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Abstract

Food allergies are recognized as a growing pulgaith concern, with an estimated 3%
of adults and 6-8% of children affected by foodewmly disorders. Hence, food
allergen detection, labeling, and management ha@orbe significant priorities
within the food industry, and there is an urgewjureement for reliable, sensitive, and
user-friendly technologies to trace food allergémdood products. In this critical
review, we provide a comprehensive overview of phiaciples and applications of
surface plasmon resonance (SPR) biosensors idehéfication and quantification of
food allergens (milk, egg, peanut, and seafood)uding fiber-optic surface plasmon
resonance (FOSPR), surface plasmon resonance ign&gPRI), localized surface
plasmon resonance (LSPR), and transmission sugknon resonance (TSPR).
Moreover, the characteristics and fithess-for-paepof each reviewed SPR biosensor
is discussed, and the potential of newly develdpB& biosensors for multi-allergen
real-time detection in a complex food system ishhghted. Such SPR biosensors are
also required to facilitate the reliable, high-tingbput, and real-time detection of food
allergens by the food control industry and foodesafcontrol officials to easily

monitor cross-contamination during food processing.

Keywords. Food allergens, Surface plasmon resonance (SPRpoéires, Aptamer



41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

1. Introduction

Food allergies, immune-mediated adverse systemimiuing responses, are now
recognized as a global health issue with increapmeyalence in the field of food
safety (Toral and Bryce, 2010). Food allergies stimulate the immune system and
induce a hypersensitivity mediated by immunoglabui (IgE), releasing allergic
inflammatory transmitters and provoking severe @dtwyjpersensitivity reactions, such
as skin rash, urticaria, diarrhea, abdominal paml even anaphylactic shock, which
is life-threatening (Sicherer and Suzanne, 2004ceRt studies indicate that a food
allergy is estimated to affect approximately 3%adtilts and 6-8% of children (Keet
and Allen, 2018). According to the FDA, there af&0 Ideaths each year from the
serious allergic reaction known as anaphylaxis. e&dly, more than 170 kinds of
food and 923 allergens have been identified asimgwalergic reactions. Among
them, the “big eight” allergenic foods includinglkgiegg, peanut, soy, shellfish, fish,
wheat, and tree nuts cause approximately 90% dllaligic reactions (Thompson et
al., 2006). Nearly 1.9% of infants are sensitivenitk and dairy products (Warren et
al., 2013) in the USA. The prevalence of a fooargy to wheat is 3.0-4.2% in
Europe (Nwaru et al., 2014). A USA-based study destrated thak0.7% and<3%
individuals are allergic to fish and shellfish, pestively (Levin et al., 2015).
Approximately 1.5 million individuals are affectdny peanut-induced anaphylaxis
and 50 to 100 deaths occurred in the USA every {feamg et al., 2003).

So far, no complete and effective treatment fordf@tlergies exists, and the only
effective instruction for susceptible customerstasavoid the ingestion of foods
containing allergens. Many countries have promelgatood allergen labeling
measures, requiring manufacturers to correctlytitieallergen ingredients on labels
to alert consumers not to eat certain food prod@isrently, due to the development
of food processing technologies, it has becomegaifgiant issue to identify the
presence of allergens in food matrices. Therefthre,primary task of food allergy
avoidance endeavors to develop a reliable, seas#ind user-friendly technology for

allergen detection in order to facilitate risk @sseent and to manage and label
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allergenic ingredients in food products.

Over the past several decades, many effective igpobs have been extensively
applied to ensure the labeling and managementoaf &lergens (Kirsch et al., 2009),
such as enzyme-linked immune sorbent assay (ELIB&lymerase chain reaction
(PCR), and liquid chromatography-mass spectrom@@sMS). The ELISA method
has been widely used in the routine detection aneesing of food allergens because
of its high sensitivity and specificity. HoweverlISA is prone to false positive and
false negative results due to the influence of fpomtessing methods, operations, and
experimental reagents (Asensio et al., 2008). Idlitexh, PCR technology is
commonly used to monitor allergenic ingredientsirtyifood processing, with high
specificity and a high degree of automation, siDbA is generally more stable than
proteins in food processing. However, the applocatof PCR technology to food
allergen detection is limited, since it is unsuigalor identifying target allergenic
proteins with unidentified genes in food matricean Hengel, 2007). Furthermore,
LC-MS has been developed for both online and dfliquantification of food
allergens based on target peptides (BereszczaBrmamtia, 2009), which is especially
suitable for the determination of food allergensimy food processing due to its
indifference towards conformational protein epitpelowever, further studies are
required on the application of LC-MS for food afjen detection, and the high cost of
professional mass spectrometry equipment may lisivide application in the food
industry (Mogelstein B, 1999). Alternatively, biosers are considered a powerful
technology to rapidly analyze and track food akerg with high sensitivity and
selectivity while allowing for site analysis (Piiolet al., 2013), such as
surface-enhanced Raman spectroscopy (SERS), amggiom biosensors,
voltammetric biosensors, and quartz crystal mideize (QCM) biosensors.
However, these biosensors generally require expensistruments and skilled
operators. Hence, it is an urgent requirement teeldp simple, accurate, sensitive,
inexpensive, and easy-to-use methods to quantédygeins in food matrices.

Recently, surface plasmon resonance (SPR) biogehsis been developed for the
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determination of protein concentration becausetExktreme sensitivity to species,
including food allergens, toxic proteins, markerotpins, antibodies, and
pharmaceutical proteins (Singh, 2016; Xia et a@1®. SPR biosensors have been
widely applied to the measurement of the kinetiod affinity of bimolecular binding

in real-time and in a label-free fashion with lo@agent consumption (Hyungsoon et
al.,, 2009). In addition, the SPR biosensor servesaapowerful tool for the
high-throughput analysis of food allergens in nulléinnel or array-imaging
instrumental set-ups (Pilolli et al., 2013). Instiheview, we briefly introduce the basic
composition and fitness-for-purpose of four typ€SBR biosensors for food allergen
detection (Table 1) including fiber-optic surfadagmon resonance (FOSPR), surface
plasmon resonance imaging (SPRI), localized suniéaEmon resonance (LSPR), and
transmission surface plasmon resonance (TSPR).n&che provides schematic
illustrations of the SPR biosensor-based quantgaplatforms for food allergen
detection. We also list in detail specific applioas for the identification and
guantification of food allergens in several fooagucts, such as milk, egg, peanut,

and seafood.
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Scheme 1. Schematic illustrations of SPR biosensor-based quantitative platforms
for food aller gen detection.
Table 1. Four types of SPR biosensors for food allergen detection: basic

composition and advantages.

Detection mode Basic composition Advantages

FOSPR ® Light source ® High stability
® Sensing probes: sensitiv@® High sensitivity
layer, metal film and core. ® Real-time detection

® Sample cell ® [ong-distance detection
® Detector
SPRI ® Light source ® High sensitivity
® Kretschmann-type prism  @® Device miniaturization
® Metal film ® Multiplexed detection
® Sample cell
® Charge coupled device
(CCD) imaging
LSPR ® Light source ® Label-free detection
® Noble metal nanostructures ® Real-time detection
® Sample cell ® High throughput analysis
® Detector
TSPR ® Light source ® High sensitivity
® Grating substrate ® Real-time detection
® Sample cell
® Metal film
® Detector

