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Abstract

Celiac disease (CD) is a chronic autoimmune disorder induced in genetically susceptible individuals by the ingestion of gluten
from wheat, rye, barley, or certain varieties of oats. A careful diet follow-up is necessary to avoid health complications associated
with long-term gluten intake by the celiac patients. Small peptides (GIP, gluten immunogenic peptides) derived from gluten
digestion, which are excreted in the urine and feces, have emerged as promising biomarkers to monitor gluten intake. We have
implemented a simple and sensitive label-free point-of-care (POC) device based on surface plasmon resonance for the direct
detection of these biomarkers in urine. The assay employs specific monoclonal antibodies and has been optimized for the
detection of the 33-mer «2-gliadin, known as the main immunogenic peptide of wheat gluten, and for the detection of GIP.
Direct detection in undiluted urine has been accomplished by using biosensing chips containing a robust and stable
biorecognition layer, obtained after carefully optimizing the biofunctionalization protocol. Excellent limits of detection have
been reached (1.6-4.0 ng mL ™" using mAb G12 and A1, respectively), which ensures the detection of gluten peptides even when
the gluten intake is around the maximum tolerable amount in the digestive tract (<50 mg) for celiac individuals. No sample
pretreatment, extraction, or dilution is required, and the analysis takes less than 15 min. The assays have excellent reproducibility,
as demonstrated by measuring spiked urine samples containing the same target concentration using different biofunctionalized
chips prepared and stored at different periods of time (i.e., CV% of 3.58% and 11.30%, for G12- and Al-based assays,
respectively). The assay has been validated with real samples. These features pave the way towards an end-user easy-to-
handle biosensor device for the rapid monitoring of gluten-free diet (GFD) and follow-up of the health status in celiac patients.
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known as gliadin contains the main toxic components [3].
Once consumed, gluten is partially digested into gliadin pep-
tides (10 to 50 amino acids), which are resistant to degradation
by intestinal proteases of the epithelial barrier of the intestinal
mucosa [9]. These peptides are deaminated by enzyme tissue
transglutaminase (tTG) converting them into more immuno-
genic molecules that activate the adaptive immune system [1].
This response involves antigen-presenting cells (APC) that
express the haplotypes HLA-DQ2 and DQS, the main genetic
predisposition factor that triggers an immune response against
digested gluten [10, 11]. The APC are highly reactive to
gliadin-specific T cells, which produce a cascade of inflam-
matory mediators, resulting in a damage to the intestinal mu-
cosa manifested as villous atrophy, characteristic of CD [1].
Currently there is no cure for CD and the only therapeutic
treatment is a strict adherence to a gluten-free diet (GFD) in
daily life [12, 13]. One of the main problems nowadays related
to maintaining a GFD is the presence of hidden gluten in food
[14]. Approximately, more than half of commercially avail-
able food contains gluten from wheat, barley, rye, or oats,
including those products where it is used as thickener or bind-
er [15]. According to the regulation Codex Alimentarius
(CODEX STANI118-1979, revised in 2008) [16], the total
level of gluten in gluten-free food does not exceed
20 mg kg . Therefore, constant vigilance is always required
as the adhesion to a strict diet with zero gluten intakes is
almost impossible given its ubiquity, cross-contamination, or
the inadequate food labeling regulations [12, 17, 18]. As a
result, persistent symptoms and enteropathy are common
among celiac patients who are trying to follow a GFD.
Specifically, research shows that 25-40% of adults with CD
have persistent enteropathy after 2 years on a GFD. Children
are thought to recover more quickly, and data suggest that 5—
19% of celiac children on a GFD may have persistent enter-
opathy despite treatment with a GFD for at least 1 year.
Moreover, the amount of gluten that celiac patients can toler-
ate has not yet been established due to the variability between
individuals [18]. However, the effects of low gluten consump-
tion in celiac patients have suggested that daily consumption
of up to 50 mg can cause significant damage in the small
intestine [19]. Hence, a daily intake of gluten less than
10 mg is recommended to be safe and unlikely to cause sig-
nificant abnormalities or to trigger symptoms [6].

Currently, several companies have commercialized detec-
tion assays such as Quanta Flash® Celiac (Werfen Company,
Spain), Alegria® (Orgentec Diagnostika, Germany), ELA™
Celikey (tTG)/ELiA™ Gliadin (Thermo Scientific Phadia,
USA), and Anti-Gliadin GAF-3X ELISA/Anti-tTG ELISA
(Euroimmun, Germany) to diagnose celiac disease, and
iVYLISA GIP™ (Biomedal, Spain) to monitor the adherence
to the GFD. They are commonly based on solid-phase immu-
noassays (i.e., ELISA, chemiluminescence, and immunofluo-
rescence) performed with bench-top, high-throughput
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instruments. They are sensitive and specific tools, although
are also considerably expensive. Their handling requires spe-
cialized skills and commonly these analysis are done in central
laboratories and research centers. However, their location in
primary healthcare settings is more limited and definitely less
accessible to the patient himself [18, 20-22].

