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ARTICLE INFO ABSTRACT

Handling Editor: Manel del Valle Food allergies are hypersensitivity immune responses triggered by (traces of) allergenic compounds in foods and
drinks. The recent trend towards plant-based and lactose-free diets has driven an increased consumption of plant-
based milks (PBMs) with the risk of cross-contamination of various allergenic plant-based proteins during the
food manufacturing process. Conventional allergen screening is usually performed in the laboratory, but portable
biosensors for on-site screening of food allergens at the production site could improve quality control and food
safety. Here, we developed a portable smartphone imaging surface plasmon resonance (iSPR) biosensor
composed of a 3D-printed microfluidic SPR chip for the detection of total hazelnut protein (THP) in commercial
PBMs and compared its instrumentation and analytical performance with a conventional benchtop SPR. The
smartphone iSPR shows similar characteristic sensorgrams compared with the benchtop SPR and enables the
detection of trace levels of THP in spiked PBMs with the lowest tested concentration of 0.625 pg/mL THP. The
smartphone iSPR achieved LoDs of 0.53, 0.16, 0.14, 0.06, and 0.04 pg/mL THP in 10x-diluted soy, oat, rice,
coconut, and almond PBMs, respectively, with good correlation with the conventional benchtop SPR system (R?
0.950-0.991). The portability and miniaturized characteristics of the smartphone iSPR biosensor platform make
it promising for the future on-site detection of food allergens by food producers.
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1. Introduction

Globally, over 250 million people have immunological hypersensi-
tivity toward food allergens, making the presence of food allergens one
of the most prevalent and increasingly relevant food safety issues [1].
Food allergens are typically naturally occurring proteins that are present
in foods and drinks. According to EU legislation (Regulation (EU)
1169/2011), food products that contain any of 14 specifically listed
allergens as ingredients must explicitly declare so on the packaging [2].
The EU has adopted this zero-tolerance approach to foods known to
contain allergens because consumption of even trace amounts of these
allergens can cause adverse, sometimes life-threatening effects in sen-
sitive allergic individuals [3,4]. The EU’s zero-tolerance approach aims
to protect 100% of the allergic population from adverse effects.

However, the threshold level at which allergic reactions occurs differs
on an individual and population basis [5]. As such, risk-based clinical
thresholds have been proposed that translate minimum eliciting doses of
allergens from oral food challenges into the lowest observable adverse
effects levels (LOAEL) [6]. These LOAELs, based on the milligrams of
total protein from an allergenic food divided by the amount of food
consumed, represent the eliciting dose (ED) at which only the most
sensitive 5% (EDO05) and 1% (EDO1) of the allergic population would
react with symptoms [7]. Regardless of individual differences in sensi-
tivities towards allergens, it is the presence of undeclared allergens that
are accidently introduced into foods or drinks through
cross-contamination, which constitutes the biggest threat to the allergic
consumer [8]. A recent investigation on 157 accidental food allergy
reactions found that the concentrations of undeclared allergens ranged
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from 4 to 5000 ppm (pg/mL), putting some of these undeclared allergens
above clinical EDs based on LOAELs [5,9].

At the same time, there is an ongoing trend in moving towards
animal-free, alternative food and drink products. Importantly, in recent
years global consumption of lactose has drastically decreased, with
cow’s milk being widely replaced by plant-based milks (PBMs) [10].
PBMs are water-based extracts made from raw allergenic plant materials
such as cereal crops (wheat, oat, rice), tree nuts (hazelnut, almond,
coconut), or legumes (soy, peanuts) [10,11]. These raw materials are
susceptible to contamination by pesticides, mycotoxins, or bioactive
compounds, such as allergens [3]. Even with dedicated sanitation pro-
cedures, trace amounts of allergenic proteins can still unintentionally
end up in food or drink products [12], with the risk of
cross-contamination increasing in facilities that handle or store multiple
raw allergenic ingredients. Hazelnut is considered one of the most
critical food allergens in Europe; the eliciting doses for hazelnut of 3.5
mg (EDO05) and 0.1 mg (EDO1) thus requires detection methods in the
low ppm (pg/mL or mg/kg) range [7,13,14].

Therefore, to align with the EU’s zero-tolerance approach on the food
and beverages safety, methods are required that detect allergens as low
reasonably achievable (ALARA) [5]. Despite having a rather low ED
threshold, in recent years there has been an increase in the use of
hazelnut as an ingredient in many foods or drink products owing to its
health benefits and desirable flavor profile [15,16].

