP-HPLC), cation-exchange chrommapdty (CEC), gas chromatography

(GCO), thin layer chromatography (TLC) (Awan et &Q08; Lapa-Guimarades and Pickova,
4
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2004) and ELISA based assays (Luo et al., 2014hofigh these analytical techniques have
provided adequate for detecting a variety of amalytime-consuming sample processing
steps, such as, clean-up, sample derivatizatiahttelow optical absorbance of histamine in
the ultraviolet region are problematic.

To address these problems, biosensors have attratterest as potential rapid
analytical sensing tools as alternatives to tradél enzyme-based detections. Several rapid,
one-step electrochemical biosensors based on eszgmeanozymes (Pérez et al., 2013;
Jiang et al., 2015; Veseli et al., 2016; Yadavie2@19) have been devised for the sensing of
histamine. However, the specificity cannot be eedupr these biosensors as the enzymes
used can catalyze histamine and its analogueshdturseveral technologies use various
nanomaterials in combination with electrochemicad duorescence detection techniques as
signal amplifiers (Ali et al., 2017; Pei et al.,1&) Rusling, 2012; Du et al., 2011). These
nanomaterials include gold nanoparticles (Du et28l11), quantum dots (Qian et al., 2011),
magnetic nanopatrticles (Mani et al., 2009), siheaoparticles (Wu et al., 2009) and carbon
nanomaterials (Malhotra et al., 2010), and havétalbo enhance the signals while using as
nano carriers. Since the significant signal releg@gorocess from various nanocarriers is
complicated as some of these require strong aask,theat and sonication treatments, which
might have adverse effect on biological molecusesh as enzymes, antibody and antigenic
targets (Zhao et al., 2015).

Thus, there is a need for more sensitive/spedificad amplifier tools, and this need
might be met by antibody-based immunosensing detestrategies employing fluorescent
nanoparticles. Although a few fluorescence-basédctien devices have been used for food
samples safety analysis (Liu et al., 2016; Yangl.et2017; Kaur et al,. 2018; Chauhan et al.,
2018), no fluorescence-nano-sensing-based multimethod has yet been devised that uses

layer by layer arranged fluorescence dye encagllsmmuno-liposome nanovesicles for
5
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amplifying histamine toxin or other biogenic amirgetecting signals in food matrices via
antigen-antibody capturing, liposome vesicle rupmrand signal release. Hence, we
afforded to incorporate with a liposomal fluoresoeiamplifier to determine the feasibility of
a new multi-well biosensing platform for histamioin in food matrices.

Lumen of liposomes encapsulates any biological oudés with the help of
liposomal aqueous core capacity and phospholipadl lggoups of polar nature that can play
an important role for the improvement of signal #figation, and can be used as
multifunctional vesicles (Edwards and Baeumner,630Q has been reported that liposomes
exhibited better performance for advanced biosensas compared to other signal
amplification materials (Edwards and Baeumner, 20@8so, immunosensors based on
antigen-antibody interactions exhibit superior elcsgristics as compared to enzyme-based
immunoassays due to their high sensitivities armklent specificities (Zhang et al., 2016).
Moreover, liposome-based assays where markersb¢aiyli and fluorescent dyes are
encapsulated in the liposomes as detectable mekgcptovide instant signal enhancement
after lysis mechanism as compared to enzyme-basedinoassays which show time and
concentration dependent signal enhancement, tmisnlg the sensitivities and the speed of
analysis. Specifically, the liposome-based assagqgsed in this study requires comparatively
lesser washing and incubation steps for antigei@ay reactions as well as eliminates the
separate reaction of secondary antibody and reaetith HRP-tagged signal generating
molecules. The total assay time of the proposedhoaeis only 2 h and 30 min as compared
to ELISA-based methods which require various prsiogs steps such as coating (12 h
incubation), washing with buffer solution (5-10 rpiblocking (2 h incubation) re-washing
with buffer solution (5-10 min), IgG addition (1 ihcubation) followed by washing with
buffer solution (require 5-10 min), addition of &éd enzyme (1 h incubation) followed by

washing with buffer solution (5-10 min), enzyme siuate reaction (30 min incubation) and
6



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

addition of stop solution (NaOH) followed by absambe measurement. A few additional
factors also make the immunoliposome-based as$@y étibody conjugation) favorable as
compared to other ELISA-based histamine detectiseays due to their (1) instant
fluorescence signal enhancement ability after yss Imechanism, (2) cost effectiveness, and
(3) an alternate over other fluorescence materials.

Thus far, only very few liposome-based rapid andtimell detection methods have
been developed for histamine toxin. Therefore cilmeent study was undertaken to construct
Sulforhodamine B dye encapsulated phospholipidyers with anti-histamine antibody
conjugated liposomal nanovesicles as an amplifiesjtioned in a 2 layered format [single
well one wash format (Method 1) and one by one wasimat (Method 2) that unites for
strong fluorescence signal, after rupturing thestcted lipid bilayer. The developed multi-
well biosensing method (Method 2) exhibited exctllgroperties of fluorescence excitation
on particular wavelength and signal amplificatioa tagged antibody molecule on the outer
surface of fluorescent liposomal nanovesicles. tdeo to confirm the novelty of the
developed method (Method 2), sensitive detectiohisfamine in buffer medium and fish
samples, was validated to achieve the goal of thdysby developing a rapid detection
method that can overcome the drawbacks associaittd Method 1 and conventional
analytical methods, including HPLC and other lippsb sensing methods. The detection
sensitivity and applicability of fluorescent antstamine I1gG conjugated liposomal
nanovesicles (anti-His-LNs)-based biosensing systasicompared in real food matrix with
a conventional HPLC method to validate its simpjicprecision, rapidity, repeatability and

straightforwardness.

2. Materials and methods
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2.1. Chemicals and reagents

Putrescine dihydrochloride (PUT), histamine dihydoride (HIS), cadaverine
dihydrochloride (CAD), 2-phenylethylamine (PHE),ygtamine hydrochloride (TRP),
spermidine trihydrochloride (SPD), spermine tetdrboghloride (SPM), tyramine
hydrochloride (TYR), N-(2-hydroxyethyl) piperazide2-ethanesulfonic acid (HEPES),
sodium azide, sodium chlorider-Octyl-5-D-glucopyranoside (OG), methanol, acetone,
cholesterol, sucrose, Sepharose CL-4B, triethylamitansyl chloride, potassium phosphate
monobasic, ethylene diamine tetra acetic acid (EDTpPotassium phosphate dibasic,
dimethyl sulfoxide (DMSO) and amino acids, incluglihistidine, glycine, alanine, lysine,
glutamic acid and arginine were obtained from Sigrd&A. Sulforhodamine B was
purchased from Molecular Probes, USA. Ammonium bydfe, sodium hydroxide,
perchloric acid, and sodium hydrogen carbonate vpemehased from Junsei Chemicals,
Japan. 1,2-Dipalmitoyl-sn-glycero-3-phosphochol(b¥PC), 1,2-dipalmitoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (DPPG), and 1,2-dipabyitsn-glycero-3-phosphoethanolamine
(DPPE) were procured from Avanti Polar Lipids, USN:[k-maleimidoundecanoyloxy]
sulfosuccinamide (sulfo-KMUS), N-Succinimidyls-acetylthioacetate (SATA), and
hydroxylamine hydrochloride were obtained from BéeProducts, USA. Monoclonal anti-
histamine antibody (anti-histamine IgG) (cat#MBS338; 1 mg/mL) was purchased from
MyBioSource, USA. Immunoplates (96 well amine bmglipolystyrene surface) were

purchased from Thermo Scientific (USA).