The development of portable, compact, and easy-to-handle
tools entails significant advantages for its self-use by patients,
as it allows direct detection or personalized monitoring of
therapies usually with a small amount of a biological sample.
Such is the case of the qualitative tests based on lateral flow
immunochromatography (LFT) Sintomax® (Augurix SA,
Switzerland), Xeliac® Test (Eurospital, Italy), and Biocard ™
celiac test (AniBiotech®, Vantaa, Finland) [22-25]. These
companies have developed qualitative, direct, rapid, and easy
tests that support the monitoring or the diagnosis of the disease
by the end-user. However, the limitation of these tests is main-
ly related to the lack of quantification of the analyte concen-
tration to know the evolution of the immune response to treat-
ment. In other instances (i.e., GlutenDetect®, Biomedal,
Spain), the sensitivity might not be enough to detect small
intakes of gluten, and the use of additional cocktails for dilu-
tion and pretreatment of samples complicates the steps done
by the user and restricts its continuous use at home.

‘We have designed, fabricated, and implemented a compact,
portable, and easy-to-use device based on surface plasmon
resonance (SPR) biosensing that overcomes the limitations
mentioned above, to specifically and quantitatively monitor
gluten intake levels from a simple urine analysis. The device
is based on immunoassays similar to the ones used in the
iVYCHECK GIP Urine" test (Biomedal, Spain), where glu-
ten immunogenic peptides (GIP), originated after gliadin deg-
radation, are detected in urine and feces samples using highly
specific monoclonal antibodies (mAb). These antibodies (G12
and A1) have a high affinity for GIP, especially for the «2-
gliadin 33-mer peptide (MW ~3.9 kDa), a small-sized and
digestion-resistant peptide, which is the most
immunodominant toxic peptide to the celiac patients [18,
22]. This test relies in a sandwich lateral flow immunoassay
(LFIA) using both A1 and G12 antibodies (thus being neces-
sary the presence of two different epitopes per molecule to
detect the GIP); it requires a sample preconditioning and pro-
vides a qualitative response. A quantitative reading can only
be obtained by digital reading with a specific scanner
(IVYCHECK Reader), available in research laboratory set-
tings after introduction of the LFIA cartridge. This SPR-
based approach removes this two-step reading and removes
the need of having two different epitopes in the GIP, as it relies
on an indirect competitive immunoassay (using only one type
of antibody). A customized gold-chip biofunctionalization
strategy has been precisely established, successfully providing
the direct, quantitative analysis of whole urine. No previous
extraction, pretreatment, or even dilution step is needed. The
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assays are implemented in a compact biosensor prototype,
showing excellent levels of detection with both specific anti-
bodies and wide working ranges that allow detecting mini-
mum concentrations of GIP for a strict GFD or low gluten
intake.

Materials and methods
Urine sample collection

Two different types of urine samples were received from in-
ternal studies and collected according to the donor’s gluten-
containing diet. Group 1 samples are obtained from celiac
disease patients and healthy volunteers on strict gluten-free
diet (GFD) and were used during the optimization and assess-
ment of immunoassays. Group 2 samples are collected from
healthy individuals following an unrestricted normal gluten-
containing diet. The «2-gliadin 33-mer peptide concentrations
were analyzed with the iVYCHECK GIP Urine™" lateral flow
device and quantified with the iVYCHECK GIP Reader
from Biomedal S.L. (Seville, Spain) [17]. All volunteers were
provided with sterile falcons (50 mL). Urine samples were
collected and stored at —20 °C. Written consent was obtained
from all volunteers that provided samples.

POC device and detection assay format

The plasmonic biosensor device involves a miniaturized plat-
form (20 x 20 cm?) (see Fig. 1 and Electronic Supplementary
Material (ESM) Fig. S1) which incorporates the optical setup,
the biosensor chip, and the flow cell to bring samples over the
sensing area [26]. The sensor chips consist of a gold thin layer
(1 nm Ti/49 nm Au) evaporated on glass substrates.
Additional external components, which can be further inte-
grated such as input light source and spectrometer, are also
incorporated (for a detailed description of the biosensor device

Triangular
platform

Collimated light

Fig. 1 Photograph of the SPR biosensor platform showing the main units

and working principle, please refer to the ESM). Briefly, the
device tracks in real time the shift of the resonance peak
(AAgpr) of the gold sensor chip that arises when refractive
index changes occur on its surface, which are originated after
binding or desorbing events occur (see ESM Figs. S1 and S2).
Thus, the sensing is direct and label-free. The selected detec-
tion assay is based on an indirect competitive immunoassay,
where a similar compound of the target analyte (i.e., compet-
itor) is immobilized on the sensor surface and competes with
the analyte for the binding of a fixed concentration of the
specific antibody (see Fig. 2 for a representative scheme of
the assay). In this way, the concentration of analyte is inverse-
ly proportional to the signal observed, being maximum at zero
analyte concentration. The competitor in this case was the
prolamin working group (PWG) gliadin, which contains the
epitopes the antibody is specific for. A covalent attachment of
the PWG gliadin was selected.