2. Methodsfor food allergen detection using SPR-based biosensors

Surface plasmon resonance (SPR) biosensors arel lmasea special mode of
metal-dielectric waveguides, the surface plasmonmeasure the refractive index
changes caused by the interaction of biomolecul#sthe surface of SPR biosensors
(Sipova and Homola, 2013). The surface plasmons)(@Re delocalized electron
oscillations, which exist at the interface of a ahelielectric medium. At room
temperature, the free electron gas in metals caverfreely in a positively charged
nucleus lattice, so metals can be called a colshpda The physical process of surface

plasmon excitation is called surface plasmon resoma(mainly excitation by
6
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attenuated total reflection (ATR) via evanescenvegy SPR is a highly sensitive
optical sensing technology relying on the inte@udi of light with the free electrons
in a semitransparent noble metallic layer or chipl &an realize the real-time
monitoring of small changes in the effective refirae index of a metal-dielectric
interface (Chen et al., 2015; Michel et al., 201K)p-polarized incident light is
illuminated from a denser optical medium (glas$d ia thinner optical medium (gas
or water), and total reflection occurs when theident angle exceeds the critical
value. Furthermore, the evanescent wave is gewkerateen the incident light
penetrates into a thinner medium, which has a dephalf the wavelength, and then
gets back to a denser medium. Generally, surfeasmmn waves form parallel to the
metal surface when the free electrons in a thimahféin are excited by the incident
light, resulting in the reflected light energy dessing sharply because of the transfer
of incident energy to the surface plasmon. The mum value of the reflected light
intensity happens at the angle corresponding tantident angle, the SPR angle or
0SPR, which changes at a typical depth of 200-300wimen a single layer of
molecules is formed on the metal surface in thashamg field. Importantly, the SPR
rotation offset is ultrasensitive to the refractimdex or the mass density of a single
layer near the metal surface; hence, the reacteiwden food allergens and their
receptors can be monitored in real-time. Generdl)R biosensors have been
developed following a common approach: an optidgasdnsor, microfluidic chip,
sampling system, and data acquisition/analysisven& (Mariani and Minunni, 2014;
Wang et al.,, 2013), including light source, opticlstem, sensing system and
detection system. The optical system generateswtheent light, the sensing system
converts the signal to the change in resonancesarghavelength, and the detection
system measures the magnitude of the resonance anglavelength. According to
the different types of media in which light is céegbto a gold film, four technologies
exist for exciting SPRs including prism couplingtioal waveguide, grating coupling
and fiber coupling, among which prism coupling dibér coupling are the most used

in SPR biosensors (Homola, 2003).
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Fig. 1. The principle of an SPR biosensor for food allergen detection. (A) The
structure of a Kretschmann-type prism coupling. (B)e change in the SPR
resonance angle with a fixed incident wavelendi).The real-time SPR sensorgram

of food allergens using antigen-antibody interatgio

For example, Fig. 1 shows the principle of an SPRsdnsor with a
Kretschmann-type prism coupling to detect food rgtes. Generally, the optical
system consists of an excitation light source,isnpand a metal film cladded on the
prism (approximately 50 nm) (Zhang et al., 2016he Tevanescent wave passes
through the metal film, and the SPR phenomenonrscauthe interface between the
metal film and food allergens captured on the serfaf the metal film. SPR

biosensors are used for quantifying food allergansugh monitoring the adsorption



172  and dissociation of the binding of food allergewnstheir receptors in real-time,
173  recording the SPR signal value and analyzing thlesodiation rate constant, Kd.
174  Additionally, SPR biosensors can be regeneratedidstroying the binding of the
175 analyte to their receptor with a regeneration smtufa high-salt or acidic solution)
176  (Wammes et al., 2015). The excitation of an SP&etermined by several parameters
177  such as the incident angle, incident wavelengthahfiém, prism refractive index and
178  medium refractive index. According to different eigion parameters, SPR biosensors
179  can be divided into four types of methodologiesneasure the SPR signal: angular
180 modulation (Bévenot et al., 2001; SlaviK et al., 1998), wavelength modulation
181  (Manuel et al., 1993), intensity modulation (Nelset al., 1996) and phase
182  modulation (Esteban et al., 2000; Kazuyoshi and,R§02). The angular modulation
183 SPR biosensor is utilized to measure the anglda shifresonance under a fixed
184  incident wavelength. The wavelength modulation SBiBsensor is designed to
185  monitor the wavelength shift at resonance undeéxealfangle of incidence of the light
186  source. The intensity modulation SPR biosensomipleyed to detect the change in
187  reflected light intensity to obtain the curve ofragetive index-reflected light intensity
188 at fixed incident wavelength and angle (Jiri, 2008he phase modulation SPR
189  biosensor is applied to detect the phase chantieireflected light and incident light
190 and to obtain the curve of refractive index-phaster@nce at fixed incident
191  wavelength and angle.

192  Among these methods, angular modulation and wagtlemodulation are the most
193 commonly employed for the development of SPR bissen to quantify food
194  allergens through the high affinity of food allenge to their corresponding
195  biorecognitions.

196

197  2.1. Fiber-optic Surface plasmon resonance (FOSPR)

198  Fiber-optic surface plasmon resonance (FOSPR) iSRIR-based multimode- and
199  single-mode-optical fiber biosensor, and the SPBnhpmenon is stimulated by total

200 reflection at the interface between a core anddoteplinstead of total reflection at the
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prism surface (Jorgenson and Yee, 1993). Compapedhé prism-based SPR
biosensor, FOSPR, with its small size and flexib&sign, easily carries out the
long-distance and real-time detection of food ghkeis. In addition, smartphone-
based FOSPR devices have been developed for meal-tietection with good
accuracy consistent with that of commercial SPRunsents (Gms et al., 2018).
Several parameters have been introduced to affedi®SPR sensing capability, such
as the properties of the metal layer, the numesapalture of the fiber, the fiber core
diameter and the sensing length (Sharma et al8)20® excite FOSPR, three critical
parameters should be considered. First, the coeeggmeeds to be coupled to the
fiber cladding, while the cladding energy mode qetially extend to the outer
surface of the fiber. Second, the appropriate nganaterial should be selected, with
the film thickness and uniformity being preciselyntrolled. Third, the polarization
state of the fiber cladding mode needs to be pebcontrolled so that the cladding
mode, which satisfies the phase matching conditan,be coupled to the metal film
of the fiber surface to form the SPR resonance wave

Fig. 2A shows a schematic of fiber-optic SPR bigesenFOSPR can be categorized
as an on-line transmission type and an end-redledsipe. The sensing probes of both
types of FOSPR are generally composed of a serayeg, metal film and core.
Generally, the core of a sensing probe is coated thiree layers, first a thin metal
layer, then a buffer layer, and at last a sensiggrl (food allergen samples). However,
the on-line transmission type of the FOSPR biosepsabe is located in the middle
of the fiber, while the end-reflection type of FOSBiosensor probe is located at the
end of the fiber. In the on-line transmission typé FOSPR biosensor, a
high-reflectivity nanoscale metal film is deposited the surface of the core to be
used as a biosensor chip. A white light sourcadglent on the optical fiber, while the
optical signal transmitted in the core interactthvihe surface of the metal film. The
on-line transmission type of FOSPR biosensor camtlieed for the identification
and quantification of food allergens via the measwent of the change in the

wavelength when a sample of different refractivelex is in contact with the
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biosensor chip. Generally, a specific antibodymsobilized on the metal film of the
biosensor chip to identify food allergens basedtl® antigen-antibody reaction.
Muller et al. designed a sandwich-type FOSPR, lnyguthis antibody-coated surface,
aS1-casein in raw milk was detected with an LOD @&70mg/ml (Muller-Renaud et
al., 2005). The sensing probe of the end-reflectype of FOSPR biosensor is coated
with a gold film on the end face, which is sevdrahdred nanometers to reflect the
light signal, and a metal film, tens or even huddref nanometers, is plated near the
end face (approximately 5 mm). Due to the refleactbthe light signal on the surface
of the metal film, the optical signal passes thiotlge SPR sensing portion twice, and
two resonances occur (forward and reverse). Theneese spectrum signal is
measured by the detecting terminal, which contabub the reduction of the length of
the fiber at the sensing portion by approximatélyssand omits the flow cell, and the
SPR biosensor is applied to food allergen detectmnremote testing occasions
(Morton et al., 1995). Tran et al. introduced a elosandwich-type FOSPR
immunoassay between antibodies and Au NP-aptanmpugates for the detection of

peanut allergen (Ara h 1) in food matrices with. @D of 75 nM (Tran et al., 2013).
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Fig. 2. Schematic diagrams of four types of SPR biosensors. (A) The fiber-optic

surface plasmon resonance (FOSPR) biosensor. (B) sthucture of a surface
plasmon resonance imaging (SPRI) biosensor. (C) ldbalized surface plasmon
resonance (LSPR)-based fiber-optic biosensor. (i donventional configuration of

the transmission surface plasmon resonance (TSB&grsor.