2.2. Synthesis of Sulforhodamine B-encapsulated liposome nanovesicles
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Liposome nanovesicles were prepared using a repéidse evaporation method we
previously described with a few modifications inr aarlier methodology. In brief, a lipid
mixture (40.3 umol: DPPC, 4.2 umol: DPPG, and 40vl: cholesterol) was used to form a
phospholipid bilayer, and a fluorescent dye Sulboidmine B at higher concentration
(150mM) was selected to make fluorescent liposome nesiokes, as we previously
described(Shukla et al., 2016). Non-encapsulated dye oretrat organic solvent was
removed from the liposome preparation by gel-fiitna on a Sephadex G-50 column (1.5%18
cm) at room temperature. Detailed methodology fgntlsesizing Sulforhodamine B-
encapsulated liposome nanovesicles has been givdreiSection 1 of the supplementary

information.

2.3. Surface functionalization of fluorescent liposome nanovesicles and conjugation of anti-

histamine 1gG to develop immunosensor

Sep I. Derivatization of anti-histamine |gG with maleimide functional group

Fluorescent anti-histamine conjugated liposomalomasicles (anti-His-LNs) as
nanobiosensors were prepared as previously dedontie some modification [28]. Briefly,
0.1 mg of anti-histamine IgG was dissolved in 1 ail0.05 M potassium phosphate buffer
containing 1 mM of EDTA and 0.01% sodium azide (pH). A sulfo-KMUS solution was
prepared by dissolving 3 mg of sulfo-KMUS in 0.18 rof solvent mixture of DMSO:
MeOH (2:1, v/v). Then, a 2.25 pul of sulfo-KMUS sttin was then added to 1 mL of this
anti-histamine 1gG solution (0.1 mg/mL) and incuidzhon a shaker at room temperature for 3
h [29, 30]. Oncehe antibody (0.1 mg o&nti-histamine IgG) derivatized with the maleimide
group, was dialyzed overnight with 0.02 M HEPESfé&u{0.15 M NaCl, 0.01% sodium

azide), and sucrose was added to maintain its @sityols 427 m osmol/L. Importantly, to
9
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maintain the proper stability of Sulforhodamine Bzapsulated liposomes, all buffers used in
the liposome preparation were adjusted to relatiadittle higher osmolarity so as to prevent

the osmotic pressure-related swelling.

Sep Il. Removal of acetylthioacetate group from Sulforhodamine B-encapsulated liposome
nanovesicles

The N-succinimidyls-acetylthioacetate (SATA) was used during the fetp of
liposome synthesis to prepare DPPE-ATA complex Ixing DPPE (7.2 umol) and SATA
(14.3 pmol) with 1 mL of 0.7% trimethylamine. Aftercorporation of lipid constituents into
liposome bilayer, final obtained Sulfornodamine i:@psulated liposome nanovesicles may
still have some amounts of acetylthioacetate gnmapeties from SATA, which should be
removed prior to further processing reaction (Kyndéfer to supplementary information
section for more information).

The total volume of Sulforhodamine B-encapsulatgoosiome solution was
measured as it may differ lot-to-lot. 0.5 M of hgdylamine hydrochloride was prepared in
0.1 M HEPES solution containing 25 mM EDTA (pH 7.4nhd then added into
Sulforhodamine B-encapsulated liposome solutioraimvorking ratio of 1:10 (1 mL of
Sulforhodamine B-encapsulated liposome solutiort, thL of 0.5 M hydroxylamine
hydrochloride solution) followed by flushing thesk under nitrogen for 1 min. The reaction
process of deacetylation was allowed to occur amréemperature at 70 rpm shaker for at

least 2 h.

Sep Ill. Conjugation of maleimide-derivatized anti-histamine 1gG to Sulforhodamine B-

encapsulated liposome nanovesicles

10
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Conjugation of maleimide-derivatized anti-histamig& and fluorescent liposome
nanovesicles (210 uL) was performed by adjustirglifpsome solution mixture to pH 7.0
using 0.5 M HEPES buffer (to make same pH as reduior —SH group ethylmaleimide
guenching, 0.02 M Tris buffer; pH 7.0), added withleimide-derivatized anti-histamine IgG
solution (0.1 mg/mL of anti-histamine 1gG prepaiedStep 1), and flushing under nitrogen
gas for 1 min. The reaction was allowed to proceed shaker at room temperature for 4 h
and then incubated at 4°C overnight. To quench asted —SH groups, 100 mM of
ethylmaleimide dissolved in 0.02 M Tris buffer caining 0.15 M NaCl, 0.01% NalNand
0.07 M sucrose; pH 7.0 was added to the immunadipes reaction mixture; the osmolarity
of this buffer solution (421 m osmol/L) was mainid with 0.07 M sucrose using an
osmometer (Shukla et al., 2016). Anti-histamine -lgGged liposome nanovesicles were
separated from unreacted SH-derivatized anti-hisiamigG using a Sepharose CL-4B
column equilibrated with 0.02 M Tris buffer (0.15 N&Cl, 0.01% NaR| pH 7.0) containing
0.07 M sucrose. The desired fraction of anti-histeemgG-tagged liposome nanovesicles
was collected and the solution was dialyzed (i MDTris buffer) overnight at 4 °C in the
dark for achieving to improve its stability. Thenéiomation of free antibody released during
elution from Sepharose CL-4B column was analyzediffierent fractions of elute buffer via
the Bradford method using rabbit IgG as a standard.

After this, the measured volume of anti-histamig&-tagged liposome nanovesicles
was then treated with dropwise addition of 2% B®Aigon (in 0.01 M phosphate buffer),
followed by 30 min incubation at 4°C to block ngesific binding (Kim et al., 2018). This
pre-blocking step was preferable in this study tbanpreviously reported method (Shukla et
al., 2016) due to lesser chances of non-specificlibg that could be originated from
contamination of antibody-conjugated liposome naswmles. As illustrated in Fig. 1,

phospholipids and cholesterol moieties were usetbistruct a nano-sized Sulforhodamine
11
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B dye encapsulated lipid bilayer (liposome) andjegated with anti-histamine IgG to form
immunoliposome nanovesicles after fractionation gnification using Sephadex and

Sepharose gel columns.