Sensor chip biofunctionalization and assay
development

Details on the chemical and immunochemical reagents
and buffers are summarized in the ESM. The formation
of a self-assembled monolayer (SAM) onto the sensor
chip surface was carried out using HS-C11-(EG)g-O-
CH,-COOH in absolute ethanol (I mM) after overnight
incubation at room temperature. Then, sensor chips were
rinsed with ethanol and dried with a N, stream.
Biofunctionalization procedure was performed in situ in
order to optimize the immobilization conditions.
Carboxylic groups of thiols were activated with a solution
of 3(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), N-hydroxysulfosuccinimide (NHS) (EDC/NHS,
0.2 M /0.05 M) in MES buffer at a flow rate of
20 uL min~ ' for 20 min. A solution of PWG gliadin
(50 ng mL ™) in acetate buffer (pH 5.0) was injected after
activation at a flow rate of 10 uL min~' for 35 min. Then,
the remaining unreacted carboxylic groups were
deactivated with a solution of 1 M ethanolamine
pH 8.5 at a flow rate of 30 uL min ' for 2 min (see
Fig. 2). An ex situ immobilization was also used to gen-
erate the sensor chips for routine-based analysis following
the optimized conditions. In this case, for the activation
step, 200 uL of the EDC/NHS solution was dropped over
the SAM-functionalized sensor chips (20 min), followed
by the overnight incubation at 4 °C with PWG gliadin
(50 pg mL™" in acetate buffer, pH 5.0) and the ethanol-
amine deactivation step (2 min). In between each step,
sensor chips were rinsed with Milli-Q water and dried
with a stream of N,. Chips were mounted on the optical
device and kept in a continuous flow of PBST buffer at
25 uL min ' before measurements.
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Fig. 2 Schematic representation
of the biofunctionalization
strategy and the 33-mer peptide
detection assay
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A fixed concentration of each monoclonal antibody was
chosen after performing non-competitive assays (i.e., in the
absence of analyte) over PWG gliadin-biofunctionalized sen-
sor chips: G12 mAb (2 ug mL™") and A1 mAb (5 ug mL™").
The antibody concentration was selected so that (i) it enabled
the analysis under non-saturation conditions in PBST buffer
and (2) the signal was high enough to allow monitoring a
broad range of analyte concentrations (data not shown). A
stock solution of target «2-gliadin 33-mer peptide
(1 mg mL™" in PBS) was used to prepare the standards to
obtain the calibration curve (from 0.1 ng mL™' to
4.0 ug mL™" in PBST buffer) using both antibodies. The in-
cubation time between the antibody and the analyte was set to
15 min at room temperature. Sample containing the antibody-
analyte mixture was then flowed through the sensor chip at a
flow rate of 25 uL min . Free antibodies not bound to the 33-
mer peptide in solution can then interact with the immobilized
PWG gliadin. Total dissociation of the antibody-PWG gliadin
interaction was efficiently accomplished by injecting a 5 mM
NaOH solution during 120 s. Calibration curves for the 33-
mer peptide detection were obtained by representing the signal
(obtained after signal stabilization 7 ~ 800 s) vs concentration.
The average (AAgpr) and standard deviation (SD) of triplicate
analysis were graphed, and the data were adjusted to a dose-
response inhibition equation, as described elsewhere [26, 27].
The analytical parameters such as limit of detection (LOD),
the half inhibitory concentration (ICsg), and the working range
(the interval between 1Cg, and 1C5(, which defines the linear
range of the assay) were calculated. Intra-assay (two calibra-
tion curves obtained with the same biofunctionalized sensor
chip) and inter-assay (three calibration curves obtained with
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three different biofunctionalized sensor chips) variability was
assessed.