To improve consumer safety and minimize the occurrence of
allergen-related product recalls, it is essential to have rapid and sensitive
screening methods that can be carried out by food manufacturers for on-
site monitoring of undeclared allergens in their products. Currently, the
most widely used methods for food allergen detection include enzyme-
linked immunosorbent assay (ELISA) [17] and polymerase chain reac-
tion (PCR) [18]. Although these approaches are very mature,
immunological-based ELISAs require multiple assay steps, are
time-consuming (taking up to 4 h for standard ELISA protocols [17]
sometimes with overnight incubation steps [19]) and typically give
LODs between 0.04 and 10 ppm [13]. In contrast, methods that detect
allergens at a DNA level, such as PCR, enable the amplification and
qualitative detection of specific allergenic (i.e., detects the presence or
absence of a specific DNA sequence) and can be combined with com-
plementary methods, such as real-time PCR to give quantitative detec-
tion of specific sequences with LODs between 0.1 and 100 ppm [20].
Still, such methods use complicated DNA sample preparation, purifica-
tion, and probe-based analysis procedures, requiring multiple hands-on
steps making them very time consuming [21]. These methods have
limited applicability for on-site testing by untrained users, and do not
meet the need for simplified, rapid, ubiquitous, screening methods that
allow for the immediate detection of allergens at all stages of PBM
production/storage. More recently, biosensors with various trans-
duction technologies based on electrochemical [22], immunochemical
[23], electromechanical [24], and optical [25] platforms have been
developed for the rapid detection of allergens. These developments are
strengthened by the parallel technological advances in smartphones and
3D printing, which have inspired new research to explore various
built-in electronic and optical features for their applicability in portable
smartphone-based biosensors [26]. The ubiquity of devices with
touch-sensitive screens, internet connectivity, and powerful Central
Processing Units (CPUs), together with their integrated optical elements
including Light Emitting Diodes (LEDs) and high-performance cameras
make smartphones suitable for portable plasmonic sensing applications
based on fiber-optics [27,28], prism coupling [29], grating [30], and
plasmonic nanostructures [31,32].

A particularly powerful biosensing strategy is surface plasmon
resonance (SPR), which has been applied to quantitative food allergen
detection due to its high sensitivity and label-free detection mechanism
[33-35]. However, conventional, benchtop SPR instruments are
restricted to the laboratory, owing to their cost, bulky size, need for
regular maintenance, and the necessity of trained personnel for their
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operation, thus limiting their on-site applicability [36]. A major chal-
lenge in addressing the size and portability of SPR instruments is mini-
aturizing the complex fluidic handling unit present in the benchtop
system [37,38]. Most commonly, polydimethylsiloxane (PDMS)-based
soft lithography is used to manufacture customized microfluidics for
portable SPR systems, but such fabrication is labor-intensive and re-
quires a clean-room environment [39-42]. Previously, the
user-friendliness and on-site applicability of a smartphone were lever-
aged to develop a portable imaging SPR (iSPR) biosensor to facilitate
moving SPR out of the lab and to the point-of-need (PoN) [43].

Here, we report the development of a sensitive and specific direct
SPR immunoassay for the quantitative analysis of total hazelnut protein
(THP) in 5 different PBMs (rice, oat, almond, coconut, and soy). After
initial development using a benchtop SPR platform, we implemented the
same immunoassay on a portable smartphone-based iSPR platform and
benchmarked its analytical performance as a semi-quantitative
screening method against its commercial quantitative counterpart in
terms of sensitivity and future potential as an on-site allergen screening
method for the food industry.

