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ARTICLE INFO ABSTRACT
Keywords: Pollen traps, the current gold standard to determine pollen load and thereby the allergy season,
Biosensor are not sufficient to determine the allergenic risk. Therefore, the establishment of highly sensitive

Allergen detection

Birch pollen

Graphene field effect transistor
Air sampling

assays for allergen measurement is of highest interest. Herein, a graphene field-effect transistor
(GFET) was constructed on an interdigitated electrodes chip to develop an immersible biosensor,
which was used to detect the major birch pollen allergen Bet v 1. Graphene was wet-transferred
on interdigitated electrodes that contain a reference electrode used as a liquid gate in the GFET.
Using a standard ELISA protocol, two different anti-Bet v 1 antibodies were chosen and immo-
bilized on graphene for the specific capture of the target allergen. The sensitivity of the GFET
biosensor was evaluated using a standard Ag/AgCl liquid gate electrode and a reference electrode
when the chip was immersed in Bet v 1-containing solutions. The results showed a higher per-
formance and sensitivity for Bet v 1 detection compared to a mediator release method, one of the
most sensitive assays for allergen detection. Compared with conventional methods of allergen
detection, these immersible biosensors significantly improved the speed and level of detection
providing the foundation of a point-of-need platform for in-field application. Furthermore, the
proposed technique provides both a new biosensor for allergen detection and a strategy for
designing low-cost integrated biosensors.

1. Introduction

Early flowering wind-pollinated trees, such as hazel and birch, are the primary cause for pollen-induced allergic symptoms in
springtime, including hay fever and allergic asthma. The sensitization rates to birch pollen range between 8 and 15 % among the
general European population, numbers still rising. Over 96 % of all birch pollen allergic patients are sensitized to the major birch
pollen allergen Bet v 1, belonging to the family of pathogenesis-related proteins class 10 (PR-10) [1].
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Since symptom severity highly depends on the level of exposure and because allergen avoidance during the pollen season is hardly
possible, various pollen monitoring and forecast systems have been developed in order to measure the pollen content in the air [2].
These systems provide a useful guide for allergic individuals in terms of symptom prevention and medication intake. However,
especially pollen maps, generated by pollen data sets are partially incomplete and lack accuracy to reflect the actual allergen load [3].
Currently, the amount and nature of pollen collected by so-called pollen traps are only determined by microscopy and no associations
between pollen count and the actual allergen content - e.g., allergen concentration increases throughout plant development — are made
[4]. Even a high allergenic load can be measured in the absence of pollen grains (e.g., rain, thunderstorms) [5,6]. The measurement of
total airborne proteins has been suggested but is also not suitable to monitor specific allergens. As realistic conclusions about real-life
allergen exposure cannot be drawn, it is crucial to have a precise measure of the specific allergen concentration in the ambient air
combined with the pollen load. Together, this information will highly improve the disease management of allergic patients (e.g.,
earlier medical intervention) [7]. Therefore, the possibility of real-time detection of pollen allergens in aerosol samples would
represent a highly relevant tool in the re-evaluation of allergenicity of pollen exposure and will lead to the development of personalized
sensors for dose response evaluation. The detection of specific allergens in pollen sources are usually colorimetric or
fluorescence-based antibody-meditated detection systems such as enzyme-linked immunosorbent assays (ELISAs) or Western blots.
These methods have disadvantages such as high costs and the need for expansive consumables, a low throughput rate, low sensitivity
and the requirement for trained personnel performing the laborious and time-consuming assays. Fast and sensitive diagnostic tools that
can easily be applied in the field (i.e., point-of-need), with an understandable readout for non-experts, are necessary in improving the
current pollen exposure forecast systems in order to draw conclusions regarding their allergenicity in real-life situations, especially
during the birch pollen season.

Biosensors based on carbon-based nanomaterials (such as graphene or semiconducting carbon nanotubes) have been shown to be
fast and highly sensitive detection techniques for different analytes, including the egg allergen ovalbumin [8]. The physical properties
of graphene owing to a high sensitivity to low charge variations provide a limit of detection (LOD) down to single molecules.
Nevertheless, the high sensitivity of sensors based on graphene and related nanomaterials suffers from even the slightest environ-
mental changes, which raises the main issue of non-specific reactions and selectivity to the target analyte. E.g., the complex
composition of pollen extracts, containing lipids, carbohydrates, insoluble cell wall components and other proteins besides the al-
lergens, might interfere with the performance of the biosensor. Various antibody- or aptamer-based approaches have been suggested to
overcome this problem. The accurate assembly of sensors based on graphene linked to receptor molecules remains a challenging task
for specific types of antibodies with regard to proper site positioning of the protein to achieve maximum binding efficiency. This can be
solved by functionalization or modification of the properties of graphene to increase the number of antibody binding sites.