2.4. Characterization of fluorescent anti-histamine 1gG conjugated liposomal nanovesicles

2.4.1. Morphology, size, and stability

Liposome nanovesicles morphologies were observéng s JEOL 2100F high-
resolution TEM. Average diameters, polydispersitdices (PDI), and zeta potentials of
liposome nanovesicles were measured by dynamit $ighttering (DLS) using a Zetasizer
Nano ZS particle analyzer (Malvern Instruments Ltd/orcestershire, UK) at room
temperature. Intensities of liposomal suspensiorsevadequately diluted with 0.02 M
Tris-buffered saline (TBS pH 7.0) prior to takingeasurements. The PDI and zeta
potentials of fluorescent liposome nanovesiclesewalso used as measures of particle

homogeneity and stability.

2.4.2. Confirmation of Sulforhodamine Bencapsulation in liposomal lipid bilayers
Lipid and phospholipid molecules can encapsulatéfoBwdamine B, a self-

guenching signaling molecule at higher concentnatioleading to formation of
Sulfornodamine B-encapsulated liposome nanovesickedforhodamine B-encapsulation
efficiency was determined by measuring increaseffuorescence intensity after rupturing
lipid bilayers. In brief, 150 mM Sulforhodamine Beapsulated liposome nanovesicles were
treated with a solution afi-Octyl-5-D-glucopyranoside (OG) (30 mM) and few other ionic
and non-ionic detergent reagents such as TweeM#2€en 80, Triton X-100, and sodium

dodecyl sulfate. After the lysis, the fluorescematensities of released Sulforhodamine B
12
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from encapsulated liposome nanovesicles were redaaitl 550 and 585 nm as excitation and

emission wavelengths, respectively, and for con@dll M HEPES buffer (pH 7.0) was used.

2.4.3. Confirmation for free anti-histamine IgG release via Sepharose CL-4B column
Anti-histamine lgG-tagged liposome nanovesiclesewseparated from free anti-
histamine 1gG using a Sepharose CL-4B column. Tmdicnation of free antibody released
during elution from Sepharose CL-4B column was yred by collecting different fractions
of elute buffer after different time intervals aneleased free antibody concentration was

measured via the Bradford method using rabbit lg@ atandard (Shukla et al., 2011).

2.5. Concept for detection assay format and sensitivity for histamine detection

The developed assay functions on the immuno-caygtbased fluorescence
controlled detection efficiency of liposome nanaekes, which act as signal amplifiers. The
detection signal capacity of a liposome particledisectly proportional to its size, as
described previously (Shukla et al., 2016). Thadoesncept of the present assay is based on
fluorescence measurement before and after ruptwindgosomes followed by leakage of
encapsulated SRB dye from the liposome vesiclesfiaatly enhanced fluorescence signals
are generated as compared to the fluorescence ragasut without rupturing. In the present
assay method, we simplified and specified the gearent of liposomal vesicles for
generating strong signals, better sensitivity, ceduwashing, single well reaction, reduced
cost, and instant signal generation by using d@elammunoliposome vesicles rather than
an enzyme-based assay with fluorescence detecfidmes.overall setup for anti-His-LNs-
based biosensing is demonstrated in Fig. 2. Thesdmal nanovesicles containing

Sulforhodamine B amplifiers exhibit strong absayptiat 500 nm and high fluorescence at
13
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550 and 585 nm as excitation and emission waveisngespectively (data not shown),

hence these parameters were introduced into oup $etallow the detection of fluorescence
signals. Thus ability of liposome nanovesiclesdbas immunosensor for histamine sensing
was assessed by monitoring the change of fluorescahan excitation wavelength of 550

nm and emission wavelength of 585 nm.

In the present study, an arrangement strategy wardscent anti-His-LNs was
adopted to enhance the detection efficiency ofddneeloped assay format. In brief, at first, a
stock solution of anti-histamine IgG-tagged lipogomanovesicles (anti-His-LNs) was
diluted with 0.01 M Tris buffered saline (TBS) camting 0.04 M sucrose at ratios of 1:2, 1:5,
1:10 or 1:50 to obtain suitable fluorescence sigimakterms of intensities. The 1:10 ratio was
deemed optimal and used throughout the remaindethef study. Disruption ofthe
phospholipid bilayer of liposomal nanovesicles wakiced by adding detergent. The release
of Sulforhodamine B was then detected by analyzingeases and/or decreases in
fluorescence intensities. Two assay formats basd@o layered anti-His-LNs (anti-His-LNs
were mixed with histamine antigen to form immunopter, the procedure was done in 2
layers) were constructed in an effort to shorte a@mplify the detection procedure.
Schematics of the both methods are presented urds@A, B and C.

Method 1 involves a single well one wash procedureyhich 100 pL solution of
various concentrations of histamine (1, 5, 10, 20, 60, 80, 100 or 200 ppb in 0.01 M
phosphate buffer) was added in micro-wells of 96l wmine binding polystyrene surface
immunoplate, followed by incubation at 37 °C forrth and then addition of 50 pL of anti-
His-LNs and incubated for 15 min at 37 °C. Theseénanbinding polystyrene surface 96
microwell plates allow the strong adhesion of prieand antigenic molecules, including
histamine. In brief, these plates were pre-activaia maleic anhydride which allows strong

attachment of amine-containing molecules to miatgpwells for using in binding assays.
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Here, our target molecule is a type of biogenicramhistamine) having —NHunctional
group, therefore, similar binding approach is sgigrsuitable in these plates.

Then, similarly the mixture of 100 pL of histamiselution and 50 pL anti-His-LNs
as a secondary layer was added to each well fotlolme similar incubation procedure to
allow the formation of immunocomplex (Fig. 2A). Wewere then washed with 0.01 M
phosphate buffer and 250 puL of 30 mM OG was addelyse the liposome nanovesicles.
Histamine bounded Sulforhodamine B encapsulatemsdime nanovesicles were then lysed
and released. At final step, 200 pL of supernagahition was transferred in to the new well,
and fluorescence signals of Sulforhodamine B, gdadrafter lysis, were measured at 550
and 585 nm as excitation and emission wavelengtspgectively.