2. Materials & methods
2.1. Materials

Anti-hazelnut (50-6B12) and anti-peanut (51-2A12) monoclonal
antibodies (mAbs) were developed at Wageningen Food Safety Research
(WFSR) [35] and were selected in previous studies by SPR for their
speed, sensitivity, and specificity towards total hazelnut protein (THP)
and specificity towards total peanut protein (TPP) [8,44]. An amine
coupling kit (containing 0.1 M N-hydroxysuccinimide (NHS), 0.4 M
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
and 1 M ethanolamine hydrochloride (pH 8.5), a pH scouting kit (con-
taining 10 mM sodium acetate pH 4.0, 4.5, 5.0 & 5.5), HBS-EP buffer
(pH 7.4, consisting of 10 mM 4-(2-hydroxyethyl)piper-
azine-1-ethanesulfonic acid, 150 mM sodium chloride, 3 mM ethyl-
enediaminetetraacetic acid, 0.005% v/v surfactant polysorbate-20),
CMS5 sensor chips and regeneration solution (10 mM glycine-HCl, pH
1.75) were purchased from GE Healthcare (Uppsala, Sweden). All so-
lutions were prepared with MQ water from a MilliQ-system (>18.2
MQ/cm). A syringe pump was purchased from New Era Pump Systems,
Inc (NY, USA). A white LED backlight module (model: 1626) was pur-
chased from Adafruit Industries (NY, USA). A smartphone (Samsung
Galaxy A5) was purchased from Samsung Electronics Co., Ltd. (Seoul,
South Korea).

2.2. Plant based milk sample preparation

Rice (13.8%), oat (9.8%), almond (2.3%), coconut (5.3%), and soy
(8.7%) PBMs were purchased from local supermarkets (see Supple-
mentary Information (SI), Table S1 for ingredient lists). Before SPR
analysis, the PBMs were diluted at 1:9 (v/v) in HBS-EP running buffer
(RB). The packaging of the PBMs did not state to contain any hazelnut or
other tree nuts and the 1:9 diluted PBMs served as the ‘blank’ or
unspiked matrices. To confirm these samples were free from hazelnuts,
the diluted PBMs were first analyzed using the sensitive benchmark
assay. Certified standardized reference materials for food allergens are
not widely available and require in-house preparation. Total hazelnut
protein (THP) extracts were prepared as described previously [45]. The
THP extract was diluted to 100 pg/mL in RB and used to spike RB and
the diluted PBMs at concentrations of 20, 10, 5, 2.5, 1.25, 0.625 pg/mL
for iSPR experiments and 20, 10, 5, 2.5, 1.25, 0.625, 0.312 and 0.125
pg/mL for benchtop SPR experiments. These concentrations (7 data
points plus a blank for the iSPR experiments, or 10 data points plus a
blank for the benchtop SPR experiments) of THP spiked into PBMs were
selected to represent trace levels of allergens that could be accidently
introduced into foods by cross-contamination. The assay would also be
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Fig. 1. (a) Photograph of the actual size comparison between the benchtop SPR and smartphone iSPR systems. (b) Photograph of the actual optical attachment
integrated with a smartphone. (c¢) Schematic of the prototype smartphone iSPR platform.

capable of testing higher concentrations of THP (i.e., >20 pg/mL), but
these higher concentrations might first require dilution before analysis
to put them into the dynamic working range for this assay.

2.3. Benchtop SPR

All benchtop SPR experiments were carried out using a BIACORE
3000 (GE Healthcare, Uppsala, Sweden).

2.4. SPR chip preparation

Anti-hazelnut mAb was immobilized onto the CM5 chip using a
standard amine coupling procedure at 25 °C. First, to determine the
optimum immobilization pH, antibodies were diluted to 100 pg/mL in
10 mM sodium acetate (pH 4.0-5.0). The optimal immobilization
response was reached at pH 4.5. The four flow cells (FCs) pressed against
the carboxymethylated (CM) dextran chip surface, were simultaneously
activated by injecting 35 pL of a mixture of EDC and NHS (1:1; v/v) at a
flow rate of 5 pL/min. Anti-peanut mAb (51-2A12) was immobilized in
the reference FC (FC1) to correct for non-specific binding [44] and
anti-hazelnut mAb (50-6B12) was immobilized in the measurement FC
(FC2). After coupling, the remaining active carboxylic acid sites were
blocked by injecting ethanolamine (1 M).

2.5. Direct total hazelnut protein immunoassay

Each 10x-diluted and THP-spiked (0.125-20 pg/mL) PBM sample
was tested at 25 °C across different days, in triplicate. Analysis was
performed by injecting 10 uL of sample into both FCs, at a flow rate of
20 pL/min and monitoring the binding response in both FCs. To
regenerate the surface, 10 pL of 10 mM NaOH was injected at a flow rate
of 20 pL/min. The total analysis run time, including sample and
regeneration injections, was 5 min per sample.