In this paper, we present the development of an immersible and disposable graphene field-effect transistor (GFET) immunosensor
on commercially available interdigitated gold electrodes (IDEs) and demonstrate its analytical performance in the detection of Bet v 1.
The immunosensor was produced by wet transfer of graphene on IDEs, followed by functionalization with a Bet v 1-specific immu-
noglobulin G (IgG) antibody. The immunosensor performance was evaluated by measuring current-voltage characteristics in solutions
with different concentrations of Bet v 1. The results show a high sensitivity of the immersible GFET to Bet v 1, thereby outperforming
existing methods for allergen detection with a LOD down to 10 pg/mL.

2. Materials and methods
Ethical statement

For sensitization with patients’ sera and the serum pool, four sera from birch pollen allergic patients, were obtained from the
CREATE serum bank [9,10], which is available for researchers, and was kindly provided by Prof. Dr. Ronald van Ree, Amsterdam, the
Netherlands. Ethical approval for using human sera was obtained from the institutional review board of all participating centers, and
each patient provided written consent within the CREATE project. The ethical approval number for the herein reported data is not
required/applicable.

2.1. Chemicals, antigens and antibodies

Graphene monolayer on Cu foil was purchased from Graphenea (San Sebastian, Spain). Poly(methyl methacrylate) (PMMA),
average Mw ~350,000, powder was obtained from Sigma Aldrich (USA). Toluene and 2-propanol were obtained from Sigma-Aldrich
(USA). Tetrahydrofuran (THF), 99.9 % was purchased from Carl Roth (Germany). Acetone was purchased from Honeywell (Charlotte,
USA). Phosphate-buffered saline (PBS), 10X was purchased from Fisher Bioreagents (USA). Monoclonal anti-Bet v 1.0101 and affinity-
purified polyclonal rabbit anti-Bet v 1.0101 antibodies were produced in-house (University of Salzburg) [11]. Horseradish
peroxidase-conjugated anti-IgG antibody was purchased from Jackson Immuno Research (USA). Recombinant Bet v 1 (isoform 1.0101)
was produced in-house (University of Salzburg) [12]. Two different commercially available birch pollen batches (batch 1 and batch 2)
were purchased from Allergon AB (Sweden) and aqueous extracts (cBPE) were generated as described previously [13]. KPL SureBlue™
(Sera Care, USA) TMB was used as ELISA substrate. Humanized Rat Basophillic Leukemia cell medium: MEM with Earl’s salts without
L-Glutamine medium (Sigma-Aldrich, USA), 5 % FCSi (Sigma-Aldrich, USA), 4 mM L-Glutamine (Sigma-Aldrich, USA), and 1 % G418
(Sigma-Aldrich, USA). AG-8 cell medium: OptiMEM I + Glutamax I (Gibco by Lifetechnologies, USA), 1 % PenStrep (Sigma-Aldrich,
USA) and 5 % FCSi. Tyrode’s salts, sodium bicarbonate, Deuterium Oxide and 4-Methylumbelliferyl-p-D-Glucuronid were all pur-
chased from Sigma-Aldrich (USA).
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2.2. Fabrication of GFET on IDEs and characterization

Monolayer graphene on copper foil (30 pm thickness) was transferred on IDE G-IDE222 electrodes (Drop Sens, Spain) by the wet
transfer approach using the supporting thin film of PMMA. In short, PMMA was spin-coated over the graphene/Cu flake (3 x 3 mm)
and pre-baked at 60 °C for 5 min. The Cu foil etching was initiated in aqueous mixture of hydrochloric acid, hydrogen peroxide, and
water (1:2:20 v/v) for 3 min, and immediately transferred into 0.1 M ammonium persulfate aqueous solution to etch the Cu foil
completely for 2 h. After several water baths to wash away the etchant, graphene/PMMA flake was transferred onto the electrode and
left overnight to dry. PMMA was cleaned with boiled acetone (three baths) and boiled THF/water mixture (1:3 v/v) to completely
dissolve and remove the PMMA film, then thoroughly rinsed with water and dried with Ny gun. Current voltage characteristics (CVC)
were measured using Ag/AgCl as a liquid gate electrode. Also, co-planar gold (reference) electrode (RE) was used as a liquid gate
electrode for comparison. Such composition of IDE was characterized by Raman spectroscopy (Horiba XploRA Plus Raman Spec-
trometer, France) using 532 nm laser source with 0.9 mW laser power, a 100X objective (Olympus, Japan) and an NA 0.9, and 1200
grating setup.