Analysis of urine samples

The effect of urine on the assay performance (i.e., non-
specific adsorption) was removed by adding a blocking
layer consisting of BSA 10 mg mL™"' diluted in PBST.
This solution was injected over the sensor chip for
2 min right before the injection of each urine sample.
The conditions to achieve full removal of non-specific
adsorptions from urine are summarized in the ESM.
Control experiments related to the effect of urine were
done with urine collected from group 1 donors (i.e., ad-
hered to a GFD and therefore, with no 33-mer peptide
present). The effect of urine in the assay was evaluated
with calibration curves generated using «2-gliadin 33-mer
peptide standards prepared in urine from group 1 donors.
Additional calibration curves were obtained for GIP in-
stead of only 33-mer peptide by using real urine sample
containing digested GIP. The GIP concentration of this
urine sample was previously quantified with the lateral
flow test iVYCHECK GIP Urine" and the iVYCHECK
GIP Reader . The sample was subjected to a
preconcentration step using centrifugal filters Amicon
Ultra 10 kDa to obtain a stock GIP solution of known
concentration. Then, a set of serial dilutions at different
concentrations of GIP were prepared with group 1 urine
as solvent and analyzed with each monoclonal antibody.
Finally, 21 patient samples from group 2 donors were
directly analyzed with the biosensor and the concentration
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of GIP calculated from the calibration curves. The results
were compared with those values determined with the
commercial detection assay (iVYCHECK GIP Urine ",
Biomedal) and expressed as percentage recovery:

[GIP] SPR

x 100
[GIP]iyycHECK GIPUrine™

Recovery, % =

Those urine samples whose concentration fell below the
LOD were preconcentrated before analysis using the centrif-
ugal filters Amicon Ultra 10 kDa. Samples whose concentra-
tion was above the working range required additional dilution
using group 1 urine. All samples were analyzed in triplicate.

Results and discussion

Bringing diagnostics close to the primary care or to the patient
itself requires simple, yet sensitive, fast, and direct analysis of
areadily extracted sample. Urine sample is ideal; however, its
direct detection is not always possible depending on the de-
tection assay. Manipulation of the sample to obtain a reliable
signal commonly involves sample pretreatment or dilution at
best, eventually affecting the sensitivity required and moving
away from the concept of point-of-care. Our detection assay is
based on an indirect competitive assay performed on a label-
free optical device, and we have newly customized the sensing
chip biofunctionalization to facilitate the direct addition in
urine and to extend the half-life of the biosensing chips.

Immunoassay development

Two monoclonal antibodies (G12 and A1) with a high affinity
for 33-mer peptide have been considered for the assay devel-
opment. They show reactivity to different prolamin epitopes
from wheat, barley, rye, and some oat varieties. The G12 mAb
recognizes QPQ-(L/Q)-P-(Y/F) and A1 mAbD reacts against
the epitopes Q-(Q/L)-P(Y/F)-PQP. Both antibodies are cur-
rently used in research, food analysis, and clinical monitoring
of CD and implemented in commercial assays such as ELISA
and LFT for the detection of GIP excreted in human feces and
urine [22, 28-30]. For the indirect competitive assay, PWG
gliadin (MW ~ 33 to 45 kDa), which contains the epitopes the
antibody is specific for, is immobilized on the sensor chip
surface at a fixed concentration and competes with the free
33-mer peptide (or the family of GIP in a real sample) for the
binding of the monoclonal antibodies (G12 or A1) (see Fig.
2). To facilitate the attachment of PWG gliadin, a self-
assembled monolayer (SAM) with reactive groups (-COOH
group) was added to the gold sensor chip.

Contrary to the use of conventional aliphatic thiolated com-
pounds (i.e., mercaptoundecanoic acid or mercaptohexadecanoic
acid), in this case, we have selected thiol groups containing

ethylene glycol units in their structure in order to prevent non-
specific adsorptions from the urine matrix [31, 32]. A reactive
compound (HS-C;;-(EG)s-O-CH,-COOH) and an inert one
(HS-C1;-(EG)4-OH) used as lateral spacer to spread the PWG
gliadin on the sensor chip surface were initially selected.
Parameters such as SAM composition at different COOH:OH
molar ratios (3:7, 1:1, 7:3, and 1:0) and suitable buffer to attach
the PWG gliadin (50 pg mL ") were tested (see ESM Fig. S3A).
Those conditions resulting in higher PWG gliadin immobiliza-
tion signal (AAgpr 12.7 £ 1.5 nm) were selected (SAM ratio
COOH:OH 1:0 -no spacers- and acetate buffer pH 5.0 for
PWG gliadin immobilization). According to the results obtained,
acid pH (between pH 4.0 and 5.5) can improve considerably the
immobilization signal due to the electrostatic interactions be-
tween the SAM layer and the PWG gliadin (i.e., it increases
the local concentration of PWG gliadin on the surface, resulting
in a more efficient coupling yield). ESM Fig. S3B shows a real-
time sensorgram of an in situ immobilization for the selected
conditions. Then, the in situ immobilization was adapted to an
ex situ strategy, with the aim of generating enough sensor chips
to perform routine analysis and to study their stability over time.
The same signal for the antibody detection was virtually obtained
over gliadin-coated sensor chips functionalized via either the in
situ or the ex situ protocol (i.e., AAgpg 1.2 0.1 for G12 mAb
and 1.0+0.1 for A1 mAb; see ESM Fig. S3C), confirming that
both procedures were equally effective and that the
biofunctionalization is stable and reproducible. The optimal con-
centration of antibodies was determined by non-competitive as-
says. Moreover, the total dissociation of the PWG gliadin-
antibody interaction was guaranteed using NaOH 5 mM without
damaging gliadin integrity, allowing the repeated use of the sen-
sor chip. The recognition layer was viable for at least 20 cycles of
interactions with G12 mAb and 32 cycles with A1 mAb (see
ESM Fig. S4A and B, respectively). Under these conditions,
calibration curves using both antibodies were obtained by mea-
suring different 33-mer peptide concentrations.