On the other hand, another detection assay proedduMethod 2 involved a one-
by-one wash procedure (Fig. 2B). Briefly, at fil€d0 pL of histamine solution of various
concentrations (1, 5, 10, 20, 40, 60, 80, 100 d@r @Pb and higher concentrations 0.5-200
ppm in 0.01M phosphate buffer) was coated onto onieells of 96 well surface
immunoplate by incubating the microplate for 30 rair87° C. Wells were then washed with
0.01 M phosphate buffer (3 times), and then 50 fitardi-His-LNs were added, and wells
were incubated at 37 °C for 30 min to initiate thenunogenic reaction. The wells were
again washed with 0.01 M phosphate buffer (3 tim&unilarly, a second layer of assay
format was constructed by adding 100 pL of histansiolution and 50 uL of antibody-tagged
liposome nanopatrticles followed by incubation at’@7for 30 min after each addition. Then,
the micro-wells were again washed three times Withii M phosphate buffer and then
encapsulated Sulforhodamine B molecules (in argaHHNS) were released by adding 250 pL
of 30 mM OG. Finally, 200 uL of lysed liposome dabn (supernatant) was transferred in to
the new well (to avoiding false interference of a@loyvn settled aggregated immunocomplex

and errors due to bubbles originated after additib®G), and signal generation in terms of
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fluorescence intensity was measured at an exaitatiavelength of 550 nm and emission
wavelength of 585 nm. The fluorescence intensitiesamples and blank were measured as
positive and negative values, respectively. Theeda®n results were evaluated for
positive/negative (P/N) values, where P/N >2 isstdered as a positive result which means
histamine is present at detectable level, and PANis<considered as a negative result which
means histamine is either not present or at alegryconcentration.

The method for using 2 layers of liposomal vesiciessensitive detection of
enterotoxicaphylococcus aureus was originated from Yin and Wen (2017). To proettdr
detection performance, a single layered immunosijmeal assay format was constructed and
compared with current 2 layered immuno-liposomafat. Single layer for immunosensing
was formed similarly by adding 100 pL of histamswution to coat onto micro-wells of 96
well amine binding polystyrene surface immunoplatencubating the microplate for 30 min
at 37° C followed by 3 times washing (using 0.01Nbgphate buffer). After which 50 pL
solution of anti-His-LNs was added to micro-weltdldwed by incubation at 37 °C for 30
min. Wells were then washed with 0.01 M phosphati#eb and fluorescence signals were
recorder after the lysis of anti-His-LNs by add2i0 pL of 30 mM OG. For measuring the
fluorescence signals (at excitation and emissiornvelemgths of 550 and 585 nm,
respectively), only 200 pL of lysed liposome salatwas transferred to the new wells (Fig.

20C).

2.6. Interference test

The developed one-by-one assay (Methodwa} tested for its specificity against
histamine. Solutions of eight other endogenousdstahbiogenic amines (HIS, TRP, SPD,

PHE, CAD, PUT, TYR, and SPM) were prepared at 1) H00 ppb concentrations, whereas
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their commonly representing corresponding free amagids (histidine, glycine, alanine,
lysine, glutamic acid and arginine) were preparepasately at higher concentration levels
(100 ppb) for interference test. The mixture of HIAs prepared at 10 ppb while other
interfering amines and free amino acids were pegpat 10xexcess concentrations and tested
using the above-described analytical procedure. aslibay sets were performed in six

replicates and % CV values were calculated.

2.7. Applicability of developed detection assay in contaminated fish, meat and ready to eat

salad products

Histamine is a heat stable amine and is unaffdayelligh range of temperatures and
imposes a great challenge in terms of public heaid trade by possessing
scombroid fish poisoning. To confirm the applicakibf the proposed sensing via Method 2,
the content of histamine in fresh mackerel fismnead tuna and salmon fish, ground red meat
and ready to eat salad samples was detected usikegdsrecovery method. All the fresh
samples were transferred in hygienic conditionshéolaboratory and then exposed under UV
for 20-30 min to avoid any further microbial coniaations and further tested using
commercially available histamine detection kit (§en-veratox for quantification limit 2
ppm) as well as via currently developed methodHerdetection of lower levels of histamine
(in ppb) in order to confirm the absence of histanin each set of the sample detection
analysis and then spiked with histamine at diffecemcentration levels.

All samples (5 g) after confirming the absence istdmine were homogenized (high
speed) in 45 mL of 0.01 M phosphate buffer (pH &fjJ homogenates were then spiked with
different concentrations of histamine (1, 5, 10, 20, 60, 80, 100 or 200 ppb) and final

volumes made up to 50 mL. After vigorous vortexisgmples were centrifuged at 10,000
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rpm for 10 min, 1 mL aliquots of supernatant weolected and diluted at 1:10 to reduce

matrix effects. In continuations of assay procedg@scribed in earlier section for method 2,
collected supernatant from histamine contaminadatisamples was coated onto micro-wells
of 96 well amine binding polystyrene surface immpiate by incubating the microplate for

30 min at 37° C. These specific immunoplates haeehigh adhesion and easy attachment
capacity of amine binding polystyrene surfaceshistamine antigen present in the samples.
Three independent sets of spiked samples were neckjgh each concentration for statistical

purposes.

2.8. Assay validations

The detection procedure was validated via calibmaturve and evaluation of the
range of linearity, limit of detection (LOD), andnit of quantification (LOQ). The linear
response of histamine was determined in the coratens, which led to the correlation
factor R > 0.99. LOD and LOQ were re-calculated using taedard equations LOD = X0 +
3SD and LOQ = X0 + 5SD, respectively, where X0 s average response of the blank

samples, and SD referred to the standard deviéirom = 6.

3. Results and discussion

3.1. Preparation and characterization of liposome nanovesicles

Sulforhodamine B-encapsulated liposome nanovesisleee developed using a

reverse-phase method as previously described (&letldl., 2016) with minor modifications.

In brief, liposome nanovesicles were filtered tlgioW.8 and 0.4 um polycarbonate filters in
18
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order to achieve uniform size distributions (Fi§),lwhich were measured by dynamic light
scattering at 209.2 nm with 100% intensity and B.@8&ercept value (Fig. S1). Average
volume of single liposome nanopatrticle calculatasthg average size of mixed liposome
vesiclesis presented in Table S1. On the basis of the geesi&ze determined via dynamic
light scattering, it could be possible to calculdite average outer volume of single liposome
vesicle as 4.71x1¥ pL and inner volume entrapped (by assumption 4lipid bilayer
thickness) as 4.18x¥®pL. The Sulforhodamine B content inside the lippsovas assumed
as equal to Sulforhodamine B concentration usethguhe liposome preparation (150 mM),
and other characteristics such as amount of Sulézmine B per liposome (6.28x10
pmol), number of Sulforhodamine B molecules pepsipme (3.78x10) were calculated by
comparing the fluorescence of lysed liposomes &b ¢fi standard Sulforhodamine B solution.
Amount of lipid / liposome and number of lipid moldes per liposomes were calculated
considering the outer surface aredmr? with the assumption that only 50% of total lipid
molecules are present in liposome vesicle. Sinyilanti-histamine IgG molecules tagged per
liposomal vesicles were calculated by assuming timy 0.4% IgG was conjugated that
resulted in 2200 molecules of anti-histamine IgGtloa surface of each liposomal vesicle.
Prior to antibody conjugation, the concentrationdef/eloped liposomes was calculated by
assuming that the Sulforhodamine B concentratigiden liposomes was 150 mM. All
calculations were dependent on Sulforhodamine Bidsta curve and calculated as
encapsulated Sulforhodamine B concentrations dy®s and measured via fluorescence
intensity (at an excitation wavelength of 550 nnd amission wavelength of 585 nm) for the
total released SRB concentration, as a result,iwies calculated as 8 pumol/mL of liposome
solution. Based on the information given in Table ®e calculated the pmol concentration
of SRB/each particle of liposome as 6.28%10Therefore, the concentration of liposome