11



252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

2.2. Qurface plasmon resonance imaging (SPRI)

Surface plasmon resonance imaging (SPRI), alsedc&@PR microscopy, combines
the SPR measurements with the spatial capabilitieégsnaging (Rothenhausler and
Knoll, 1988). SPRI has been widely applied in tyad#lergy diagnosis (Yanase et al.,
2013), drug discovery (Ye, 2012), biomarker scnegn{Arghavan and Maryam,
2013), nucleic acid detection (D'Agata et al., 201&od safety (Piliarik et al., 2009a;
Situ et al., 2010), and environmental monitoringa(Mz et al., 2007) because of its
good image resolution, image quality, and high seitg (Grigorenko et al., 1999;
Hickel and Knoll, 1990). Especially, SPRI preseihts ability to monitor allergenic
protein affinity interactions in real-time withoddbeling, including DNA-binding
protein, RNA aptamers/protein, antibody-antigen eadbohydrate/protein. Compared
to classical SPR sensing, SPRI has the capacityst@lize the biochip surface in
real-time and simultaneously monitor hundreds ofemwar interactions in a single
biochip with probe arrays (Scarano et al., 2010).

Currently, two types of prisms, the Otto-type priamd Kretchmann-type prism, are
generally employed in SPR biosensors. However(Qtte-type prism is perceived as
being difficult to fabricate and use, since its gling structure is composed of a
high-refractive-index metal film with a gap for teample cell. The Kretchmann-type
prism coupling biosensor directly fabricates thaah&im at the bottom of the prism,
and the sample cell is under the metal film. Dugg@lignment simplicity and easily
controlled parameters and variables, the Kretchnwmiiguration has become the
standard technique for the prism-based excitatibnSBR (Kretschmann and
Kretschmann, 1972; Kretschmann and Raether, 19&3%hown in Fig. 2B, parallel
p-polarized light passing through the prism, penegréahe metal film assembled with
one or more food allergens and stimulates the Si#gnenon when the incident
angle is larger than the critical angle of totdlagtion. The SPR signal is related to
the dielectric constants of the metal film and fibed allergen array points loaded on

the surface of the film. Hence, the intensity o {lotal) reflected light received from
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the other side of the prism is different dependorgthe kind of food allergen.
Through charge-coupled device (CCD) imaging, thigected light image of the
sample points and the whole biochip can be displagereal-time for dynamic or
static analysis. Currently, smartphones and certgps are designed as SPRI
attachments to enable consumer-friendly allergaactien (Gms et al., 2018). Guner
et al. demonstrated a SPRI-smartphone platform. (B&) for high-throughput
analyzing mouse IgG antibodies using metal coatihgommercial Blu-ray discs
immobilized layer of rabbit anti-mouse (RAM) IgGtdoody with nanomolar level

limit of detection (Guner et al., 2017).

IgEs captured
n MP-Ab,
_S-is 06 |

=
' peptide  carbohydrate AntiigE |

SPR intensity

(-

Syringe/pump HPLC )
injector Flow cell with

SPRi assembly

Fig. 3. (A) SPRI platform integrated with a smartphone feal-time and on-site
monitoring of multiple sensing spots (Guner et 2017). (B) SPRI microarray
configured to detect IgE binding to Ara h2 peptid®XG, and anti-IgE using
antibody-loaded magnetic particles (MP-Ab2) for tca@ and signal amplification

(Joshi et al., 2014).

SPRI technology has been considered a powerful toolrapidly quantifying
multiplex allergens in a food matrix through splataodifications to the biochip
surface, such as microarrays (Mohammed et al.,;2@0lett et al., 2000). Joshi et al.
constructed a SPRI microarray (Fig. 3B) with peptashdp-xylosyl glycoside (BXG)
epitopes peanut allergen Ara h 2 to detect alleggatific immunoglobulin E (IgE)
antibodies in blood using magnetic beads loadel matyclonal anti-lgE antibodies

(Joshi et al., 2014). However, SPRI suffers froloveer sensitivity than that of SPR.
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To enhance the sensitivity of SPRI, several appreschave been employed to
amplify the signal, including improving instrumehtstructure, improving probe
modification, and incorporating various chemicaldabiological amplification

principles.

2.3. Localized surface plasmon resonance (LSPR)

Localized surface plasmon resonance (LSPR) is Hoabphenomenon caused by the
interaction between the incident light and condigcthanoparticles (NPs) that are
smaller than the incident wavelength (Petryayevd &mull, 2011). When the
frequency of incident light is consistent with tfrequency of the free electron
oscillations in the nanopatrticles, then the inteoacleads to the collective oscillation
of surface electrons. In particular, there are s®viactors influencing the resonant
frequency, including the composition, size, geometlielectric environment and
particle-particle separation distance of NPs. Tolelermetals Ag and Au are the most
commonly used materials for NP production. The #gebinding between food
allergens and the corresponding antibodies onuHace of a metal can be expressed
as a change in color since the energy levels oftdudsitions show LSPR in the
visible range of the spectrum (Stéphanie et alQ720The parameters can be
manipulated to conveniently change the LSPR wagtheramong the visible,
near-infrared, and infrared regions, so LSPR bissenare also available for specific
applications requiring specific wavelengths (Caalet2014). LSPR instruments are
generally composed of three main sections: a lghirce (white light or laser), the
sample cell and a detector. Fig. 2C presents arsaiediagram of the LSPR-based
fiber-optic biosensor. The essential differenceMeen LSPR and SPR is that LSPR
uses noble metal nanostructures for ionic resonanbhde SPR uses planar noble
metals. Hence, each individual metal nanoparti¢l@a manoparticle array in LSPR
spectroscopy can also serve as an independent hidB&nhsor (Mcfarland and Duyne,
2003; Nusz et al., 2008). Single-nanoparticle-bds®R biosensors demonstrate the

advantages of a higher sensitivity, lower detectionit and reduced sample
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requirement (Anker et al., 2008; Willets and Duy2@07). In addition, as the LSPR
absorption band changes with the size and shapaetdl nanoparticles, different
metallic nanoparticles can be applied to the coostn of multiplexed LSPR
biosensors.

So far, due to its small footprint, LSPR has beétely employed as a low-cost and
effective method for point-of-care (POC) applicasqNiu et al., 2015). A variety of
biomolecular interactions, such as  antigen-antibodyeceptor-ligand,
hormone-receptor, streptavidin-biotin, protein-pimt and protein-DNA have been
widely applied in SPR and LSPR biosensors (Mernaghal., 1998), even the
immobilized protein can be detected by monitoriegformational changes (Sota et
al., 1998). A biological and chemical sensing platf based on LSPR for food
allergen detection usually depends on one or mbtheofollowing mechanisms: (1)
resonant Rayleigh scattering, (2) charge-transfteractions at the surface of the NP,
(3) NP aggregation, and (4) changes in the loclhetve index (Petryayeva and
Krull, 2011). Hiep et al. proposed a label-free ESBiosensor employing gold
substrate modified with a silica nanoparticle latgedetect casein in milk (Hiep et al.,
2007). Additionally, the coupling of LSPR biosersoto other identification
techniques, including fluorescence, plasmon resmamergy transfer (PRET) and
surface-enhanced Raman scattering (SERS), hasasnegly emerged as a potential
tool for the detection of unknown molecules. Forample, Adegoke et al.
demonstrated a semiconductor quantum dot (Qdotpamgstals in a molecular
beacon (MB) biosensor (Fig. 4) employing LSPR digiha mediate the fluorescence
signal for RNA detection (Adegoke et al., 2017).
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Fig. 4. The conjugation of the plasmonic NPs to GSH-CdfeiBts (Qdot646) to
form the plasmonic NP-Qdot nanohybrids, then thasmionic NP-Qdots are
conjugated to the MB to form the plasmonic NP-QRBI&-biosensor probe, finally,
based on hybridization of the RNA with the DNA losgquence of the MB, the ZIKV
is detected by the LSPR-mediated fluorescence s{gualgoke et al., 2017).