ESM Fig. S5 shows two representative calibration curves
using both mAbs and different 33-mer peptide concentrations
in PBST buffer. ESM Table S1 shows the analytical parame-
ters of the curves. The LOD using G12 mAb is around one
order of magnitude lower than A1 mAb (i.e., ~2 ngmL ™" and
~20 ng mL™', respectively). Also, the sensitivity reflected in
the ICs values is more than one order of magnitude better for
G12 mAb assay. Nevertheless, the working range for the assay
with A1 mAb is wider compared with the one obtained with
G12 mAbD, as a direct consequence of its lower slope (i.e., ~—
1.4 for G12 mAb assay and ~— 1 for A1 mAD assay), which
extends the measurement range. This eventually can be an
advantage as a higher number of real samples may fall within
this range and, therefore, this increases the assay capabilities.
The intra- and inter-assay evaluation confirms the high repro-
ducibility and stability of the immunoassays in the same sen-
sor chip or in different sensor chips, especially in the case of
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the G12 assay. ESM Fig. S6A and B show representative
sensorgrams obtained for different 33-mer peptide concentra-
tions for both G12 and A1 assays which exemplify the low
level of noise of the signals for each measurement.

Effect of the urine in the assay performance

Urine, as any other human fluids, can affect the immu-
noassays, as it is commonly reported [26, 33], hindering
either by the interaction between the receptor and the
target or by the non-specific adsorption of some of its
components on the sensor surface. This eventually re-
sults in worst assay performance, being necessary the
implementation of sample pretreatment or dilution steps.
To minimize or avoid any of these undesired effects, we
have employed thiols containing ethylene glycol units in
their structure (EG-thiols) [31]. The generation of this

Gliadin 33mer Peptide (ng mL")

ethylene glycol layer did not however completely re-
move non-desired adsorptions when analyzing pure
urine (see red sensorgram in the Fig. 3a, Agpr ~
0.5 nm) or even after diluting urine 50% (blue
sensorgram in Fig. 3a, Agpr ~0.25 nm). Nevertheless,
introducing an extra blocking step consisting of BSA
(10 mg mL ! in PBST) for 2 min before each urine
sample analysis, resulted in the formation of an extra
layer (as evidenced by the resultant positive signal of
AAgpr around 0.12+£0.02 nm; see ESM Fig. S7A) with
antifouling properties which completely suppressed any
kind of adsorptions derived from urine (see Fig. 3a,
green and orange sensorgrams for 50% and urine
100%, respectively, where AAgpr ~0). The experimental
conditions of this extra step were precisely optimized to
achieve maximum efficiency (see the ESM for detailed
description and Fig. S7 therein). Moreover, under these

Table 1 Analytical parameters of

all the competitive immunoassays mAb  Target  Sample LOD (19190) ICso . Working range » Slope
in buffer and urine (ng mL ) (ng mL ) (IC5¢/1C30) (ng mL )
Mean + SD Mean + SD
G12  33-mer PBST 3.6+03 144 + 1.6 6.0+0.5/34.5+5.0 —1.566
33-mer  Urine-PBST 3.8+09 183 +3.2 6.6£1.5/50.6+6.0 —1.290
1:1
33-mer  Urine 100% 1.6 £ 0.1 152 +22 3.6+0.2/56.2+13.3 —0.869
GIP Urine 100% 1.7 £0.1 11.6 £ 0.6 34+0.1/354£3.0 - 1.114
Al 33-mer PBST 12.7 + 0.5 755 + 4.7 23.5+0.7/256.7+26 ~ —1.095
33-mer  Urine-PBST 89+ 1.6 127.1 84  23.7+£1.9/6105+47  —0.797
1:1
33-mer  Urine 100% 47+13 111.8 £12.1  14.7+£3.2/702.3+110 —0.623
GIP Urine 100% 40+ 1.1 412 +4.7 9.1+£12/172.1+£433  —0.864