2.6. Data processing for benchtop SPR

To process the data, sensorgrams were superimposed, aligned on the
x-axis at the sample injection point, aligned on the y-axis to the baseline,
and the regeneration curves were removed using the Biaevaluation
software (Uppsala, Sweden). The sensorgrams were corrected by using
FC1 as a control channel and subtracting the FC1 response from the FC2
response. The association and dissociation data allowed a visual com-
parison to be made between the different THP concentrations per PBM
(n = 3). Subsequently, a calibration curve was constructed by plotting
the final response units (RUs) following sample injection (approx. after
30 s) against THP concentration to quantitatively compare the binding
responses at all THP concentrations in the different PBMs. The limit of
detection (LOD) was determined as 3 x standard deviation of the blank
divided by the slope of the calibration curve [46].

2.7. Smartphone-based imaging SPR (iSPR)

2.7.1. Integrated iSPR platform

The portable iSPR platform and microfluidics were produced and
used according to the previously reported design and protocol [43].
Fig. 1 presents the schematic design and the actual image of the
smartphone-based iSPR system, next to the benchtop instrument. All
computer-aided designs (CAD) were created using the Autodesk soft-
ware (Autodesk Inventor Fusion, Autodesk Inc, USA). The CAD file for
the microfluidic chip was converted into the STL file format, imported to
the 3D printer software PreForm3 (PreForm 3; Formlabs Inc, USA), and
printed with a Form 3 printer (Formlabs Inc, USA) using clear resin
(Clear Type O4, Formlabs Inc, USA) at 25 pm layer thickness. The CAD
files for the portable iSPR platform, consisting of an inner body for
mounting the light source, prism optics, and a top cover for smartphone
attachment were imported as STL files, into the Ultimaker Cura slicer
software (Ultimaker Cura v.4.13.1) and converted to G-code before
being printed by fused deposition modeling (FDM) 3D printer
(Hephestos 2, BQ, Spain) with polylactic acid (PLA) filament with 200
pm layer thickness. The smartphone iSPR instrument consisted of an
external attachment that served as an optical bench for the alignment of
the prism, mirror, and a LED light source with the Kretschmann
arrangement for guiding the iSPR optics. For the assembly of the
smartphone iSPR platform, a commercial BK7 60° prism was installed in
the center of the 3D-printed inner body as the light guide. A white LED
coupled with a polarizer was installed at the incident light side of the
prism used to provide a plane-polarized light source for iSPR, whereas a
curved polished mirror was installed at the reflected light side of the
prism to direct the output light signal to the smartphone camera. To
perform  smartphone iSPR  measurement, the  3D-printed
microfluidics-coupled SPR chip was placed on the prism surface with a
layer of immersion oil, and the inlet and outlet of the SPR microfluidic
chips were connected via silicon tubings and closed with a 3D-printed
cover. The outer surfaces of the printed attachment were coated with
matte black paint (Biltema, Sweden) to shield the interior from envi-
ronmental light. The incident polarized LED was directed by the prism to
the SPR sensor surface, where the reflected light resulting from the SPR
angle shift was guided by the prism and projected onto a mirror, forming
an SPR image that could be detected by the smartphone camera.

2.8. SPR chip preparation

For the preparation of an integrated microfluidic SPR sensing chip,
the 3D-printed microfluidics was attached to the gold sensing surface of
the CM5 chips using double-sided adhesive tape (Biltema, Sweden) with
an open window (0.5 x 2.7 mm) that followed the width and length of
the microfluidic channel created by laser cutter using vector mode at a
power of 56% (5th Generation Full Spectrum, Las Vegas, USA). For the
biofunctionalization of the microfluidic SPR chip, reagents were loaded
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Fig. 2. (a) Sensorgram of the smartphone iSPR for
the immobilization of monoclonal anti-hazelnut Ab.
The insets show the positions of the iSPR signal (the
green band, which contains a 200 x 10 pixels area,
represents the region of interest (ROI) captured from
the SPR video frame [43]) measured by the smart-
phone camera. The sensorgram shows the activation
of the carboxyl-dextran with EDC/NHS (Sp), the
coupling of anti-hazelnut mAb (Syy), and the blocking
with ethanolamine (Syy), as well as the running buffer
HBS-EP steps (Sy, Sm, Sv, and Syp). (b) Sensorgram of
10x-diluted blank PBM sample (Ty), injection of total
hazelnut protein (THP; 20 pg/mL) spiked into
running buffer (RB) (Ty), running buffer (Tyy), fol-
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into the iSPR system via syringe pumps, and the immobilization process
was monitored by the smartphone iSPR platform. A standard amine
coupling procedure was applied to immobilize the anti-hazelnut anti-
body to the CMS5 sensor chip. First, HBS-EP was injected as a running
buffer for 15 min to establish a stable baseline. A freshly prepared
amine-coupling solution composed of a 1:1 v/v mixture of EDC (400
mM) and NHS (100 mM) was injected into the SPR chip at a flow rate of
40 pL/min for 12 min, followed by the injection of HBS-EP buffer at a
flow rate of 40 pL/min for 10 min as washing step. Then, the anti-
hazelnut antibody with a concentration of 100 pg/mL in 10 mM so-
dium acetate (pH 4.5) was injected at a flow rate of 40 pL/min for 20
min, followed by the removal of the unbound antibody by washing with
the HBS-EP bulffer at a flow rate of 40 pL/min for 10 min. Finally, the
remaining active sites were blocked by injecting ethanolamine (1 M) at a
flow rate of 40 pL/min for 12 min, followed by a washing step with HBS-
EP at a flow rate of 40 pL/min for 20 min.