2.3. Biofunctionalization of the GFET with anti-Bet v 1 antibodies

Two different types of monoclonal anti-Bet v 1 antibodies (mAbs) were selected based on the performance determined via ELISA
(see below). Antibodies (mAb1l and mAb2) were immobilized on the GFETs. For this, 5 mM PBASE was deposited onto the zero po-
tential graphene and —0.3 V was applied to the Au auxiliary electrode (AE) and incubated for 2 h. It was washed thoroughly with DMF,
IPA, and DI water for 1 min each. The GFET was carefully air-dried with a N3 gun. 50 pL of pure antibody solution was incubated on
graphene overnight at 4°C; Chip GFET1: antibody mAb1l (1.20 mg/mL) and Chip GFET2: antibody mAb2 (1.01 mg/mL). The gra-
phene/IDE chip was rinsed with 1xPBS. Graphene channel was blocked for non-specific binding using 0.5 % bovine serum albumin
(BSA) and 0.05 % Tween for 1 h at room temperature (RT). After all measurements, the transistors were gently rinsed with 1xPBS by
pipetting and then in 0.1 M citric acid solution (pH 3) to regenerate the biosensor.

2.4. Air pollen sampling and extraction

Air samples were collected at the roof level in Novi Sad, Serbia, using an all glass impinger Biosampler (SKC, USA) on March 29th,
2023 (10:20-11:05 and 14:40-15:50 local time) and March 30th (8:25-9:00 local time). The sampler constantly aspirated 12.5 L/min
of air, with particles being captured directly into PBS. The samples were lyophilized and reconstituted in a lower volume of dH20 to
concentrate the sample for allergen quantification (8-fold). To further concentrate the sample (13-fold) and decrease salt concen-
trations, Amicon 3KkD filters (Sigma Aldrich, USA) were used and the supernatant was stored in the freezer at —20 °C for further use.
The presence of birch airborne pollen during all sampling periods were confirmed in simultaneous side-by-side measurements using
Hirst method (EN16868). Initially, the analysis of about 10 % of 2-hourly sample surface did not record birch pollen but the analysis of
the entire sample revealed the presence of only very few birch pollen grains: 9 pollen grains on March 29th 10:00-12:00 (corre-
sponding to 8 pollen/m>), 4 pollen grains on March 29th 14:00-16:00 (corresponding to 3 pollen/m3) and 2 pollen grains on March
30th 8:00-10:00 (corresponding to less than 2 pollen/m3).

2.5. Engyme-linked immunosorbent assay

Eight different mAbs against Bet v 1, recognizing collectively four distinct epitopes of the allergen were tested using an in-house
sandwich ELISA. In brief, Nunc MaxiSorp® 96-well plates (Thermo Fisher Scientific, USA) were coated with 2 pg/mL monoclonal anti-
Bet v 1, diluted in 1xPBS overnight at 4 °C. Following blocking the wells with 0.5 % BSA, serial dilutions of recombinant Bet v 1 (start
concentration 1 pg/mL) were incubated for 2 h at RT. Affinity-purified polyclonal rabbit anti-Bet v 1 in combination with a horseradish
peroxidase-conjugated goat anti-rabbit IgG antibody, recognizing the polyclonal antibody, were used for detection and incubated for 1
h each. As a substrate for development, TMB was used, and the reaction was stopped with 1N HCI. Plates were analyzed at a wave-
length of 450 nm using an Infinite 200 Pro plate reader (Tecan, Switzerland). The absorbance values were background-subtracted and
triplicates were averaged.

For the quantification of Bet v 1 in different cBPE and air samples, the same approach with a serial dilution (starting concentration
4 ug/mL) or undiluted, respectively, was used. The final Bet v 1 concentrations were calculated by generating a linear regression of the
recombinant Bet v 1 standard curve.