(particles/mL) was approximately 1.27x *i0particles/ mL. All the calculations were
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designed on the bases of our earlier reported potgdShin and Kim, 2008).

Previous studies have shown that fluorescencectilmte signal capacity of a
liposome nanopatrticle is dependent to its parcte (Shin and Kim, 2008). Based on this
information, we assumed that as the size of thiaseirarea of a liposome particle increased
the binding affinities of antibody molecules to sisrface was enhanced. Thus, we sought to
prepare liposome nanovesicles with high surfacasate enhance surface antibody binding.
TEM observations confirmed 190-200 nm nanovesiele® spherical (Fig. 3A). Also, Shin
and Kim (2008) reported that as the size of theslgme increased, higher fluorescence
signals were obtained owing to a higher number oifoghodamine B molecules
encapsulated in the liposome. Overall, as the ¢ipws particle size increased, the detection
signal increased.

Zeta potential and polydispersity index (PDI) argortant parameters that reflect
the stabilities of nano-systems, and for Sulformoil@ B-encapsulated liposome
nanovesicles as determined by DLS their values wéPet 7.72 mV, and 0.191, respectively,
which confirmed interaction between Sulforhodamienolecules and negatively charged
phospholipids (Table S1). Liposomes prepared wadtvek PDIs (< 1) are considered
monodisperse liposome vesicles, and have excedtafiilities (Shukla et al., 2011). The
magnitude of the zeta potential indicates the pftkestability of the colloidal system. High
surface charges cause particles to repel each, atterthus, increase solution stability. Li et
al. (2016) reported similar results for liposomenavesicles developed for targeted drug

delivery.

3.2. Confirmation of Sulforhodamine B encapsulation in liposomal lipid bilayers

Sulforhodamine B was successfully encapsulatedigasbme nanovesicles and
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served as a strong fluorescent sensing materiatohfirm the encapsulation efficiency of
liposomes, results were confirmed based on the une@&nts of the fluorescence intensity of
Sulforhodamine B-encapsulated liposomes beforeadied lysis. In addition, we also tested
the abilities of a series of ionic and non-ioniteilgents (Tween 20, Tween 80, Triton X-100,
sodium dodecyl sulfate, and OG) to rupture the nramds of Sulforhodamine B-

encapsulated liposomes (Fig. 3B). OG at a condsraf 30 mM was found to most

effectively rupture lipid membrane as determinedtiansmission electron morphological
views (Fig. 3C) and Sulforhodamine B fluorescemtensities (Fig. 3D).

Fluorescence intensities of lysed and non-lysedstmal nanovesicles rely on the
de-quenching of putatively self-quenched Sulformoisie B (Ho et al., 2007). In order to
determine the concentration dependency of Sulfahude B release from liposomes
nanovesicles and generation of fluorescent sighgislysis of liposomal nanovesicles.
Liposome nanovesicles at different dilutions (£;1010"1:10> and 1:16) were treated with
30 mM of OG as a strong detergent, and fluorescamessity signals were measured at
excitation and emission wavelengths of 550 andrg85respectively. We found that 30 mM
OG dose-dependently induced Sulforhodamine B releasd thus, was chosen for further
tests (Fig. 3D). Overall our results showed Suldoidmine B was well encapsulated by
liposomal vesicles, which exhibited only weak flescence intensity, but strong fluorescence
intensity after lysis, indicative of fluorescentedigakage from vesicles (Saez et al., 1982).

Further, after conjugation of anti-histamine IgGSalforhodamine B-encapsulated
liposome nanovesicles, the free antibodies werevenh following the purification step via
Sepharose CL-4B column. The confirmation of reldasee antibody was validated using
different interval fractions of elute buffer by tigradford method using rabbit IgG as a
standard. During conjugation, initial concentratioh anti-histamine IgG was 0.1 mg/mL

while 0.021 mg/mL of free antibody release was olest during purification of anti-
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histamine 1gG from different fractions of bufferavBepharose CL-4B column (Table S3),
confirming that the free antibody was easily remtbwéen fractioned via Sepharose CL-4B
column. The optimization of anti-histamine usefolaunt for the conjugation with liposomal
nanovesicles was tested with various concentratwisnti-histamine 1gG antibody to

achieve its significant bounding efficiency confedhvia Bradford test. Finally, 0.1 mg/mL
concentration was confirmed as the useful amountaofi-histamine IgG to form

immunoconjugate (Table S2). The experiment wasnvaitbto perform in several lots during

the synthesis procedure.

3.3. Design and detection sensitivity of developed assay

Under optimized conditions, immunosensor assay d&smMethods 1 and 2)
constructed in this study based on the immunolipesoanovesicles were applied to detect
different concentrations of histamine in a buffgstem (Fig. 4A and 3B). Both methods
produced dual layer liposome-based immunocompleh wie requirement of 200 pL of
analyte (histamine) and 100 pL of anti-His-LNs. N&d 1 was involved a single well one
wash procedure, in which a second layer of immungadex was formed with anti-His-LNs
and was mixed together with single step washinigWad by fluorescence measurements by
the release of Sulforhodamine B contents. On therdiand, Method 2 involved the multiple
washing and incubation steps typical of ELISA iatone-by-one procedures as described in
the Experimental section in which first analytestamine antigen) was coated with proper
incubation time followed by 3 times washing andnthbe first layer of anti-His-LNs was
constructed. After proper incubation period, theacted immunocomplex was washed and
again allowed to construct a second layer of aaadyid anti-His-LNs followed by washing.

Method 1 and 2 resulted in LINs that exhibited a@arication-dependent fluorescence
22
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intensities (Fig. 4A and 4B). Lower concentratiohhistamine allowed the formation of
antigen (histamine)—antibody (anti-His-LNs) complerly in a few amount, and large
amount of anti-His-LNs remained unbounded, whiah loa easily washed off, and after lysis
reaction, resulting in a lower range of fluoreseematensity which was observed in an
increasing manner as the concentration of histamereased (Fig. 4A and 4B).