2.4. Transmission surface plasmon resonance (TSPR)

SPR-enhanced light transmission through metalliohale arrays was first observed
in 1998 (Ebbesen et al., 1998) and was calledrimasson surface plasmon resonance
(TSPR). TSPR is an unusual extraordinary opticahdmission that is more
transparent at specific wavelengths than expegteddssical theory. We can observe
the extraordinary optical transmission phenomenommf the plasmonic
nanostructures of nanohole arrays, diffractive stmictures and nanosolid arrays
(Lertvachirapaiboon et al., 2017b). The shift inPRSresponse was observed upon
changing the dielectric environment at the surfat@a metallic film. According to
several studies, the structures and number of taskeshe main factors affecting the
TSPR intensity. It is found that the TSPR intensgystronger when the TSPR

intensity is rectangular rather than round. Thesodound that the amplitude of
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transmission peak increased when the number drlicieains of holes was increased.
Moreover, as an important structure in the develapnof TSPR substrates, several
structures have been developed for nanosolid arsagdh as aluminum, double-layer
gold slit array, multi-pitched diffraction gratingtructure, and other complex
structures (Lertvachirapaiboon et al., 2017b). A®wvn in Fig. 2D, with the
extraordinary transmission of parallplpolarized light through the metal layer, a
strong electric field is generated and is ultragmesto the local dielectric properties
of the nanostructure arrays.

However, the fabrication processes for TSPR measemes are expensive, and a
detector is still needed for the recording of TS$tghals. Although there are some
limitations to TSPR, this technique is still highlseful in several applications,
including real-time monitoring the growth of badte(Kee et al., 2013), the protein
binding interactions (Malic et al., 2013) and thaspna drug concentration (Giulia et
al., 2015). Compared with conventional SPR techesqd’ SPR spectroscopy exhibits
many advantages: (1) the TSPR optical signal is imgacted by optical noise
originating from reflected light, (2) the transreit light is enhanced, and (3) the
signal-to-noise ratio is improved. In addition, #eraordinary transmission signals
produced by TSPR substrates are strong and praveddstantially higher sensitivity
to changes in the local dielectric condition. Farthore, the TSPR biosensor is
suitable to be further developed and modified ibitmsensors and active plasmonic
devices for several applications because of ith Isigjectivity, as well as its simple
and flexible setup procedures. These biosensoedl@s TSPR can provide real-time
data for binding processes (Lertvachirapaiboonl.e817b). For example, imaging
technologies can be developed to combine with T$®Rrovide high-resolution
images, and mobile devices, for instance, smartpleameras can also be applied.
The TSPR imaging technique combined with imagirdhtelogies and microfluidic
technologies is expected to lead to a biosensor goactical applications.
Lertvachirapaiboon et al. constructed a microfloitiansmission surface plasmon

resonance (MTSPR) biosensor (Fig. 5A) by assembhngyold-coated grating
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substrate with a microchanne for glucose detedtientvachirapaiboon et al., 2017a).
The detection limit of MTSPR for glucose was 2.3 nkurthermore, LSPR is also
employed to enhance the signal from TSPR substhkatesxciting the electric field

further at the surfaces of metal gratings (Babal.et2013; Lertvachirapaiboon et al.,
2014). Giulia et al. introduced a portable, palzedi transmission-localized surface
plasmon resonance (T-LSPR) setup (Fig. 5B, C) dai-time label-free detection of
tobramycin in buffer, measuring concentrations ddwr0.5uM. In this study, the

T-LSPR setup is comprised of off-the-shelf compasemd coupled with tobramycin
aptamer-functionalized gold nanoislands (NIs) dépd<n a glass slide covered with
fluorine-doped tin oxide (FTO), which acts as askiwsor (Giulia et al., 2015). These
platforms represent a high possibility of furtheevdloping effective point-of-care

devices and multiplex systems for food allergensceatration monitoring.
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Fig. 5. (A) (Color online) Experimental setup of MTSPR ma&asnent. Photographic

image showing cross section of microchannel withdimension of 0.50 x 0.15nfm
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(Lertvachirapaiboon et al., 2017c). (B) Digital deming of the components of the
T-LSPR setup. (C) Picture of the complete setupl{i&ket al., 2015).

3. Sensitivity enhancement of SPR biosensorsfor food allergen detection

SPR biosensors offer a rapid, label-free, real-timgh selectivity and sensitivity
method for capturing and qualifying food allergeins food matrices. However,
conventional SPR biosensors have the disadvantagewo sensitivity for the
detection of food allergens at low concentratiodesy than 1 pM). To enhance the
SPR sensitivity and measure food allergens at lomcentrations for ultrasensitive
detection, several approaches have been develape8HR biosensors, including
employing nanoparticles as external labels, mykitathin-film structures and
nanostructures over the gold film.

3.1. Gold thinfilmon achip

Multilayer thin films added onto an SPR chip cerhaiaffect the sensitivity of the
SPR biosensor. A high-reflectivity metal film ismamonly deposited on the glass or
guartz substrate of an SPR biosensor through va@wamporation, cathode sputtering,
electron beam evaporation or magnetron sputteffiogama et al., 2002). For food
allergen detection, gold nanopatrticles (Au NPs)veicely used to construct chips for
SPR signal enhancement and to improve sensitivdgabise of their excellent
chemical stability in air and solution (T A et a@000). TSPR spectroscopy with
ultrathin evaporated Au-island films has been daved using biotin-avidin
interactions for chemical and biological sensimgpagating specific and nonspecific
binding (Michal et al., 2004Based on a gold film, the SPR signal is amplifigdab
factor of 3 through the increase in surface arehthe remarkable enhancement in
resonance coupling between the molecular absortéord in the analyte and the
nanoparticle plasmon band (Jolanda et al.,, 201BadgZet al., 2008). Hong et al.
(Hong and Hall, 2012) investigated two main facttrat enhance the signal, the
LSPR-SPR coupling effect and the AuNP size/mas®maht related properties,

showing that the latter is the major factor in siganhancement. Accordingly, the
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sensitivity of SPR biosensors depends quite a mothe thickness of the gold film
affecting the resonance depth. The resonance depibgatively correlated with the
thickness of the gold film within a certain rangjeat is, the smallest AUNPs have the
maximum reflection coefficient. Consistent with dies, a gold film thickness of
50+5 nm presents a strong protein binding sign&@RiR biosensors.