2.6. huRBL mediator release assay

This in vitro method uses humanized rat basophilic leukemia cells (huRBL cells) from the cell line RBL-2H3, which were transfected
to express the human Fce receptor I (FceRI), the human high affinity receptor for IgE antibodies. The protocol for the huRBL mediator
release assay was followed as previously described [14] and is briefly reported here. Before passively sensitizing the cells, the Bet v 1
allergic patient serum’s complement system was deactivated by incubating the serum with Ag-8 cells at a 1:10 ratio for 1 h. After Ag-8
incubation, the mixture was centrifuged for 5 min at 250g, and the supernatant was collected and added to the huRBL cells for passive
sensitization with IgE overnight. The following day, the cells were stimulated with a 1:10 serial dilution of the Bet v 1 allergen, BPE or
the air pollen samples (1 pg/mL, 5 pg/mL start concentration or undiluted, respectively) to induce IgE crosslinking and subsequent
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mediator release. p-hexosaminidase was used as a surrogate marker for mediator release, and the substrate 4-Methylumbelliferyl
b-D-glucuronide dihydrate (4MUG, Sigma, Darmstadt, Germany) was used to measure its presence in the supernatant of huRBL
cells. As controls, untreated cells (unsensitised and not presented with antigen) were used. At least two wells were used to measure the
background signal, and four for the maximal mediator release, which was produced by lysing the cells with 1 % Triton X-100. The
fluorescence of the samples was measured with a Tecan M200 plate reader (excitation wavelength: 360 nm, emission wavelength: 465
nm; optimal gain). After background subtraction, results were expressed as a percentage of the maximal lysis. The MTT assay was
performed to determine the viability of the cells after serum sensitization and allergen stimulation. To obtain an optimized RBL
protocol for the measurement of biologically relevant, pollen-containing air samples, four different sera containing high levels of Bet v
1-specific IgE were used individually to sensitize the cells. The BPE starting concentration used for cell stimulation was adjusted to the
Bet v 1 concentration measured in the sandwich ELISA. The serum with the highest mediator release was used for the measurement of
the air pollen sample.

2.7. GFET biosensor measurements

The analyte solutions were prepared from recombinant, purified Bet v 1 protein starting from a concentration of 100 ng/mL fol-
lowed by a 1:10 serial dilution until a concentration of 0.1 pg/mL was reached, to determine the detection limit of the GFET biosensor.
The Bet v 1 drop-based detection experiments were conducted as follows. A drop (40 pL) of each concentration was added to the
transistor, which was then incubated at RT for 10 min. Then the Ag/AgCl pellet electrode (Science Products GmbH, Germany) was
placed in the Bet v 1 solution and the Ig-Vg curve was measured. For comparison, immersible biosensing was done by immersing the
biosensor into a reaction tube with the analyte and incubated for 10 min at RT.

To ensure that the mAb had been properly immobilized on the biosensor and was functionally active, the sandwich ELISA protocol
was conducted with the biosensor, using a fixed allergen concentration of 1 pg/mL Bet v 1. For the secondary antibody control, the
same experiment was performed but without adding the allergen this time. Thereby the biosensor was renatured by covering it three
times in 0.1 M citric acid for 5 min with PBS washing steps in between. Following the completion of the washing procedure, the
allergen (1 pg/mL) was reapplied to the biosensor for repeating the sandwich ELISA protocol to evaluate the biosensor’s reusability.

2.8. Statistics

Statistical analyses were performed using GraphPad Prism 9. A One-Way ANOVA with Tukey’s multiple comparison test was used
(Fig. 7). Error bars indicate the standard error of the mean across duplicate or triplicate measurements (Figs. 1A, 2B and 3A and 7). For
the Bet v 1 titration, using different mAbs, the area-under-the-curve (AUC) was calculated (baseline Y = 0). The LOD was determined as
the background value + 3x the standard deviation of the background values. The significances were displayed with asterisks: p < 0.05
(*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****),

3. Results
3.1. Difference of mAb in epitope recognition and sensitivity

To identify the best suitable antibody for our GFET biosensor, the sensitivity of eight mAbs, recognizing four different epitopes of
Bet v 1, was tested in an in-house-developed sandwich ELISA. Three of them showed a very high sensitivity (3A, 3B and 4A), whereas
the former two recognized the same epitope. The remaining antibodies were moderate in Bet v 1 recognition (Fig. 1A). One antibody
with a high (4A) and one with a moderate (1B) sensitivity were considered for further experiments using the GFET biosensor.