Detection limits were defined as average fluoreseentensities of blank samples
plus-minusthree standard deviations (Hochel and Skvor, 200)rief, according to the
equation: LOD = xbl + 3sbl, where xbl is averagmlblsignal and sbl is blank standard
deviation. The detection limit of histamine for Met 1 was found to be 10 ppb and only 1 h
15 min was required to obtain signals (Fig. 4A).iM/hMethod 2 (one by one wash) had a
detection limit of 2-3 ppb but 2 h 30 min was reqdito obtain signals (Fig. 4B). The
detection limit of Method 2 was preferred, presulypatue to stronger analyte to anti-His-
LNs binding due to the longer reaction time. In Mt 1, the “prozone effect” was observed
at a histamine concentration of 80 ppb, and thig have been due to competitive reactions
between anti-His-LNs and higher number of histanmmméecules which can be considered as
a saturation point (Fig. 4A). On the other hand,tidd 2 showed minute reduction in
fluorescence signals at a histamine concentratioB00 ppb (Fig. 4B); however, on an
increment of higher histamine concentrations (@200 ppm), fluorescent signals again
increased drastically and no saturation or “prozeifiect” was observed (Fig. S4), possibly
due to the use of multiple washes in between th@ngements of anti-His-LNs complex
offering a heterogeneous assay design (Vaidya,et388).

Based on these results, although Method 1 couldnipéemented more easily and
quickly because it did not require multiple stepd/ethod 2, we adopted Method 2 because
it had a lower detection limit (2—3 ppb) and a diferation limits in a wider range (8.5 ppb—

200 ppm) than Method 1 (15-80 ppll)e believe that the two layered anti-His-LNs based
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sensing format (Method 2) exhibited good bio-speityf and sensitivity- the emitted

fluorescence was acquired from the detection oitastamine IgG-conjugated liposomal
amplifiers that formed strong layers of immuno-céemps with the target analyte and the
immuno-liposomal complex. This may be attributedhe inherited nature of the anti-His-
LNs as an immunosensor which specifically captuted analyte molecule. Moreover, the
appropriate blocking strategy also prevented natifp binding between the detection
surface and the target antibody molecules or lip@d@mplifiers (Chang et al., 2016).

In a previous study, Shukla et al. (2012) usedslymoes in a single layer format for
the detection oBalmonella bacterium. Here, we compared a single layereddbinvolving
multiple washing stages similar with Method 2 (tlagered format) using the same amount
of histamine (200 pL) and of liposome nanovesiq#80 pL) and measured detection
sensitivities (Fig. 2B). We found the detectionitimf histamine in single layered format was
60 ppb and that signals were detected in 1 h 30(Fgq 4C). This outcoming demonstrated
an immense interest in achieving better detectemsisivities by approaching a two layered
format of liposome nanovesicle-based diagnostitegysFinally, we compared the analytical
performance of Method 2 with other diagnostic mdthdeveloped for histamine detection
(Table 1). Method comparisons demonstrated thasémsor developed in this study has a
wider linear range and a lower detection limit, alaks not require the complex handling
steps of previously reported sensors.

To check storage stability, fluorescence intersitiesynthesized Sulfornodamine B-
encapsulated liposome nanovesicles were measuedstdrage at 4 °C for 6 and 12 months.
Significant changes in fluorescence intensity webserved after 3 months and after 12
months of storage fluorescence intensities werehnmeduced (Fig. S2). Therefore, in order
to achieve long term stability and avoid damagdlwdrescent liposome nanovesicles, we

recommend the conjugation of anti-histamine IgGfltmrescent liposome nanovesicles
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should be performed promptly after synthesis. Tioeee after conjugation of liposomal
nanovesicles with anti-histamine 1gG (immunoliposbmmanovesicle), we evaluated the
stability with storage at 4 °C for 0 month to 20ntis, and observed that the stability of
immunoliposomal nanovesicles in terms of fluoreseemtensity was not reduced until 12
months, which proves their significant stable shitdfwith sufficient encapsulation of SRB
dye. However, a drastic reduction in the fluoreseemtensity was noted after 12 and 14

months storage under the same conditions.

3.4. Specificity of the devel oped assay formats

In order to measure the specificity of Method 2pssrreactivity was examined
versus 8 other biogenic amines (HIS, PUT, PHE, SEMD, TRP, SPD, and TYR) that
belong to same group of amine contaminants in foadlucts. All the examinations were
performed under the experimental conditions deedri;h subsection: 2.5. Positive and
negative tests were conducted using fluorescerteasities and P/N values. P/N values of
many immunoassays provide an important means efrméeting positive and negative test
results (Saez et al., 1982). The P/N value of msta was 7.49 + 0.2 (>2), whereas for the
other biogenic amines tested, P/N values were Aliwhich indicated the absence of cross
reactivity with other amine contaminants. The P/&lue of spermidine was 2.4 = 0.1,
indicating slight interference (Fig. 5a). This ntidgle due to close chemical interaction of
spermidine moieties or a few uncovered bindingsgiteesent in anti-His-LNs. The specificity
of the developed anti-His-LNs-based assay (Methpds2probably determined by the
specificity of the antibody used (Dong et al., 2017

The selectivity was also investigated with the espondent free amino acids found

mostly in fish, meat and vegetables as histidimgige, alanine, lysine, glutamic acid and
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arginine, account for major proportion of the taatino acid contents. The histidine amino
acid is the main interfering factor for histamingt@trmination because the % presence of free
amino acids in meat and fish products is lessen tttd. Fig. 5b shows the fluorescence
intensity response of these free amino acids alitg histamine and found the peak
fluorescence intensity of histamine was minimunindes larger at 1/70 concentration of
other tested free amino acids, approved for nafgrieag with other structural analogs. Also
when a mixture of all free amino acids (100 ppb)xedi with histamine at 10 ppb,
fluorescence intensity of histamine was slightlgueed as compare to single histamine (10
ppb) but was analyzed statistically different (©.85), confirming acceptable specificity of
the proposed sensing. Few other electrocatalygctmldes based sensing methods were
found to be affected by interfering analogs inahgdhistidine free amino acid (Wang et al.,

2017; Gajjala and Palathedath, 2018).