Mean value + SD for three replicates of inter-assays obtained in 3 different biofunctionalized chips
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Fig. 4 Calibration curves in urine 100% obtained using as follows: 33-
mer peptide and G12 mAb (blue); 33-mer peptide and A1 mAb (green);
GIP extracted from urine and G12 mAb (purple); GIP and A1 mAb
(orange). Each point represents the mean + SD of three replicates obtained
with three different sensor chips
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conditions, the addition of BSA did not seem to affect
the interaction of the antibody with the PWG gliadin
layer, as signals for both G12 and Al antibodies
remained the same as can be checked in Fig. 3b. The
regeneration and reusability of such sensor surfaces
were similarly assessed, and a slightly higher deteriora-
tion was observed compared with PBST measurements
(see ESM and Fig. S7C, D). Nevertheless, it was still
possible to have active sensor surfaces for around 15—
17 cycles, for both G12 and Al antibodies. The inter-
assay variability was also very low, as observed when
evaluating the signal obtained within different sensor
chips prepared with the same conditions (see ESM
Fig. S7E).

Complete calibration curves prepared directly in urine
100% indeed demonstrate that the developed strategy does
not affect at any level the assay performance compared
with 50% urine or in PBST (see Fig. 3c, d for calibration
curves with G12 and Al antibodies, respectively, and
Table 1 for a summary of the assay analytical features).
As can be observed, the differences are minimal and the
curves look analogous. The LOD and ICs, are very similar
for both 100 and 50% urine, which confirm the excellent
effect that the extra blocking with BSA causes regarding
the removal of any interference. A slight variation in the
LOD and in the slope of the assay is observed, compared
with PBST buffer (i.e., it decreases as the amount of urine
increases) which translates in broader working range when
whole urine is analyzed although these differences are min-
imal, thus not hindering the attempt of directly analyzing
real samples. Real-time sensorgrams for different 33-mer
peptide concentrations incubated with both G12 and Al
antibodies are shown in ESM Fig. S8A, B.

Selectivity of G12 and A1 mAb for GIP in real urine
samples

Previous studies have demonstrated the capability of G12 and
Al mAbs of recognizing other toxic immunogenic peptides
generated from gluten (GIP) present in wheat, barley, rye, and
oats. The affinity however varies significantly depending on
the epitope. From those studies, A1 showed a broader speci-
ficity than G12 [18, 34]. After consumption of gluten from
different origins, several GIP will be present in the patient’s
urine and their quantification might therefore be affected due
to the recognition pattern of the antibody employed.
Therefore, in order to mimic a real sample analysis, calibration
curves with both antibodies were done using a mixture of GIP
obtained from a real urine sample instead of single 33-mer
peptide, applying the optimal conditions described above.
Figure 4 shows the calibration curves obtained in urine
100% using GIP with G12 mAb (purple) and A1 mAb (or-
ange), which are compared with those obtained with 33-mer
peptide for G12 mADb (blue) and A1 mAb (green). Calibration
curves of 33-mer peptide and digested GIP obtained with G12
mAb (blue and purple lines) were very similar in terms of
analytical parameters, such as the LOD and the linear range
(see data summarized in Table 1). These results highlight the
high specificity of the G12 mAb to directly measure the 33-
mer peptide in urine in a set of gliadin-derived peptides with-
out affecting the resulting average sensitivity. On the contrary,
for the case of Al antibody assays (green and orange calibra-
tion curves), although the LODs were similar, the ICs, was
twice smaller when using GIP mixture, which reflects that the
recognition pattern of this antibody indeed includes other pep-
tides, maybe with even higher affinity than for 33-mer peptide
[35]. Also, using GIP as target analyte resulted in a more
restricted working range (i.e., the calibration curve has a
higher slope than for 33-mer (0.864 vs 0.623)), but still
broader than the one obtained with G12 mAb. These charac-
teristics may eventually benefit the real sample analysis, by
avoiding previous dilution in highly concentrated samples, for
example. Nevertheless, in a more real scenario where the tar-
get analyte is a mixture of peptides, the assay using G12 mAb
offers a better sensitivity for GIP than using A1 mAb. Besides,
the coefficients of variability (CV) of key parameters of 33-
mer and GIP immunoassays with G12 mAb, which are signif-
icantly improved (see ESM Table S2) compared with the one
obtained in PBST (shown in ESM Table S1), proved the ex-
cellent reproducibility and great robustness of our plasmonic
biosensor. Moreover, for the case of G12 mAb-based assay,
our biosensor device offers a better performance than the
semi-quantitative lateral flow test (iIVYCHECK GIP
UrineTM), which relies on the use of A1 and G12 antibodies.
The SPR-based assay needs only one epitope per molecule, so
it could detect shorter GIP than iVYCHECK GIP Urine
which in this case requires the presence of two epitopes in
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Table 2 Real sample validation

Plasmonic device

G12-based assay Recovery,
(GIP) (ngmL™) (%)

Al-based assay Recovery,
(GIP) (ngmL™") (%)

of the plasmonic device Sample iVYCTI;IECK GIp
Urine ~ (GIP)
(ng mL )