2.9. Direct total hazelnut protein immunoassay

Each 10x-diluted THP-spiked PBM was tested across different days in
triplicate with HBS-EP as the running buffer (RB), at room temperature
and with a 25 pL/min flow rate. After an initial injection of HBS-EP for
10 min and sequentially the injection of the unspiked sample for 10 min,
each PBM spiked with THP (0.625-20 pg/mL) was injected via syringe
pump into the 3D-printed flow cells for 20 min. Subsequently, HBS-EP
was injected for 10 min, followed by an injection of 10 mM glycine-
HCI (pH 1.75) for 3 min to regenerate the functionalized surface. The
smartphone was attached to the 3D-printed iSPR system and Open-
Camera (v1. 45.2) was used to record videos of the chip for the total
assay duration.

2.10. Data processing for smartphone iSPR

For data processing, the smartphone videos were exported to a
custom python program. In the program’s graphical user interface
(GUD), the user can manually select the regions of interest (ROIs) on the
chip and adjust the width, height, x, and y coordinates of the original
frame, and filter order. After checking the SPR curve is complete, the
sensorgram from the entire video recording is displayed by clicking
‘compute’ in the GUI. The assay data were exported and averaged and
calibration curves were plotted to quantitatively compare the binding
responses at all THP concentrations in the different PBMs. To compare
the results from the benchtop SPR and portable iSPR systems for each
PBM, correlation analysis was applied to datasets from each platform
followed by linear regression (95% confidence) of the correlated results.

=
600 1200 1800 2400
Time (sec)

lowed by the surface regeneration with 10 mM
glycine-HCl (Tyy) to return the signal to baseline (Ty)
in smartphone iSPR platform.

3. Results & discussion

Instrumentation, chip preparation, and sensorgram characteristics
for benchtop SPR vs. smartphone iSPR.

The smartphone iSPR platform (Fig. 1b) developed in our group [43]
is lightweight and portable. The benchtop SPR is 965 times larger in
volume than the smartphone iSPR and weighs 360 times more (Fig. 1a).
The miniaturized and portable smartphone iSPR platform features an
innovative and affordable 3D-printed microfluidics-coupled SPR chip.
The microfluidic-coupled chip inserts into a 3D-printed internal
attachment on top of the horizontally-aligned prism surface. The surface
receives incident light from the polarized LED light source, enabling
direct detection of the shift in SPR angle by the reflection of light to the
smartphone camera (Fig. 1c).

Antibody immobilization using the smartphone iSPR platform was
monitored by tracking the shifting position of the green band from the
recorded smartphone iSPR videos (Fig. 2a). The sensorgram shows the
successful activation of the carboxyl-dextran with EDC/NHS (S, the
coupling of anti-hazelnut mAb (Spy), and the blocking with ethanol-
amine (Syp), as well as the washing steps (Si, Sm, Sy, and Syy). The
smartphone iSPR sensorgram resolves all the stepwise molecular-
interaction characteristics for chip preparation comparably to the
benchtop SPR (see SI, Fig. S1 for the immobilization sensorgram from
the benchtop SPR). Fig. 2b presents the sensorgram for the detection of
THP, which shows a typical association curve (Ty) upon injection of the
analyte, followed by the dissociation curve (Tyy) upon injection of buffer
solution. Finally, the microfluidic SPR chip was regenerated by the in-
jection of glycine-HCI (Tyy), (see Fig. S2 for the regeneration sensorgram
using the benchtop SPR platform). This result demonstrates that the
smartphone iSPR yields a characteristic sensorgram that is similar to the
one obtained with the benchtop SPR instrument (SI, Fig. S2) for the
study of biomolecular affinity interaction.