3.5. Applicability of the developed assay using real fish and meat samples

In order to assess the applicability of the devetb@nti-His-LNs-based assay
(Method 2), fish food products including fresh maek fish and canned tuna/salmon fish
samples were artificially spiked with correspondmgtamine concentrations. The histamine
detection limit was found to be same as in buffedmam (2—-3 ppb), but fluorescence signals
were slightly reduced (Fig. 6), indicating slighaimx effects, presumably due to high protein,
fat, or omega fatty acidontents present in fish samples (Omanovic-Miklisand Valzacchi,
2017). Further, average recoveries were also tesiiddetectable concentrations observed
from fresh mackerel 73.50% to 99.98%, canned tuh@8P6 to 103.74% and 74.56% to
99.02% from canned salmon, respectively. The pi@tiand accuracy of each test set were

expressed as % CVs ranging from 1.48% to 6.86%l¢TAb These analytical figures (% CV)
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were consistent with the results of other repodetkction approaches, indicating that the
method was reliable for the analysis of real samfitu et al., 2017; Taghdisi et al., 2016).

Solution obtained (after spiking of histamine iméal food samples) was diluted in
the ratio of 1:10 to reduce matrix effects follogithe USFDA guidelines and coated onto
the amine group binding polystyrene 96 well immuatgs. At this stages along with
histamine, a few other proteins present in food@asimight also be coated onto the surfaces
of immunoplate. However, the developed assay hathteofering effect on the histamine
specific fluorescence signal generation, thus comifig the specificity of currently developed
anti-His-LNs based assay (Method 2).

Moreover, histamine detection with good recovengwaso confirmed in few other
relevant food matrices such as ground red meatready to eat salad. The results of an
acceptable value of % histamine recoveries weradas 106.43% and 99.00% in ground
red meat and ready to eat salad, respectivelyrakeded in Table S5. The total assay time of
the developed assay setup for all the samples wi&siras 2 h 30 min, including coating,
blocking and washing procedures. This assay setumrd that multiple samples (96 samples
at one time) can be handled within the same timé.liThese results revealed a good sensing
applicability of the developed one-by-one anti-Hids-based assay (Method 2) in a multi-
well biosensing system for a variety of food masiavithout having any recovery loss and
no demand for sophisticated purification methodachs as extraction-based liquid

chromatography methods.

3.6. Method comparison with conventional HPLC technique and liposome-based

immunomagnetic separation assay

Although several analytical detection methods,udeig HPLC, GC, RP-HPLC, and
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TLC have been reported earlier (Awan et al., 2QG1a-Guimaraes and Pickova, 2004) for
the detection of histamine, all these methods reqgample pre-treatment step, derivatization
prior to sample injection, and able to analyze asilygle sample at a time. However, the
sensing method developed in this study does not laay requirement of pre-treatment,
sample derivatization and able to analyze multgaenples at the same time. Further, to
approve the novelty, accuracy and practical apipiite of the developed anti-His-LNs-
based assay (Method 2), fish food products, inolgifiesh mackerel and canned tuna/salmon
fish samples were tested for measuring the his@rmoontent by the proposed method and
high performance liquid chromatography (HPLC) metho

To confirm the sensitivity, rapidity, and straightivardness of the sample pre-
treatment procedure without using expensive reagemd derivatizing reagentgsults were
verified using a conventional HPLC method. We poesgily found, histamine had to be
derivatized with dansyl or benzoyl chloride for HPdetection (Shukla et al., 2011; Shukla
et al., 2014), as fish samples spiked with diffef@agenic amines at different concentrations,
including histamine, could not be analyzed witholrivatization. Therefore, same fish
samples were extracted with 0.4 M perchloric aaid aerivatized with dansyl chloride
followed by HPLC analyses. The results from HPLQGoamtograms confirmed lower
histamine recovery rates than currently developgdHis-LNs-based method (Table S4, Fig.
S3). HPLC techniques for the determination of saivieazardous biogenic amines, including
histamine, require sample extraction and derivatina2—-3 h), and a sample run time of 30
min. The assay procedure developed in the preseady sloes not require any pre-treatment
or sample derivatization step, and was able toctiéistamine in multiple samples (at least
96 samples) directly within 2 h 30 min.

Furthermore, histamine concentrations of < 1 ppumictcoot be easily detected in a

variety of food matrices by HPLC technique, whishts major limitation versus nano-based
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detection techniques. Erim (2013) reported that ERéchnique can be used to quantify a
single biogenic amine in a sample, and by HPLCitlwh detection of 0.02 ppm has been
reported for histamine in fish products. Pradenaal.e(2016) confirmed and validated an
improved HPLC technique in different food matrides the detection of histamine with a

limit of detection ranging from 0.5-20 ppm.

In addition, we have also compared the novelty, laettler detection limits of anti-
His-LNs-based method (Method 2) with other liposdmased immunomagnetic
concentration and separation assay (IMS) (Shukda €2016). As a result, although the total
assay time was similar (2 h 30 min) as observedtter anti-His-LNs-based method, in
histamine buffer medium the detection limit wasrfdwas 10-20 ppb with quantification limit
of 10-50 ppb (Fig. 7). The practical applicabilibf liposome-based immunomagnetic
concentration and separation assay was also cothpareal fish food sample spiked with
different concentrations of histamine. As a resailthough direct detection without sample
pre-treatment was confirmed, the detection and tifiation limits were very poor as 20 ppb
and 20-50 ppb, respectively than currently develogeati-His-LNs-based assay (Method 2),
which indicates that the developed assay (Methozb@ld be used efficiently for the routine

analysis of histamine in real food samples thaermsimilar detection methods.

4. Conclusions

A fluorescence quenching immunosensing format wageldped to measure the
concentration of histamine toxin in contaminateshfisamples. The developed liposome
amplified sensing assay (Method 2) shown preferdbtection limit of 2—3 ppb with a wide
range for quantification limit (8.5 ppb —200 ppmValidation of the developed assay

procedure (Method 2) was confirmed by histaminectein in artificially contaminated real
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fish samples where a similar detection limit (2gbpwas achieved within 2 h 30 min of total
assay time for multiple samples (96 samples attwne), including coating, blocking and

washing procedures without use of extraction andivakzation steps than that of

conventional analytical detection methods such BE@1 The histamine recovery rates form
contaminated fish samples were in the range of 0P8:503.74% whereas repeatability
results as % CV were in the range of 5.34%-8.48f6summary, the liposome-based
detection assay developed in this study is simgpid, and cost effective, and does not
require any extra pre-treatment steps. Moreovehnag great potential in a wide range of
universal diagnostic applications to determine ricamalytes in real fish samples, including

other similar foods.
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897 Tablel
898  Comparison of the developed liposomal vesicle-badet@ction assay for histamine with

899  other detection methods.