Pl 19.10

P2 12.30

P3 24.10

P4 27.97

PS5 12.80

P6 9.27

P7* 130.6

P8 358

P9 25.9

P10 245

P11 14.2

P12 17.2

P13* 7.4

P14 28.0

P15 21.9

Pl6* 94.5

P17 17.7

P18 32.5

P19 133

P20 15.6

P21 34.1

192 £ 1.1 100.5+£55 21.2+1.0 111 +£52
12.5+£0.6 1014 +46 115+06 93.7+4.7
235+ 1.1 97.7+4.7 26.7 £ 0.5 110.7 £ 2.1
28412 101.7+43 255+4.6 91.2 + 164
126 £0.2 987+ 1.4 123+ 04 96.3 £3.2
93+£0.1 1005+12 89+12 95.8+£23
126 £5.0 96.5 £ 3.8 136.2 = 1.1 104.2 £ 0.8
345+ 1.2 96.4 £ 3.5 352+23 983 £6.3
262+ 0.4 101.3+1.6 263+09 101.5 £ 3.3
23.6 £ 1.6 96.3 £ 6.7 23.8+0.1 972 £0.6
14.0+0.5 98.8 £3.5 143 +£1.0 1004 £ 7.1
172 £0.1 1002 +£05 162+14 942 +£82
72+0.2 97.6 £23 8.0+1.2 108.1 + 16.7
284 +14 1014 +49 28.0+0.6 100.1 £ 2.2
21.7+£0.5 99.0 £2.3 21.6 £0.8 98.7 £3.8
91.8 £34 97.1 £3.6 93.0+£12 984 £ 1.3
174 +£0.3 98.1 1.5 17.2 £ 0.1 973 £0.8
329+ 0.6 101.1 £ 1.8 344 +2.1 105.9 + 6.6
13.2+0.1 99.4 £ 1.1 13.7+£0.7 103.2 +£5.3
15304 98.1+23 15.7+0.7 1003 + 4.4
340+ 0.8 99.8 £2.3 357+2.1 104.8 £ 6.2

#Each value represents the mean + SD of triplicate measurements

*Qut of working range, sample P13 was preconcentrated and measured only with the A1 mAb assay. P7 and P16
were diluted five and four times respectively and measured with the G12 mAb assay

the peptide to be detected via sandwich assay. Moreover, Al
antibody has very low affinity for deamidated peptides.
Considering that one of the main processes of gluten to
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Fig. 5 Correlation plot of GIP concentration of urine samples between
iVYCHECK GIP Urine™ test and POC biosensor device. Slopes for
assays using G12 mAb and A1 mAb are 0.96 and 1.03, respectively
(each point represents the mean + SD of triplicate measurements)
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Fig. 6 Levels of GIP in urine collected from two individuals determined
with the G12 mAb biosensor during a controlled low gluten intake. The
monitoring was done during a regular diet, followed by 2 days of GFD,
and by a controlled gluten intake of 50, 150, and 250 mg in the following
days. Each point represents the mean + SD of triplicate measurements
(sample corresponding to a gluten intake of 250 mg for patient 2 was not
collected)
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become more immunogenic is the deamidation by tissue
transglutaminase, it may be possible that deamidated peptides
are underestimated by the lateral flow immunoassay.
Additionally, the iVYCHECK GIP Urine"" test is capable of
detecting GIP in urine in the range of 6.48-100 ng mL ™" al-
though it requires a sample extraction or dilution pretreatment
in order to isolate the peptides and/or to remove interferences
[22, 36]. Conversely, our biosensor can directly analyze the
urine collected from the individuals and no additional treat-
ment (besides adding the antibody to the sample) is needed,
with an even lower LOD, set at 1.6 ng mL™". This biosensor
assay also outperforms previous results [26], which required
urine dilution to remove urine undesired effect and properly
quantify GIP levels, without sacrificing the detectability
levels.

Sensor chip storage and stability

The stability over time of the sensor chips was studied follow-
ing a systematic optimization of several sensitive parameters
(data not disclosed due to confidentiality). Under the optimal
conditions of preparation, biofunctionalization, and storage,
we observed that the biofunctionalized sensor chips were sta-
ble for up to 6 months without affecting their integrity and
functionality, as can be seen in ESM Fig. S9, where urine
samples spiked with 33-mer peptide (at the corresponding
ICso concentration) were analyzed after different span times.
As can be observed, very similar signals were obtained for the
two assays using either G12 or Al antibodies (CV of 3.58%
and 11.30% respectively), which is indicative of the excellent
robustness and stability of our protocol for at least the evalu-
ated period of time.