3.1. Matrix effect evaluation and correction

Matrix effects from complex samples may affect the analytical per-
formance in two ways: (i) it may influence the specific binding in the
assay, and (ii) lead to non-specific signal responses that contribute to the
background signal. Therefore, it is important to evaluate the background
signal in PBM food samples and adjust the baseline to minimize such
matrix effects. Most commonly, minor non-specific binding and refrac-
tive index effects in SPR are compensated by the use of a reference
channel for correction, but they can also be alleviated by adjusting the
buffer pH, adding protein blockers, using non-ionic surfactants, or
increasing salt concentration. Reference surfaces are particularly useful
to correct for non-specific adsorption and matrix effect when analyzing
trace amounts of food proteins, such as THP, in complex matrices such as
the PBMs. The assay on the benchtop SPR uses a reference channel for
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Fig. 3. Matrix effect in different plant-based milk samples. (a) Sensorgram of five unspiked PBM samples. (b) Correlation plot between PBM content and smartphone
iSPR baseline adjustment response after 9:1 dilution of the PBM (n = 3, error bars represent the standard deviation).
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Fig. 4. Performance evaluation of both SPR systems.
(a) Sensorgrams were obtained for different concen-
trations of THP in the range of 0-20 pg/mL in 10 x
diluted coconut milk in the smartphone iSPR plat-
form. Calibration curves are shown for the detection
of total hazelnut protein (THP; 0-20 pg/mL; inset
shows 0-2.5 pg/mL) in different 10x-diluted PBMs
using (b) the prototype SPR smartphone, and (c) the
benchtop SPR - and (d) their correlation is plotted.
Error bars represent the standard deviation (n = 3).
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parallel blank subtraction, allowing for monitoring of matrix effects and
correction of the signal in the measurement channel. As mentioned in
the experimental section (PBM sample preparation), certified reference
materials for food allergens are not widely available and require in-
house preparation. The unspiked samples used here are diluted PBMs
that have no declared hazelnut content on their ingredient lists (see SI
Table S1). Before spiking with THP, all blank PBM samples were checked
using the benchmark SPR assay and, indeed, none were found to contain
THP at a concentration detectable by the assay.

The smartphone iSPR prototype does not have a reference channel,
and instead, it uses a single-channel design with sequential injections to
characterize and correct for matrix effects (see SI, Fig. S3). Matrix effects
from the PBMs were observed in the smartphone iSPR-based assay, (see
Fig. 3a). The blank signals recorded by the smartphone iSPR can be
correlated to the plant content of the corresponding diluted PBM sam-
ples, which enables us to understand the complexity of the PBM matrix
and achieve baseline adjustment. Fig. 3b presents the correlation plot
between the listed plant material content in different PBM samples and

40 60

20
Smartphone Response (a.u.)

their corresponding blank PBM response in smartphone-based SPR.

3.2. Benchtop SPR vs smartphone iSPR for allergen detection in plant
based milks

To ascertain the appropriateness of the smartphone iSPR system for
food allergen detection, the direct THP immunoassay was performed on
both SPR platforms to compare their analytical performance. The
immobilized anti-hazelnut mAb has high affinity and rapid association
to THP, allowing THP to be selectively captured in all PBM matrices
using both SPR platforms. The overlaid sensorgrams of smartphone iSPR
for the quantitative measurement of THP in coconut PBM are presented
in Fig. 4a, which shows a fast initial response time (i.e. the rate of the
affinity binding, which is related to the analyte concentration) similar to
the benchtop SPR sensorgrams (SI, Fig. S4). However, after injection of
the sample, faster steady-state responses were observed in the benchtop
SPR sensorgrams (within approximately 30 s), while the smartphone
iSPR remains in the response region even after 360 s. This might be
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Table 1
Assay LOD comparison using both SPR platforms.