Limit of detection

Detection base Mechanism (LOD)/ Quantification  Reference
range

Silver colloid SERS Surface Enhanced Raman Linear range: 0-20  Janc’l et al.,

substrate Spectroscopy mg/kg 2017
Fluorescent based on LOD: 13 nM .
C_y5 de labeled guenching by Forster Linear range: 13 nM-25 Gustiananda
oxido-reductases et al., 2012
resonance energy transfer nM
im I\fi(r)mlt?e((;jw?)rllymer Surface plasmon Linear range: 2pg/L — Jiang et al.,
P f”mp y resonance sensor 1000ug/L 2015
Graphene-based Competitive LOD: 0.5 pg/mL
hano composite film electrochemical Linear range: 1 pg/mL— Yang etal.,
with HRP (horse ; g/ -+ P9 2015
radish peroxidase) Immunosensor 1 ng/mL
Nanoporous alumlna LOD: 1 uM
membranes with . ! Ye et al.,
) Impedance based assay Linear range: 1 uM—40
magnetic M 2017
nanoparticles
Carbon black Colorimetric based chip Mattsson et
. . 0-600 pg/mL
nanoparticles immunoassay al., 2017
Gajjala and
Cu@Pd core shell Chrono amperometry 0.32+0.1 nM Palathedath,
nanostructures
2018
_ Commercial
Commercial ELISA Enzyme linked . LOD: 2 ppm KIT
: . Linear range: 2.5-40
based Kit immunosorbent assay m (Neogen
bp Veratox)

900
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901 Tablel Continued

Gold nano-particles Immunochromatographic ~ LOD: 600 ng/mL Luo et al.,
b test strip (6 mg/kg) 2015
Screen-printed
carbon electrode and . ) Torre et al.,
the enzyme diamine Amperometric sensor LOD: 0.94 mg/L 2019
oxidase
Superparamagnetic . Magnetic : Moyano et
: immunochromatographic LOD: 1.2 mg/L
particle label test al., 2019
Liposome-based Compared

immunomagnetic  Fluorescence quenching  LOD: 10-20 ppb

concentration and by Sulforhodamine B dye Linear range: 15-50 ppbW'meiEggnt
separation assay
Immunoliposomal  Fluorescence quenching | . LOD: 2-3 ppb :

. . Linear range: 8.5 ppb— This work
guenching assay by Sulforhodamine B dye 200 ppm

902

903
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904 Table2

905 Recovery test results for histamine in fish basextifsamples (ppb, n = 10).

Spiked

Fish Food . Recovered Average
) concentration i % CV
matrices concentration recovery (%)
(ppb)

2 147 +1.13 73.50 % 4.98

5 413 +1.33 82.6 % 3.44

Fresh mackere| 10 916 + 121 916 % 309
fish 20 18.78 + 0.80 93.9 % 3.33

40 39.10+£0.54 97.75 % 2.15

60 59.99+1.81 99.98 % 2.28

2 1.58 £0.10 79.08 % 6.86

5 4.47 +0.07 89.45 % 1.67

10 9.47 +0.37 94.76 % 4.02

Canned tuna

20 19.21 +£0.28 96.08 % 1.48

40 39.20+1.50 98.00 % 3.83

60 62.24 + 2.86 103.74 % 4.31

2 1.52+0.01 76.56 % 4.40

5 4.25 +0.07 85.07 % 1.80

10 9.36 £ 0.08 93.66 % 1.67

Canned salmon

20 18.93+0.72 94.67 % 3.94

40 39.47 £1.05 98.69 % 2.72

60 59.41+1.20 99.02 % 2.05

906
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Figure captions

Fig. 1. Preparation of the fluorescent liposomal nanovesials signal amplifiers. (A) DPPC,
DPPG and cholesterol dissolved in a chloroform/meth mixture was used to form a thin
bilayer film by reverse phase evaporation; (B) digbilayer hydration with aqueous
Sulforhodamine B at 45 °C, (C) Sulforhodamine Bagrstilated in a gel with lipid bilayered
vesicles; (D) Liposome nanovesicles were extrutiealigh polycarbonate filters (0.4 and 0.8
uM); (E) Fractionation using Sephadex G-50 gel fanllecting Sulforhodamine B-
encapsulated fluorescent liposomal nanovesiclas$;(BnConjugation of anti-histamine 1gG
into fluorescent liposomal nanovesicles with folemby fractionation using Sepharose CL-

4B gel for collecting immuno-liposomal nanovesichggh significant fluorescent efficiency.

Fig. 2. Schematic representation for designed multiplexgtiz fluorescent liposomal

nanovesicle-based dual layered immuno-biosensinigistamine toxin.

Fig. 3. Characterization of synthesized liposome nanowesicl(A) Morphological
examination of Sulforhodamine B-encapsulated flsoeat liposomal nanovesicles by
transmission electron microscopy (TEM); (B) Compan of using ionic and non-ionic
detergents for rupturing the lipid membranes off@bbdamine B-encapsulated fluorescent
liposomal nanovesicles in terms of released flumes Sulforhodamine B dye; (C) TEM
images of Sulforhodamine B-encapsulated fluorestippsomal nanovesicles before (left
side image) and after rupturing (right side imagelpid membrane; and (D) Confirmation
of the integrity of 150 mM Sulforhodamine B-encdpsed fluorescent liposomal

nanovesicles.
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Fig. 4. Sensitivities of the developed double layered tpmsed anti-His-LNs-based

biosensing formats for the detection of histami#9. Double layered positioned anti-His-
LNs based single well one wash format; (B) Doullgeled positioned anti-His-LNs based
one by one wash format; and (C) Single layeredHistiLNs-based format. All experiments
were conducted three times, and results are pexteag meanstSDs. The coefficient of

variation (% CV) of fluorescence intensity (n=6)saass than 10%.

Fig. 5. Specificity and background interference test o fttheveloped double layered
positioned anti-His-LNs-based biosensing for theeck&on of histaming€A) with coexisting
biogenic amines at 10 ppb and 100 ppb concentsgtiand (B) with corresponding free
amino acids at 100 ppb and histamine at 10 ppbexXderiments were conducted three times,
and results are presented as means+SDs. The cemfiad variation (% CV) of fluorescence

intensity (n=6) was less than 15%.

Fig. 6. Performance of the immunoliposomal amplified sigri@sed sensing on spiked food
matrices (fresh fish, canned fish, ground meat i@adly to eat salad) for the detection of
histamine. All experiments were conducted threeesmand results are presented as
meanstSDs. The coefficient of variation (% CV) afofescence intensity (n=6) was less

than 10%.

Fig. 7. Comparison of double layered positioned anti-Histbased biosensing assay with

other liposome-based immunomagnetic concentratioinsaparation assay (IMS method) for

the detection of histamine.
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Highlights
Scombroid fish poisoning has raised concerns due to histamine related environmental
toxicity
Double layered positioned liposomal vesicles as fluorescent probe
Anti-histamine 1gG conjugated liposomal nanovesicles (anti-His-LNs)-based multiplexed
biosensing system
Anti-His-LNs-assisted rapid, sensitive and cost-effective detection of histamine toxic
moleculein fish foods
Designed sensing platform diverse the application of various ELISA-based complicated

commercial detection kits
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