In the following, an antibody from the previous experiment with a high affinity for Bet v 1 was used to demonstrate its capability to
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Fig. 1. Determination of sensitivity of Bet v 1-specific mAb (1A-C; 2A-B; 3A-B and 4 A). The AUC values of absorbance values of the Bet v 1 titration
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Fig. 3. Quantification of Bet v 1 in air samples. The collected air sample was tested in (A) ELISA and (B) mRBL assay with linear regression for
quantification.

quantify the Bet v 1 concentration in highly complex biological samples, like birch pollen extracts. The obtained absorbance values
were plotted against the logarithm of analyte concentrations (Fig. 1B).

The linear part of the semi-log curve was fitted using the logarithmic fitting to obtain the function of the following type: y = a*In(x)
+ b. By inserting the absorbance value from the linear part of the log fit line the Bet v 1 concentration in the extracts was calculated.
Batch 1 of cBPE contained 17 % Bet v 1, while batch 2 had 25 % Bet v 1.

3.2. Mediator release assay, a highly sensitive approach to detect Bet v 1

The mediator release assay is a highly sensitive method to determine the allergic immune response occurring upon allergen cross-
linking of IgE antibodies on basophils. The results are shown in Fig. 2 and expressed as percentage of the max. lysis value. The huRBL
assay in our experiment was about 10 to 1000-fold more sensitive than the sandwich ELISA (Table 1) but varied depending on the sera
used for passive sensitization of cells. The maximum mediator release of 100 % in the sensitized cells was reached when stimulating
with 10 ng/mL of Bet v 1 (Fig. 2A). The mediator release curve reached the logarithmic increase phase already at a concentration of
0.1 ng/mL with a corresponding mediator release of 40 %. The four tested birch pollen allergic patient’s sera show a very similar
mediator release with a maximum release at 10 ng/mL Bet v 1 (Fig. 2B). The BPE treated cells followed a similar dose-response curve as
cells treated with the Bet v 1 standard, showing the robustness and sensitivity of this approach in detecting Bet v 1 even in highly
complex solutions like aqueous pollen extracts.

Table 1
Comparison of GFET biosensor with conventional assays for Bet v 1 detection.
Method LOD Assay time Complexity
ELISA 1-5 ng/mL 2d Need for skilled personnel and equipped laboratory
Mediator release 30-100 pg/mL 2d Need for skilled personnel and equipped laboratory
GFET biosensor 10 pg/mL 12 min Simple use of the sensor and possibility for in-field application
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3.3. Air samples

To quantify Bet v 1 in in-field collected air pollen samples, the sandwich ELISA and the mediator release assay protocol were used.
For the RBL assay, an average Bet v 1 concentration of 0.785 ng/mL was calculated for the air sample, measured in duplicates. In
contrast to the mediator release assay, Bet v 1 was under the detection limit in the sandwich ELISA (Fig. 3A and B). In conclusion, the
sensitivity of the sandwich ELISA is not high enough to quantify Bet v 1 in air pollen samples and is thereby not suitable to detect
allergens in low quantities which are still detectable by the RBL assay.

3.4. GFET immunosensor assembly and characterization

To achieve allergen detection with increased sensitivity, the GFET immunosensor was established using Bet v 1-specific antibodies
that were immobilized on a functionalized graphene monolayer. The graphene transfer process was optimized to precisely adjust the
monolayer with size 3 x 3 mm to cover the ID working electrodes (WE) (Fig. 4A) and to decrease the leakage current. Raman spectra
showed very sharp G and 2D bands, with no D band, suggesting a negligible number of defects in the graphene lattice after its transfer
onto the IDE surface. Moreover, the 2D/G band ratio was higher for glass-supported graphene (x5.1) than for graphene on gold
electrodes (x2.8), which is reflected by the lower intensity of the 2D band for graphene on the gold surface. This difference can be
associated with the higher roughness of the gold surface compared to the glass substrate. Nevertheless, both ratios are representative
for a monolayer graphene of high quality and purity. We observed a very narrow, close to zero, Dirac point providing additional
information on graphene quality after PMMA cleaning; in case of Ag/AgCl as an external gate electrode, Vpjrac =~ 0 V (Fig. 4B). For the
Au RE gating, we observed a Dirac point shift to a positive gate voltage (Vpjrac = 0.25 V) (Fig. 4C) due to a potential mismatch. It should
be noted that the leakage current (I) is three orders of magnitude less than working current (I3) allowing the sensor to be used as
immersible with a co-planar RE electrode. The field-effect decreased when using the co-planar RE, with a decrease in transconductance
at the linear part of the curve that may be related to the smaller capacity formed by the RE.