Matrix Benchtop SPR LOD (pg/mL) Prototype iSPR LOD (pg/mL)
RB 0.02 0.06
Rice 0.04 0.14
Oat 0.02 0.16
Coconut 0.03 0.06
Almond 0.04 0.04
Soy 0.03 0.53

attributed to the larger sample chamber volume (~75 times) of the 3D-
printed fluidic chip used in the smartphone iSPR (0.5 x 2.7 x 1.5 mm?)
compared with the fluidic system used in the benchtop SPR (0.5 x 2.4 x
0.02 mm?) that operates at a similar sample injection rate of 25 pL/mL
(smartphone iSPR) compared to the 20 pL/mL of the benchtop SPR,
resulting in a prolonged time to reach the steady-state. See Fig. S5 for a
schematic depicting the integrated microfluidic system of each platform.

Calibration curves were constructed by plotting the concentrations
of THP (0-20 pg/mL) spiked into 10x-diluted PBM against the response
after a 10-min PBM injection from the smartphone iSPR (Fig. 4b) and
plateau response (i.e., total THP bound following association) from the
benchtop SPR after 30 s of PBM injection (Fig. 4c). In the linear range
(0-2.5 pg/mL), the assay on the benchtop SPR platform showed good
linearity (R% = 0.999) and the iSPR platform showed moderate linearity
R? = 0.757-0.994), with both assays correlating well R? =
0.960-0.991) as can be seen in Fig. S6 and Table S2. Besides, the
smartphone iSPR analyses were performed during a period of more than
one month with several reproduced SPR chips to complete all the ana-
lyses, which illustrates the reproducibility of the smartphone iSPR
method.

The assay on the benchtop SPR platform had a wider dynamic
working range and lower LOD, with the lowest concentration tested
being 0.125 pg/mL compared with 0.625 pg/mL on the smartphone
iSPR platform (see Table 1 for a summary of results). Still, regardless of
the SPR platform used, the reported LODs are sufficiently sensitive to
protect the allergic population based on LOAELs at EDO5 and EDO1 [5].
Moreover, these LODs are consistent with those reported for commer-
cially available hazelnut detection immunoassays (PCR/ELISA/lateral
flow), and proof-of-concept SPR immunosensors which have reported
detection limits ranging from 0.04 to 10 pg/mL [13]. Still it is difficult to
compare detection limits from different allergen immunosensors as
these vary widely depending on whether the sensors target the total
protein extract or individual allergenic protein.

Furthermore, as shown in Fig. 4b, the signal responses from the
smartphone iSPR are proportional to the concentration of THP in
different PBM samples and RB. However, especially at higher concen-
trations, the response approaches a plateau, and the responses slightly
vary between different PBMs to an extent that is not observed at the
lower concentrations. This is likely because, at higher concentrations,
binding sites of the immobilized anti-hazelnut antibody are mostly

Table 2
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occupied by THP, preventing further binding. This observation is
consistent with the literature on SPR analysis of allergens in foods [47].
Compared to Fig. 4b, the calibration curves of the benchtop SPR (Fig. 4c)
have similar increasing trends as those obtained with smartphone-based
SPR from O to 20 pg/mL. However, the variation between the calibration
curves of different PBM samples is smaller on the benchtop SPR in-
strument, as is the standard deviation of the measurements themselves,
resulting in lower RSD in PBMs at all tested concentrations compared
with the prototype smartphone iSPR system (see Table 2).

To further compare the performance of the smartphone iSPR
screening method and the quantitative benchtop SPR, the correlation
between both platforms was plotted (Fig. 4d). The two methods show
good R? values for the measurement of oat, rice, soy, coconut, and
almond PBMs in the concentration range of 0.625-20 pg/mL, which
were 0.984, 0.960, 0.965, 0.95, and 0.991, respectively (Fig. S6). These
results demonstrate the feasibility and practicality of the portable
smartphone iSPR for allergen detection in PBMs. To limit the occurrence
of allergen-related PBM recalls, food manufacturers must be able to
regularly screen products, production lines, and shared equipment, on-
site, for trace allergens, but commercial benchtop SPR biosensors are
expensive, laboratory-based, and are unsuitable for general users. Given
the affordability and miniaturized features of the smartphone iSPR
system, the analytical performance for the detection of THP in PBMs is
satisfactory when compared with the benchtop SPR instrument.