Currently, the ultrasensitive detection of foodermjens by specific interactions
between food allergens and their respective bigmition ligands (antibodies or
aptamers) deposited on a gold film surface is a-kvelwn mechanism widely
applied in most SPR biosensors (Fig. 6). Generalitibodies can be immobilized on
the gold film by physical adsorption through elestatic forces, covalent coupling by
self-assembled monolayers, oriented immobilizabgrantibody binding proteins, or
by biotin-avidin specific adsorption (Mauriz et ,aR016). The most covalent
attachment chemistries with gold are based onassiémbled monolayers (SAMs)
with a functional group(s), such as a free amineayboxyl group. Amine-reactive
surfaces, thiol-reactive surfaces, and affinity iofmhzation are commonly applied
for bonding biorecognition ligands toan SAM of aikghiols on gold films.
Tomassetti et al. reported a label-free immunosebased on SPR for lactoferrin
determination in cow and goat milk samples, whithzed direct-type sensing with
anti-lactoferrin antibodies covalently functiona&dzon a gold biosensor disk with the
limits of detection (LODs) being 2.8x10 and 5.0x1¢M (Tomassetti et al., 2013).
Pollet et al. presented a direct-type method based gold-coated fiber-optic SPR
biosensor for fast and accurate peanut allergea (AL) detection with an LOD of 9
ug/ml by covalently binding anti-Ara h 1 antibodig®ollet, J et al., 2011). Compared
to typical ELISA methods, the SPR biosensor teasghave a remarkable ability to
in situ detect food allergens in complex food systan real-time without labeling

antibodies (Piliarik et al., 2009b).
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Fig. 6. Schematic diagram of antibody-based SPR biosensors to quantify food
allergens. (A) Direct SPR immunoassay. (B) Sandwich SPR immunoassay. (C) The

real-time SPR sensorgram of food allergens usin§RIR immunoassay.

Aptamers are single-stranded DNA or RNA oligonutitbes that achieve a high
specificity for a certain target allergen, and thewe a higher stability and better
reproducibility than antibodies in many assays &l as the ease of labeling with
functional groups (Mckeague and Derosa, 2012). [&beled aptamers can be easily
attached to the surface of a gold film for the afigal detection of food allergens
without any negative influence on their recognitamtivity in SPR biosensors (Juan
et al., 2015; Lin et al., 2016). Mihai et al. (Mitet al., 2015) immobilized aptamers
on an SPR surface through the neutravidin-biotimigf for the determination of an
egg allergen (lysozyme) with an LOD of 2.4 nM inikggl red and white wines,
demonstrating a high sensitivity and good accuragy using Au NP-aptamer
conjugates.

Compared to gold, silver has a shorter excitatiavelength and a sharper spectrum
drop because silver responds largely to analyte®j@hg et al., 2015). Unfortunately,

silver is prone to multilayering, and SPR chip®lately deposited with pure gold
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and silver films have also been reported. To imprthe detection efficiency of SPR
techniques, a microfluidic chip can be used asaati@n device in SPR biosensors.
Microfluidic chips are composed of single-layerpgshor multilayer chips. They have
the advantages of a high throughput, high spe@dsémple consumption, small size,
one-time use and easy automation. David et al.ldpgd a multilayer composed of a
noble metal and ferromagnetic metal (Au/Co/Au) tonbine the magneto-optical
activity with the SPR biosensor, significantly iroping the quadruple sensing

performance of traditional SPR biosensors (Davial.e2011).

3.2. Nanostructure labels

Compared with bulk layers, nanostructured materals significantly improve the
interaction between the analyte molecules and thigies of the sensing surface
because of their higher surface-to-volume ratiotljer aspect ratio). In addition, due
to their small size, unique physical properties astdong plasmon response,
nanostructured materials can be applied with SPésebisors to quantify food
allergens. Gold nanoparticles (AuNPs) and magmetioparticles have recently been
investigated as SPR signal-amplifying labels fa& #imtibodies and aptamers of food
allergens in the sandwich-type immunoassay andnttiesct-type immunoassay (He
and Hwang, 2016; Qinghui et al., 2012). Tran e{&ian, D. T. et al., 2013) designed
a novel sandwich immunoassay between aptamers rdiibdies based on FOSPR
(Fig. 7) for the detection of peanut allergen (Ard) in food matrices by employing
Au NP-aptamer conjugates. In this work, the stnadta-immobilized SAM on a
gold-coated FO-probe is functionalized with biotatgd aptamers. In this assay, the
anti-Ara h 1 antibodies are bound to AuNP-proteinoljugate, which is a bacterial

protein with a high affinity towards the FC portiohantibodies.
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Fig. 7. Schematic diagram of an aptamer-based SPR biosensor for food aller gens.

Pollet et al. investigated an improved FOSPR detedbr peanut allergen Ara h 1
using a gold-coated fiber and magnetite nanopesgith immobilize antibodies in a
secondary antibody sandwich assay (Pollet, J..e2@11). The LOD is 0.08g/ml,
suggesting that the application of magnetite narimpes as a secondary immuno-tag
can provide enhanced optical signals of 35-timesatgr than those of the
conventional gold-film-based SPR detection. Sagaal. developed an SPR sensor to
detect egg allergen lysozyme with hydrophobic pdNIImethacryloyli(L)[]
phenylalanine) (PMAPA) nanopatrticles to modifieddgsurface, showing a low LOD
of 0.66 nM (Saylan et al., 2017). Kaushik et alsigeed Molybdenum disulfide
(MoS;) nanosheets to modify gold fiber for label-fregedtion of bovine serum
albumin (BSA) with high sensitivity. The LOD of ®@2ug/ml was improved as
compared to the FOSPR biosensor without Mogerlayer (LOD was 0.4ng/ml)
(Kaushik et al., 2019). Therefore, even if a lalbeé SPR biosensor may be more
convenient for the real-time detection of food r@éns, a hefty label can significantly

increase the sensitivity of SPR biosensor-basestten.

4. Application of SPR biosensorsthe detection of different food allergens

Due to the high sensitivity, low cost, and easyritattion, SPR techniques provide

real-time methods to monitor the presence of ateigingredients in food matrices

during the whole of processing. On the basis of fgpes of SPR biosensors, several

food allergens, including those for cow's milk, pes, eggs and seafood, can be

23



543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

569

570

571

572
573

detected using antibodies and aptamers with highite#s (Table 3). Interestingly,
two formats of antibody-based SPR biosensor plat$orare chosen as typical
approaches: the direct SPR immunoassay and sand®fR immunoassay.
Furthermore, the selected aptamers are employeithdodevelopment of aptasensors

based on an SPR biosensor to quantify food allergefood matrix samples.

4.1. Milk allergens
Milk and dairy products are one of the main alleggen food and cause allergic

reactions in 7.5% of children and less than 1%duflta (Bock et al., 2007). Among
25 different proteins, four proteins are identifiad the major allergens in milk,
including caseing-lactalbumin,p-lactoglobulin, bovine serum protein apdjlobulin
(Coscia et al., 2012; Monaci et al., 200&)Lactalbumin is a calcium-binding milk
protein with a molecular weight of 14.4 kDa (Jearcil, 2002).p-Lactoglobulin,
the most abundant protein with a molecular weightl® kDa in milk whey, is
responsible for 60% of milk allergies (Natale et, &004). In particular, casein
includes four kinds of proteingsl-caseinps2-caseinp-casein and-casein, which
account for 32%, 10%, 28%, and 10%, respectivety.f&8, several protein-based
approaches have been widely used for the quamétatetection of the main milk
allergens in common food substrates, such as tmeumassay lateral flow-based
assay (LFA), ELISA, LC-MS and biosensors (Table 2png et al. constructed a
competitive LFA method using fluorescent microsglseras labels for rapid
guantitation of casein in milk with an LOD being0L@g/ml (Song et al., 2017).
Planque et al. used ultra-high performance liglicbmatography coupled to tandem
mass spectrometry for simultaneous detection ofl falergens from milk, egg,
soybean, and peanut allergens in different foofistyPlanque et al., 2016).

Amperometric magnetoimmunosensor (Montiel et aDl15a) and voltammetric

biosensor (Eissa and Zourob, 2017) were developedihfe determination off

-lactoglobulin using antibodies and aptamer to wagpp-lactoglobulin with the LOD
of 0.8 ng/ml and 20 pg/ml, respectively.