Validation with real urine samples

In order to evaluate the accuracy and reliability of the biosen-
sor device, 21 urine samples collected from group 2 donors
(healthy volunteers who had previously ingested a certain
amount of gluten) were analyzed with our plasmonic biosen-
sor and the data compared with the results obtained with the
iVYCHECK GIP Urine™" test [22]. The signals were interpo-
lated in both G12 and A1 mAD calibration curves of digested
GIP. Each sample was measured three times obtaining the
average, standard deviation, and the recovery. Results are
summarized in Table 2. The accuracy offered by our approach
is excellent, with recovery values of 96-101% and 91-111%
for both G12 and Al antibody assays, respectively. The ex-
cellent correlation of our biosensor device with the
iVYCHECK GIP Urine " test can be seen also in Fig. 5 with
an almost perfect correlation (i.e., slope close to 1 in both
cases, 0.96 for G12-based assay and 1.03 for A1-based assay).
As can be seen in the correlation plot, for higher concentra-
tions (>80 ng mL "), a slight drift appears, with a tendency to

increase the slope (i.e., overestimate) for the Al-based assay
and with a trend to decrease the slope (i.e., underestimate) for
the G12-based assay. These trends, however, are not that sig-
nificant for the range of concentration evaluated. Moreover,
the level of precision and reproducibility is also evident from
the SD values observed for each of the samples. Overall, the
performed validation corroborates the excellent features
achieved with our biosensor approach, in terms of reproduc-
ibility, accuracy, and precision for the quantification of GIP.

Evaluation of the biosensor device for low gluten
intake diet follow-up

We have performed a quantitative test to monitor the con-
sumption of gluten in diet. The G12-based assay was selected
because of its lower limit of quantification (LOQ =1Cg, of
3.4 ng mL™") compared with the Al-based assay
(9.1 ngmL ™). Urine samples were collected from two healthy
volunteers from group 2, who had an uncontrolled gluten diet
(UGD). Later, they started a supervised gluten-free diet for at
least 36 h. Between days 1 (24 h) and 2 (48 h), urine samples
were collected to corroborate that the volunteers had adhered
to a GFD for a sufficient time. In the next days, volunteers
ingested a certain amount of gluten every day (50, 150, and
250 mg at night at the same time each day). Urine samples
were collected in the morning each day. The G12 antibody
was directly added to the urine samples and incubated for
15 min before analyzing them with the biosensor as described
above. Figure 6 shows the evolution of GIP concentration in
urine during the controlled gluten diet. As expected, maxi-
mum levels of GIP were observed during regular diet (first
day) which significantly decreased after the 36-h period of
non-gluten consumption (which fell around the LOQ of the
assay (around 4 ng mL™")). Then, the gradual increase in the
gluten intake nicely correlates with an increase in the concen-
tration of peptides excreted in urine. This representative study
exemplifies the great potential our biosensor device has as a
convenient tool for diet monitoring or for disease therapy fol-
low-up.

Conclusions

We have developed a plasmonic device that allows rapid,
highly reproducible, accurate, and non-invasive gluten intake
control using a small amount of patient’s urine (200 nL). We
demonstrate that with the explicitly designed
biofunctionalization protocol, the plasmonic biosensor direct-
ly quantifies GIP generated after digestion of gluten and ex-
creted in the urine. No extraction or any other type of sample
pretreatment or purification is needed, which greatly sim-
plifies the analysis and speeds up its implementation as an
autonomous POC device that could be easily used by celiac
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patients to monitor their own adherence to GFD. Excellent
levels of sensitivity and specificity are reached using two dif-
ferent monoclonal antibodies (G12 and A1) that show a dif-
ferent recognition pattern of GIP. In both cases, the LODs
achieved (around 1.6 and 4.0 ng mL ™" respectively) guarantee
the detection of minimal quantities of GIP even after low
gluten intake. This device shows exceptional reproducibility
and reliability, exemplified in the intra- and inter-assays’ low
variability and the low CV% obtained when measuring repli-
cates of urine spiked samples over time with different chips,
and very good accuracy, demonstrated in the correlation
analysis with a significant number of real samples, reaching
recoveries close to 100%. All of this corroborates the fea-
sibility and robustness of the developed biosensing method.
So far, the biosensor chips show a promising storage stabil-
ity of 6 months although further studies will cover a broader
time span to ensure a storage capability in compliance with
commercialized tests standards. Moreover, further integra-
tion of the biosensor chip in a disposable microfluidics car-
tridge will enable their integration and potential
manufacturing. This biosensing strategy implemented in
the plasmonic biosensor is highly attractive to monitor the
treatment of celiac disease and to assess any potential in-
fringement of a gluten-free diet, as it has been illustrated
with the tracking of the GIP levels in two individuals sub-
jected to a controlled gluten diet. Overall, the developed
biosensor device holds great potential as a convenient sens-
ing tool for the label-free non-invasive celiac disease fol-
low-up, for promoting self-monitoring of celiac patients in
the daily life, and it reduces the need for additional invasive
investigations on follow-up.
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