Nevertheless, the smartphone iSPR platform is still a prototype and
further improvements are needed to reach the same analytical perfor-
mance as the benchtop SPR system. The detection principle of the iSPR
system is based on an imaging technique measured at a fixed angle in
Kretschmann’s configuration [42,43], which inherently has a relatively
lower sensitivity and resolution compared with the conventional SPR
configuration [44]. Moreover, the benchtop SPR signal is measured with
a highly sensitive, but expensive, photodetector, while the smartphone
iSPR is equipped with an economic CMOS camera [45]. The smartphone
camera already gives a satisfactory performance and advances in the
quality of smartphone cameras are anticipated to further enhance the
sensitivity and improve the performance in future iSPR prototypes. The
LOD and RSD are related to the standard deviation of the measurements
which are affected by the fluidic unit and sample injection procedures.
The smartphone iSPR is equipped with a low-cost 3D-printed fluidic chip
attached to the SPR gold sensing surface via an adhesive tape, compared
with the meticulous automated fluidic and docking system in the
benchtop SPR, providing a precise operation in sample injection and a
smoother baseline. In future versions of the prototype, an advanced
design of the 3D-printed clip-type fluidic cell with an o-ring may refine
the attachment and alignment of the fluidic unit and SPR sensing sur-
face. It is expected that further prototyping of the iSPR platform will
improve the reusability of the SPR chip so that it can be regenerated and
reused for a similar amount of cycles compared with the benchtop sys-
tem, which can be reused for over 120 cycles (see Fig. S7). The overall
instrumental comparison between smartphone iSPR and benchtop SPR

Assay relative standard deviation (RSD) for all Plant Based Milks at all tested concentrations on both SPR platforms.

RB RSD (%) Rice RSD (%) Oat RSD (%)

Coconut RSD (%) Almond RSD (%) Soy RSD (%)

Conc (pg/mL) SPR iSPR SPR iSPR SPR iSPR SPR iSPR SPR iSPR SPR iSPR
20 0.18 4.21 0.80 7.59 0.96 7.32 0.21 11.08 0.27 9.25 0.49 11.05
10 2.08 3.86 0.41 15.27 1.13 4.51 1.25 9.77 0.28 0.87 1.63 15.57
5 2.37 14.42 4.22 16.71 2.73 14.46 0.43 4.66 2.80 3.22 1.42 14.33
2.5 1.69 6.27 0.79 28.17 3.37 27.04 0.73 5.48 0.94 20.20 2.55 46.16
1.25 1.56 19.18 3.94 29.29 2.09 6.53 2.68 37.10 3.84 23.31 3.22 32.47
0.625 3.63 46.65 6.13 16.78 6.86 19.92 1.28 11.07 15.05 38.47 8.17 10.01
0.312 5.30 n/a’ 11.71 n/a’ 10.21 n/a’ 4.99 n/a’ 9.19 n/a’ 6.97 n/a’
0.156 9.14 n/a’ 5.57 n/a’ 13.52 n/a’ 5.54 n/a’ 22.06 n/a’ 6.29 n/a’

0 50.70 85.30 13.32 135.98 108.6 29.60 33.11 68.36 25.0 6.24 14.78 153.27

*RSD calculated as 100 x standard deviation/average.
? Not tested at this concentration.
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Table 3
Comparison of instrument parameters across both SPR platforms.

INSTRUMENT PARAMETER BENCHTOP SPR SMARTPHONE-iSPR
Instrument cost ($) 100 k ~100

Weight 50 kg 138 g

Dimensions (L x W x H) 760 x 350 x 610 mm 70 x 60 x 40 mm
Electric voltage 100-120 V; 220-240 V 9V

Power consumption max 580 VA 2900 MAh
Automation Autosampler Manual operation”
Data processing Biaevaluation Python Program”
Sample volume/injection 10 pL 250 pL*

# Limited by current prototypical design, but are expected to be brought up to
par by product engineering.

is given in Table 3.
4. Conclusion

This study demonstrated the development of an affordable direct
immunoassay for the real-time detection of total hazelnut protein in 5
different plant-based milks with sensitivity comparable to or better than
commercially available hazelnut immunoassays and proof-of-concept
SPR-based immunosensors. A direct comparison of the platform pa-
rameters for the detection of THP in PBMs has been summarized in
Tables 1-3. Ultimately, while improvements can still be made to the
platform’s usability, portability, assay duration, re-usability, and
throughput capacity for food allergen detection applications, the current
iSPR prototype yields commendable sensitivity, at only a fraction of the
cost and size of a conventional commercial desktop SPR platform,
making it promising as an alternative, affordable, portable sensing
platform for decentralized allergen screening in PBMs.
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