Currently, real-time labeled SPR biosensor techmpls becoming a widely attractive

approach to the detection of milk proteins, inchgdplant protein adulterants, IgG,
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folate binding protein, lactoferrin, insulin-likerayth factor, and casein (Sampson,
2000). A novel sandwich-type optical SPR biosensas designed fons;-casein
detection in milk (Muller-Renaud et al., 2005). thms work, the peptide segments
corresponding to the N and C terminalsisi-casein were selected as immunogens to
obtain specific antibodies with a high affinity tawls specific protein sites. More
than 150 kinds of determinations can be achievawyukis antibody-coated surface
in raw milk with an LOD of 0.87 mg/ml. However, shinethod can only be applied to
quantify the complete quantity of;-casein and cannot quantify the degradation of
asp-casein in milk products. Hiep et al. proposedleeldree immunosensor based on
LSPR to detect casein without the effects-¢dctaloumin ang-lactoglobulin in milk.

In this work, the gold film on a glass slide sulsdris first modified with a silica
nanoparticle layer to amplify the SPR signal (He¢@l., 2007). The LOD of 10 ng/ml
is 6 orders of magnitude lower than that of anaghtSPR without amplification by
AuNPs. Ashley et al. synthesized molecularly imgih polymer nanoparticles
(nanoMIPs) with a high affinity for bovine-casein and designed a nanoMIP-based
SPR biosensor (Fig. 8) to monitercasein in wash samples from cleaning-in-place
systems (CIP), with the LOD being 127+97.6 ng/mélifey et al., 2018b). They also
introduced a sensitive labeled SPR biosensor fdectiag the milk allergen
B-Lactoglobulin with an LOD of 0.164g/ml, which can be applied directly to the
final rinse samples of CIP systems of food manufacs (Ashley et al., 2018a).
Kaushik et al. reported a FOSPR biosensor with Kad&phum disulfide (Mog
modified gold fiber for label-free detection of bog serum albumin (BSA). In this
novel approach, The sensitivity of the Ma8odified sensing probe with the LOD of
0.29 ug/ml was improved as compared with the FOSPR bsmewithout MoS2
overlayer (LOD was 0.4pg/ml) (Kaushik et al., 2019).
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Fig. 8. (A) TEM image ofa-casein nanoMIPs taken on a Phillips CM20. (B) AFM
covalently attached nanoMIPs. (C) Typical sensongrior a nanoMIP based
biosensor synthesized from the bead-based metB)dN¢n-linear (£=0.9934) and
linear calibration (R=0.9779) plot for ther-casein nanoMIP based biosensor (n =3)

(Ashley et al., 2018Db).

Additionally, SPR biosensors allow for the captafenulti-allergens in a single food
sample for high-throughput multiplex analysis. Jagh al. described an SPR-based
technique that can simultaneously quantify fivedkirof whey proteins in both raw
and processed milk samples (including alpha, letaine serum albumin, lactoferrin
and immunoglobulin G) (Billakanti et al., 2010). nassetti et al. proposed a new
method to detect lactoferrin using an SPR biosewstbrbatch and flow modes and a
gold film signal amplification technique (Tomassettal., 2013). The LOD is as low
as 1 M in flow mode and 1@ M in batch mode. SPR biosensors present a
remarkable accuracy for milk allergen detectionhsticat the response value to

interfering substances will not exceed 5%, whigditional immunoassays are prone
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to false positive results due to the interferenidactalbumin and lactoglobulin.

4.2. Egg allergens

Egg, as the second major cause of food allergyhildren (Yoshinori and Marie,
2008), causing allergies in between 1.6% and 3.2#tdoviduals, accounting for 38.3%
of food allergies and 25.8% of anaphylactic shd8kd{i, 2010). An egg allergy can
cause symptoms in the skin (urticaria, edema, rasti,dermatitis), gastrointestinal
tract (oral allergic syndrome, vomiting, abdomipain, and diarrhea) and respiratory
system (asthma) (Perry et al., 2004; Sampson, 2003)

Egg white has four main allergenic proteins, inolgd ovarian mucin (11%),
ovalbumin (54%), Ovotransferrin (12%) and lysozy(@et%). Ovomucoid (OVM,
Gal d 1), a glycoprotein, 28 kDa, consists of 186re acid residues, contains three
functional domains with independent homologouscstmes and contains 20-25%
glycosyl components. Ovalbumin (OVA, Gal d 2), anomer water-soluble protein,
45 kDa, consists of 385 amino acid residues. OVAhes only allergenic protein
containing a free sulfhydryl group, which has tletential to change the molecular
structure through heating, pH and cross-linkinghwa modifier during food
processing (Diez et al., 1964). Ovotransferrin (Q\GRI d 3), 77 kDa, is a mono
saccharified polypeptide composed of 686 amino eesdlues. Lysozyme (Lys, Gal d
4) is a kind of alkaline protein with a moleculaeight of 14.3 kDa, consisting of 129
amino acid residues in a single polypeptide (St§)i,0). In food products, lysozyme
is a natural food additive and immunoglobulin growromoting factora-Livetin
(Gal d 5), 66.8 kDa, is composed of 589 amino aesidues, which is considered an
important factor in the pathogenesis of bird eggdsgme and has a potential
glycosylation site in its structural domain (Quireteal., 2010; Toorenenbergen et al.,
1994). Yolk glycoprotein 42 (Gal d 6) has a molacweight of 31.4 kDa and three
glycosylation sites, which are stable to heat bugtable to pepsin (Shoji, 2010).
Vitelline high-phosphatin, 35 kDa, has approximat&0% serine residues and
contains 3-10% phosphorus and 6% carbohydrate(Cl885; Taborsky, 1982)
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Although many ELISA kits have been applied to tletedtion of egg allergens, the
ability of ELISA to detect egg allergens in proaxgoods is limited because the
conformational epitopes of allergens are easilynged during egg processing. In
addition, different types of biosensors were widetyployed for the determination of
egg allergens (Table 2). For example, screen-mtiptatinum electrode<adkova et
al., 2015) and integrated magneto-chemical sergsoret al., 2017) were established
for monitoring the serious egg allergen ovalbumithwhe LOD of 5 nM and 0.003
mg/kg, respectively. Screen printed carbon eleesobPCESs) (Ocafa et al., 2015),
competitive aptamer-based assay (Mishra et al.62Cdnd SERS (Boushell et al.,
2016) were reported for the immunoassay of Lysozyntle the LOD of 25 nM, 10
nM and 0.5 mg/ml, respectively. A novel and lalvekef SPR biosensor was developed
for the sensitive and rapid detection of OVA in &jirusing an anti-OVA antibody
covalently immobilized on a dextran-coated bioserdop for signal amplification
(Pilolli et al., 2015). This assay has an LOD dd30.2 ug/ml. Pilolli et al. also
applied LC-MS methods to the detection of egg g#as, demonstrating that
SPR-based biosensors can effectively and accurgtelgtify egg allergens. Mihai et
al. (Mihai et al., 2015) introduced a novel platfobased on an SPR biosensor using
aptamers on chip surface through the neutravidatirbaffinity for the determination
of an egg allergen (lysozyme) with an LOD of 2.4 mivspiked red and white wines
(Fig. 9). A novel method to perform in situ proteoupling with small molecules on
an SPR sensing surface uses a small -moleculeiprctepled system modeled by
progesterone (P4) and ovalbumin (OVA). This mettsosuitable for the coupling of
small molecules and proteins and the coupling oftgeptides and proteins (Wang et
al., 2017). Therefore, it is easy to screen protemjugates with different molecules

to obtain the best detection.
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Fig. 9. (A) Design of the aptasensor for lysozyme detectiowines. (B) Calibration
curve for lysozyme obtained with the aptasensahe concentration range 0.05-80

g/ml (Mihai et al., 2015).