The time-course stability of Iq at Vg/ag/agct = —0.1V (hole carrier regime), Vg¢s = 40 mV was measured for 30 min (Fig. 4D). During
this time, the PBS droplet (40 pL) was removed/added three times. Then, the gate electrode was replaced by a co-planar RE and time
course stability at Vg/rg = OV (hole carrier regime) was measured. We observed that the current had a similar noise level for both types
of gate electrodes but exhibited more stable characteristics when using a co-planar RE.

For the development of the biosensor, we performed deposition of PBASE, antibody and BSA. After each step of the assembly of the
GFET immunosensor, the CVC curves were measured. PBASE was adsorbed by z-r staking mechanism and demonstrated a high doping
effect in graphene and carbon nanotubes [15]. A noticeable p-type doping of graphene, caused by charge transfer, was observed [16],
with a Dirac point shift from 130 mV to 320 mV (Fig. 5A and B). PBASE reacts with the antibody’s natural amino group by forming a
covalent amide bond. After antibody binding, a small but still noticeable left Dirac point shift [17] to 260 mV was observed, which is
typical for antibodies. Additionally, a noticeable left shift of the Dirac point to 200 mV was observed after the blocking process using
BSA.

A B 1660 2
1.5
AE ~ 1640
4 < <
—Graphene on glass 2 1 =
3 Graphene on gold > Y
Soncey s 1620
b >
£ 0.5
s
=
) 1600 0
-0.4 -0.2 0 0.2 0.4
1000 1500 2000 2500 3000
Raman shift (cm™) Vg )
C us . . . D 1650 ————————
= Ag/AgCl RE == Ag/AgCI RE
== Au co-planar RE Au co-planar RE
1630 remove/add droplet 1
<
2435} k
=
remove/add droplet
425 = » 1 1570
-0.4 -0.2 0 0.2 0.4 0 400 800 1200 1600 2000
Vg (V) Time (s)

Fig. 4. Characterization of GFETSs. (A) Photo of IDE chip with transferred graphene. Inset: (up) optical image of IDEs with transferred graphene,
scale bar 20 pm; Raman spectra of graphene (down) on glass (blue line) and on gold (yellow line). (B) 13-V, (blue) and I;-V, curves (orange) for
GFET1 with Ag/AgCl electrode, V45 = 40 mV. (C) Comparison of I4-Vg/ag/agci (grey line) and Ig-Vg/re (gold line), Vgs = 10 mV. (D) Time course
stability of GFET1 in 0.1xPBS using Ag/AgCl (grey line) and Au co-planar RE (yellow line) as a liquid gate.
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The prepared solutions of Bet v 1 in 0.1xPBS were used to determine the GFET biosensor’s performance. The results of drop-based
measurements for GFET1 (Fig. 6A) demonstrated a weak left shift of the Dirac point starting from the lower concentration. Never-
theless, the saturation of signal is observed at 0.1 ng/mL with an opposite shift of the Dirac point likely due to non-specific accu-
mulation of proteins. GFET2 was used as an immersible probe for real-time detection of different concentrations of Bet v 1 in solutions
(Fig. 6B). The probe was sequentially immersed in a reaction tube with additionally added 800 pl of 0.1x PBS +0.05 % Tween and I4-
Vg/re Was measured at Vgs = 40 mV. We also observed a left shift of the Dirac point that was more noticeable, reproducible and
accurate. Experimental setups for drop-based and immersible biosensing are presented in Fig. 6C.

The data for the Dirac point shift were compared for two sensors (Fig. 6D). With increasing concentrations, we observed a linear
logarithmic increase in the response of both biosensors. The magnitude of the sensor response was higher in case of the immersible
biosensor compared to the drop-based biosensor shown in Fig. 6A and B. The GFET1 biosensor exhibited saturation at 100 pg/mL,
while the GFET2 signal saturated at concentrations higher than 4 ng/mL. The LOD of GFET2 sensor was less than 10 pg/mL and
overcame the performance of the other two traditional methods used in this work (Table 1).

Since pure mAbs were coupled to the biosensors without further dilution, we wanted to test if oversaturation might influence the
antibody binding activity in ELISA (Fig. 7). The ELISA data showed a significant increase in sensitivity of 18-20 % when diluting mAb2
1:10 or 1:100. These data indicate that the LOD of the biosensor could be further improved by coupling lower mAb concentrations onto
it. For mAb1, the undiluted antibody reached the upper plateau and further decreased with dilution.