4.3. Peanut allergens

As a common allergen food, the peanut account&-20% of food allergies, and the
incidence in children is relatively high (Grundyadt, 2002). An important risk with

the peanut allergy lies in peanut allergens hidoteflood products during three
stages: raw-food materials, the contamination aienls in food transportation, and
the cross-contamination at stages of food procgddichers et al., 2004). Among
the 13 allergens identified in peanuts (Emmetl.eR815; Warner, 2010), Ara h 1 and
Ara h 2 are responsible for more than 90% allegatients (Knol et al., 2003;

Koppelman et al., 2015). Ara h 1 is a soluble protgith an average molecular
weight of 63.5 kDa (Burks et al., 1992), accountiogapproximately 12-16% of all

kinds of peanut proteins (Koppelman et al., 20Ib)ts natural state, Ara h 1 mainly
exists in the form of monomers and trimers (Falteale 2016), which form by

linking three monomers through hydrophobic intacatt. Most epitopes are more or
less hidden in natural protein trimer complexesictvtcan protect monomers from
degradation, resulting in enhanced allergenicital@di et al., 2000). Ara h 2 belongs
to blue bean protein, accounting for 5.9-9.3% (Kadpyan et al., 2015) of the all

proteins in peanuts. Ara h 2 contains two genedrtants, Ara h 2.01 and Ara h 2.02,

which have molecular weights of 16.7 and 18 kDapeetively. Ara h 2 is very stable
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and resistant to enzymatic hydrolysis due to igilfide bonds. Nowadays, several
analytical methods were established for the deteadf peanut allergens, including
ELISA, LC-MS, voltammetric biosensor, amperometmgagnetoimmunosensor,
Integrated magneto-chemical sensor and SERs (T&blé-or instance, sandwich
ELISA was reported for detecting the major pearlgrgen, Ara h 1 (Peng et al.,
2013) and Ara h 2 (Peng et al., 2015) using momatlantibodies (mAb). The LOD
were 0.34 ng/ml and 1 ng/ml for Ara h 1 and Ara,hréspectively. In addition,
amperometric magnetoimmunosensor (Montiel et alQ15B), Integrated
magneto-chemical sensor (Lin et al., 2017) and SEB®&zer et al.,, 2016) were
developed for highly sensitive immunoassays of Ara with the LOD being 6.3
ng/ml, 0.007 mg/kg, and 0.14 mg/ml, respectively.

Wu et al. developed a double antibody sandwich impassay using the SPR method
to quantify pB-Lactoglobulin and Ara h 1 (Wu et al.,, 2016). Aftyapurified
monoclonal antibodies (mAb) were immobilized on the&sensor chip, and
B-Lactoglobulin and Ara h 1 binding to the antibaglyface was monitored through
the change in resonance angle. This method exl@bit<OD of 5.54 ng/ml. Tran et al.
designed an SPR aptasensor for the quantitativectitat of Ara h 1 in both buffer
and food matrices (Fig. 10); the approach coupl€@SIFR and a gold-coated
FO-probe to enhance the specificity for Ara h 1Ja@lrDinh T. et al., 2013). Pollet et
al. compared three approaches based on FOSPRef@utmtification of Ara h 1 in
chocolate candy bars: a label-free direct assagmawich assay with a secondary
antibody and a sandwich assay with magnetite natiolga (Pollet, J. et al., 2011).
The LOD of the SPR bioassay for Ara h 1 was impdolg two orders of magnitude
from 9 to 0.09ug/ml, demonstrating that functionalized nanobeaats emarkably
improve the sensitivity of FOSPR biosensors. Jashial. constructed a SPRI
microarray with peptide angixylosyl glycoside (BXG) epitopes from major peanut
allergen Ara h 2 to detect IgE antibodies in sa@slii et al., 2014). In this study,
magnetic beads loaded with polyclonal anti-IgE lzodies were employed to

pre-capture IgE to develop the sensitivity withL&D at 0.5 pg/ml with dilute serum
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Fig. 10. (A) Schematic representation of multi-sfptocol for Ara h 1 protein
detection in food matrix samples. (B) DetectionF@SPR aptasensor of Ara h 1
protein at various concentrations using the muad#psprotocol in TGK buffer and
candy bar matrix. (C) Quantification of SPR sigmsalifts and calibration curves

obtained with FOSPR aptasensor (Tran et al., 2013).

4.4, Seafood allergens

Recently, the consumption of seafood has beenruamisly increasing because of its
rich nutrients and savory flavor. Seafood can béldd into two important groupings,
fish and shellfish, and both are in the “big eigbd#itegories of food allergens (Lopata
et al., 2010). A seafood allergy is typically lifmg affecting<5 of children and2%

of adults for both fish and shellfish (Gray et @015). Food anaphylaxis to fish and
shellfish happen frequently in daily life, includivomiting, diarrhea, and generalized
pruritus; sometimes further reported signs/symptandude pruritus and hives,

wheezing and chest tightness, and angioedema,dingldatal anaphylaxis (Arthur
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739 Helbling et al., 1999). The route of exposure idelsl ingestion, contact, or even
740 inhalational exposures. Especially, the major rootesensitization to fish is the
741  ingestion via cooking or processing. Among the nendf allergenic proteins in fish,
742  parvalbumin (PV) is considered the major allergeasent in large amounts in the
743  white muscles of lower vertebrates, and 95% of &Hargy patients are sensitive to
744 PV (Kuehn et al., 2010). PV was initially identdiend named Gad c 1 in cod as an
745 IgE-reactive allergen (Elsayed and Bennich, 1975 ét al., 2008). PV, 10-13 kDa, is
746  a stable acidic EF-hand €ainding protein, resistant to heat, chemical dersion,
747  and proteolytic enzymes (Griesmeier et al., 20I0gre are two isoform linages of
748 PV, thea- andp-linages, of whiclB-linages are the main allergenic and are present in
749  almost all bony fish (Sharp, Michael F and Lop&tadreas L, 2014). PVs in different
750  kinds of fish have highly conserver structures, arabs-reactivity exists (Sharp, M. F.
751 and Lopata, A. L., 2014).

752 A number of allergens have been recently identifreghellfish such as tropomyosin,
753  sarcoplasmic calcium-binding protein (Kazuo et &Q08), myosin light chain
754  (Rosalia et al., 2008) and arginine kinase (Aisgdeonandez et al., 2008). The major
755 allergen in shellfish is tropomyosin (TM), a 38-4Da heat-stable IgE-binding
756  allergen. TM is an essential protein in muscle @mtion and even cross-reacts with
757  insect-derived ones (Shafique et al., 2012). Evifferdnt kinds of shellfish species
758 also have a high homology sequence and similactsiies, and 75% of individuals
759  allergic to TM are sensitive to other shellfish@pe (Tsabouri et al., 2012).

760  Currently, the two most commonly used methods fetecting TM are fluorescent
761  technologies and ELISA (Table 2), including sandwilISA (Zhang et al., 2014),
762 aptamer-based fluorescent assay (Zhang et al., )20fdorescent magnetic
763  bead-based mast cell biosensor (Jiang et al., 2@18) so forth, of which the LOD
764 are 0.09 ng/ml, 0.64 ng/ml and 0.5 ng/ml, respetjivA label-free SPR measuring
765 system was reported for identifying PV within 5 siim processed food products,
766  according to the allergen-mAb binding interactionaocarboxymethyl dextran (CMD)

767 surface (Lu et al.,, 2015). A simple and label-fl@@R sensor with gold patterned
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biochips (Fig. 11) was proposed for detection andngjfication of TM in shellfish,

with the LOD being 1.@ug/ml (Zhou et al., 2019).
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Fig. 11. (A) SPR sensorgram of tropomyosin standards atreifit concentrations and

standard curve. (B) Relative responses of the atbeallergenic proteins in shellfish

towards the sensor surface. (C) SPR sensorgramopbrhyosin standards under

continuous injection.