To further confirm proper functionality of the immobilized mAbs and the biosensor, and to address the possibility of reusing the
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Fig. 7. Effect of monoclonal antibody oversaturation on the sensitivity. Titration of mAb2 leads to a significant improvement of sensitivity to detect
Bet v 1. For statistical analysis, a one-way ANOVA was used.

GFET, the established ELISA protocol was performed using the GFET2 biosensor as the assay platform (Fig. 8). A Bet v 1 concentration
of 1 pg/mL yielded an absorbance value of OD = 0.539 in the first run and dropped by 20 % (OD = 0.433) in the second run. The signal
of the no-antigen control was always lower (OD = 0.297). These data further prove that the mAbs immobilized on the graphene
platform are functionally active and indicate that reuse is possible but results in a decreased assay performance.

4. Discussion

Tracking of air pollen counts is still a gold standard method for monitoring the pollen season and to predict its risk for allergic
patients. However, pollen traps only capture the pollen but do not provide further information on the allergen content. The rela-
tionship between pollen levels and allergic symptoms are often inconclusive, and allergens might still be very high in comparison to
pollen counts. Weather extremes including heavy rain or thunderstorms can lead to the burst of pollen grains, releasing particles into
the atmosphere that carry airborne allergens. These particles can further reach lower airways leading to strong asthma symptoms [18].
Recently, there are numerous articles available stating the need of a combined use of pollen counts, allergenic load, air pollution and
meteorological data, which altogether provide crucial information for the management of pollen allergies. Topographical data on
pollen, such as using Hysplit models, are highly important since long-distance traveling of pollen due to their optimal morphology (e.
g., Betula or Olea) should also be considered. Measured pollen levels and allergen concentrations do not necessarily result from local
trees, and selective pruning of such trees, as suggested, is not effective. To still avoid the spreading of locally produced pollen, training
of municipal officials is very relevant to avoid the planting of new anemophilous species in cities [7,19-21]. There is an urgent need to
improve the resolution of pollen data, which can be partially achieved by using artificial intelligence [3] and incomplete pollen
monitoring networks need to be expanded [22].

The most common method for allergen detection, derived from different allergenic sources like pollen, house dust or animal dander
is the ELISA. However, this approach faces several disadvantages, such as the requirement of proper lab equipment together with a
long assay time (1-2 days). Moreover, the biggest disadvantage of this detection method is its low sensitivity as shown in our ex-
periments. It is very likely that a higher sampling flow rate would lead to sufficient quantification of Bet v 1 as shown elsewhere [23].
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Fig. 8. Test for reusability of the GFET biosensor coated with mAb2. (A) Principle of the experimental setup. (B) Repeated measurement of the
biosensor, with a renaturation step after each run. No antigen control performed in between the two measurements is shown as a dotted line.
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Newer approaches, like multiplex bead-based assays for airborne and indoor allergen detection, recognizing several allergens in
parallel, reaching better detection ranges but still require proper lab equipment and skilled personnel and are not applicable for field
measurements [24]. As our data showed, our established mediator release assay represents a highly sensitive and robust method for
allergen measurement that can detect air sampled pollen even in small quantities. Like the other above-mentioned approaches,
appropriate instruments and knowhow are needed and are not suitable for real-time measurements.

Here, a GFET transistor was developed on a commercial IDE for highly sensitive immunosensing of Bet v 1. Upon the function-
alization of graphene, a shift in the Dirac point was monitored as a confirmation of its surface modification. The reproducible trend for
both, mAb1 as the receptor and BSA as the blocking agent, suggests that proteins bring a larger positive charge, which is supported by
literature [25]. Though proteins can bring a positive charge when the isoelectric point is higher than the pH of the solution (7.4), the
main effect is explained by an increase of the local Debye length due to the protein’s own electrical double layer (EDL) [26]. This not
only can lead to a Dirac point shift but also to a decrease of the field effect, i.e., a transconductance decrease. Moreover, upon Bet v 1
binding to the immobilized mAbs, a further left shift of the Dirac point indicates that Bet v 1 brings additional positive charge.
Compared to other, already published graphene-based biosensors for allergen detection (Table 2), the direct electronic detection of the
signal via GFET provides an accurate and potentially real-time measurement of airborne allergens for in-field measurements. This is
the first time to our knowledge that allergens from airborne pollen were analyzed whereas other proposed methods focused only on the
detection of food allergens. The principle of our sensor was based on the immobilization of allergen-specific monoclonal IgG antibodies
whereas similar studies relied on aptamers or hybridization of stem-loop DNA with the target DNA of the allergen and did not always
reach high sensitivity [27-29]. Such DNA-based sensors face challenges such as susceptibility to nuclease degradation and environ-
mental sensitivity, which can impact their stability and binding affinity. Aptamers also struggle with non-specific binding and a limited
dynamic range, alongside issues in sensor regeneration and consistency due to batch-to-batch variability in aptamer synthesis; all
limitations we have overcome with our antibody-based approach.

Two approaches for sampling were used here, drop and immersible sensing, the former associated with placing a drop of the sample
on the immunosensor and the latter immersing the immunosensor into the sample. A higher dynamic range for the immersible
approach was found that can be explained by the used antibody (mAb2) for GFET2 functionalization, which has demonstrated the
highest binding affinity to Bet v 1 in the ELISA experiments conducted previously.

Using the immobilization of GFET biosensors with Bet v 1-specific mAb with different affinities, we have demonstrated that in both
cases the device can provide high sensitivity, while the affinity mostly affects the dynamic range. This proves the high sensitivity to
environmental change of graphene as a transducing element, compared to the low sensitivity of the weak colorimetric signal in the
ELISA assay. Our developed GFET-based sensor demonstrated the highest sensitivity and fastest assay time, which, in combination
with its disposability and easy-to-use features makes it a highly attractive device in personal monitoring of the environment for early
prediction during the pollen season. Since the biosensor is more sensitive in detecting Bet v 1 than the RBL assay, the air pollen
collected over a period of 6 h (4500 L) would be enough for detection. The ventilation rate of a resting human is about 6 L per minute
but can reach more than 140 L per minute upon heavy exercise [30]. With each breath, the possibility of inhaling airborne pollen,
leading to allergic symptoms increases. Depending on the geographical location and environmental factors, the birch pollen count
(grains/m>) can exceed several hundred grains during the peak pollen season, each grain containing about 3.2 pg Bet v 1 [23]. Since
already a short time exposure to only a few of those grains lead to strong allergic symptoms in an allergic patient, it is of highest
physiological relevance to even detect very low quantities of allergens which cannot be detected with classical approaches; especially
in the context of pollen forecast systems. Further studies are needed to develop a point-of-need device for the real-time measurement of
pollen allergens, combined with personal air sampling pumps already available on the market [31], which will simplify the analysis of
one’s individual allergen burden in the future. Such device could sample the air, extract the pollen directly in aqueous solutions (e.g.
using microfluidic systems) and quantify the allergenic load with the herein described biosensor. The aqueous extraction in this
process is important to release allergens from the pollen grain by hydration, an important step in germination. Major pollen allergens
as Bet v 1 are highly soluble and released within a few minutes [32]. To have a general overview of the allergenic content in the air,
pollen monitoring stations could use such biosensor and thereby generated data are readily transferable to the public.

5. Conclusion

We have developed and optimized an immersible GFET-based biosensor that is highly efficient in detecting Bet v 1 compared to
commonly used ELISA and mediator release assays. By requiring a total detection time of just 12 min, this approach represents the
currently fastest detection method for allergen quantification to our knowledge, which might be implemented in in-field measurement
devices in the future. The combination of (i) determination of the allergen content (ii) pollen counts and (iii) updated and accurate
pollen maps is important for drawing conclusions about the allergenicity risk, which helps allergic patients to start immediate in-
terventions and will improve their quality of life.
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Table 2
The Bet v 1-biosensor described herein (highlighted in grey) in comparison with other already published sensors.
Detection Sensing material Allergentype  Target Limit of detection ~ Detection range Assay time Ref.
method
FET Antibody/Graphene Airborne Betv1 10 pg/mL 4 ng/mL —10 pg/mL 12 min, real-
time
DPV Antibody/Graphene/ Food Ovalbumin 0.83 pg/mL 500 ng/mL —1 pg/mL 45 min [8]
SPE
DPV DNA/GO/Au NP/GCE Food Arah1l 0.041 M 100 fM—0.1 fM N/A [28]
FRET QD/Aptamer/GO Food Arah1 56 ng/mL 2000 ng/mL-56 ng/mL 10 min [29]
SWv Aptamer/Graphene/SPE  Food p-lactoglobulin 20 pg/mL 100 ng/mL —20 pg/mL 20 min [27]

FET, field-effect transistor; DPV, differential pulse voltammetry; GO, graphene oxide; GCE, glassy carbon electrode; SPE, screen printed electrodes;
NP, nanoparticles; SWV, square wave voltammetry; QD, quantum dot; FRET, Forster resonance energy transfer.
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