Table 2. Examples of food aller gens using other methods.

Limit of detection
Sample Allergens Detection method References
(LOD)
B-lactoglobulin sandwich-ELISA 15.625 ng/ml (Cherakt 2015)
) Fluorescent microspheres lateral flow
casein 100 ng/ml (Song et al., 2017)
assay
) Casein 0.5mg/kg
Milk ) UHPLC-MS/MS (Planque et al., 2016)
whey protein 5 mg/kg
B-lactoglobulin  Amperometric magnetoimmunosensor ryaénl (Montiel et al., 2015a)
B-lactoglobulin Voltammetric biosensor 20 pg/ml (@& sand Zourob, 2017)
Casein Integrated Magneto-Chemical Sensor 0.17 mg/kg (Lin et al., 2017)
Ovalbumin ELISA 0.31-2.5 ppm (Diaz-Amigo, 2010)
Screen Printed Carbon Electrodes
Lysozyme 25 nM (Ocafia et al., 2015)
(SPCEs)
e Lysozyme Competitive aptamer-based assay 10 nM fslishal., 2016)
99
Surface Enhanced Raman
Lysozyme 0.5 mg/ml (Boushell et al., 2016)
Spectroscopy
Ovalbumin Screen-printed platinum electrodes 5nM Cadkova et al., 2015)
Ovalbumin Integrated Magneto-Chemical Sensor 0.06&agn (Lin et al., 2017)
Arah1 Sandwich ELISA 0.34 ng/ml (Peng et al.,201
Arah 2 Sandwich ELISA 1 ng/ml (Peng et al., 2015)
Peanut microfluidic ELISA based Optical
Arah1 15.2 ng/ml (Weng et al., 2016)
Sensor
Arah 3 MRM%-based LC-MS multi-method dg/g (Korte and Brockmeyer,
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77

778

2016)
(Weng and Neethirajan,

Arah1 Microfluidic nano-biosensor 56 ng/mi
2016)
o (Alves et al., 2015; Weng
Arah 6 Voltammetric biosensor 0.27 ng/ml o
and Neethirajan, 2016)
Arah 2 Amperometric magnetoimmunosensor 26 pg/ml Montiel et al., 2016)
Arah1 Amperometric magnetoimmunosensor 6.3 ng/ml (Montiel et al., 2015b)
Arah1 Integrated Magneto-Chemical Sensor 0.00kgng/ (Lin et al., 2017)
Surface Enhanced Raman
Arah1 0.14 mg/ml (Gezer et al., 2016)
Spectroscopy
. ) 0.09 ng/ml
Tropomyosin Sandwich ELISA (Zhang et al., 2014)
0.64 ng/ml
Tropomyosin Aptamer-based fluorescent assay 0ssing/ (Zhang et al., 2017)
) Fluorescent magnetic bead-based mast )
Tropomyosin ] 0.03pg/mL (Jiang et al., 2015)
cell biosensor
] Fluorescent magnetic bead-based mast )
Parvalbumin 0.16 ng/mL (Jiang et al., 2015)

cell biosensor

Table 3. Examples of food allergensusing dilJerent SPR biosensor platforms.
SPR Sample  Capturing Format Labels Limit of References
biosensor ligand detection
(LOD)
FOSPR Milk Antibody Sandwich  None 0.87 mg/ml  (Muller-Renaud
et al., 2005)
FOSPR Peanut  Aptamer Sandwich  Gold nanoparticles 75 nM (Tran, Dinh T. et
al., 2013)
FOSPR Peanut Antibody Sandwich  Superparamagnetic  0.21pg/ml (Pollet, J. et al.,
Direct nanoparticles 0.09pg/ml 2011)
SPRI Peanut  Antibody Direct Magnetic beads 0.5-1 pg/ml (Joshi et al,
2014)
LSPR Milk Antibody Direct gold-capped 10 ng/ml (Hiep et al.,
nanoparticle 2007)
substrate gold-silica
layer
SPR Milk NanoMIPs  Direct None 127+97.6 (Ashley et al.,
ng/ml 2018b)
SPR Milk Antibody Direct None 0.164ug/ml (Ashley et al.,
2018a)
SPR Milk Antibody Direct None 0-1000 ng/ml (Billakanti et al.,
2010)
SPR Milk Antibody Direct None 2.8x10'M (Tomassetti et
5.0x10°M al., 2013)
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SPR Milk Antibody Direct None 57.8 ng/mi (Ashley et al.,

2017)
SPR Egg Antibody Direct None 0.03-0.2 (Pilolli et al.,
pg/ml 2015)
SPR Egg Antibody Direct None 0.2pg/ml (Pilolli and
Monaci, 2016)
SPR Egg Aptamer Direct None 0.035ug/ml - (Nylander et al.,
1983)
SPR Egg Antibody Direct PMAPA 0.66 nM (Saylan et al.,
nanoparticles 2017)
SPR Milk Antibody Sandwich  None 5.54 ng/mi (Wu et al., 2016)
SPR Peanut Antibody Sandwich  None 0.77 ng/mi (Wu et al., 2016)
SPR Peanut  Antibody Direct None 0.7 ng/ml (Mohammed et
al., 2001)
SPR fish Antibody Direct None 0.11 mg/kg  (Lu et al., 2015)
0.39 mg/kg
SPR shellfish  Antibody Direct None 1u@/ml (Zhou et al,
2019)

5. Conclusionsand outlooks

Food allergy is regarded as a significant publialtmeconcern in the field of food
safety, and therefore, accurate, sensitive andi&fi methods for the identification
and quantification of food allergens are consideaedmportant priority in the food
industry. Recently, the popularity of using SPRskiwsors has greatly improved food
allergen detection in real-time and label-free fass with less reagent consumption.
In this review, we provide an overview of the cuatreesearch status and introduce
prospective SPR biosensors employed for the amsalysifood allergens in food
matrices. Currently, three types of SPR biosenasroadly applied for identifying,
capturing, and quantifying target food allergensdifferent situations and demands,
such as FOSPR, SPRI, and LSPR. In general, FOS8Rtable for the long-distance
and real-time detection of food allergens duedaimall size and flexible design. The
SPRI biosensor is capable of simultaneously mangohundreds of food allergens
with probe arrays. The LSPR biosensor can be dedigs a multiplexed biosensor
for the real-time detection of food allergens irear more food samples. However,

triditional SPR technologies suffer from severalf@enance limitations: (1) it is
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difficult to simultaneously analyze multiple allergs in food samples; (2) SPR
equipments are too big and expensive thus canneippked for consumer-friendly

detection of food allergen. With the developmentradterials and technologies, the
SPRI biosensor can be coupled to LSPR and TSPRowide an accurate, rapid,

low-cost, and highly sensitive method to monitonditeds of food allergens in one or
more food matrices. Smartphones and certain appseantegrated into SPRI and
TSPR technique to develop mobile devices and PO@ceke for on-site and

consumer-friendly detection of food allergen. LSBRsensors can be coupled to
other identification techniques, including fluoresce, PRET and SERS, for practical
biosensor applications in food analysis. LSPR a0 be employed to enhance the
signal from TSPR substrates by exciting the eledtald further at the surfaces of
metal gratings. The TSPR technique combined wittagimy technologies and

microfluidic technologies can be developed as @&dmsor for practical applications.
Therefore, as a flexible, ultrasensitive and higdhecific method, SPR biosensors
have great potential for the future and can sewweaagreat advantage for food

manufacturers, food processors, and food safetyaatepartments.
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Highlights

® Four types of surface plasmon resonance (SPR) biosensors are
reviewed.

® Applications of SPR biosensors for food allergens detection are
introduced.

® Potential applications of SPR biosensors are discussed for alergen

detection.
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