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Abstract

A new nano-structured platform for fluorescent analysis using PQQ-dependent glucose dehydrogenase (PQQ-GDH) was
developed, particularly using a smartphone for transduction and quantification of optical signals. The PQQ-GDH enzyme
was immobilized on SiO, nanoparticles deposited on glass microfiber filter paper, providing a high load of the biocatalytic
enzyme. The platform was tested and optimized for glucose determination using a wild type of the PQQ-GDH enzyme. The
analysis was based on the fluorescence generated by the reduced form of phenazine methosulfate produced stoichiometri-
cally to the glucose concentration. The fluorescent signals were generated at separate analytical spots on the paper support
under wavelength (365 nm) UV excitation. The images of the analytical spots, dependent on the glucose concentration, were
obtained using a photo camera of a standard smartphone. Then, the images were processed and quantified using software
installed in a smartphone. The developed biocatalytic platform is the first step to assembling a large variety of biosensors
using the same platform functionalized with artificial allosteric chimeric PQQ-dependent glucose dehydrogenase activated
with different analytes. The future combination of the artificial enzymes, the presently developed analytical platform, and
signal processing with a smartphone will lead to novel point-of-care and end-user biosensors applicable to virtually all
possible analytes.
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Introduction

Two major approaches are traditionally used for analysis
of biochemicals: (i) bioanalytical assays (frequently used
for the analysis of biocatalytic enzyme species) [1] and (i)
biosensors (broadly defined as instruments for biochemical
analysis) [2]. The difference between the assays and bio-
sensors is mostly technical. In bioanalytical assays, most
of analytical steps are performed in solutions with process-
ing steps requiring highly trained personnel, and then the
solutions are analyzed using different instruments (optical,
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electrochemical/electronic, mass spectroscopy, etc.). In
biosensors, the biochemical recognition and analysis are
performed at a chemically modified interface. More specifi-
cally, in biosensors, there is integration of the bioanalytical
biochemical material with a physical transduction interface.
This integration allows miniaturization of the device and
cancels the need of sophisticated instrumentation used in
the case of assays. The interface modified with bioanalytical
substances and used for the detection of analyte species can
operate differently depending on the applied transduction
modes, which might be optical (measuring changes in opti-
cal absorbance, fluorescence, surface plasmon resonance,
etc.), electrochemical (measuring currents or potentials in
amperometric or potentiometric sensors), and electronic
(using, for example, field effect transistors). All these
devices can operate continuously, automatically in fields
without expensive and sophisticated instrumentation and
with minimally trained personnel or even completely with-
out any personnel (automatically with a wirelessly transmit-
ted outcome). Sometimes, classification of the bioanalytical
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tools as the assays or biosensors can be not very clear. For
example, immunosensing performed as an ELISA technique
proceeds at a chemically modified interface [3], but the
signal transduction requires an external device, and some
processing steps performed by technical staff or automati-
cally operating machines are still needed. Therefore, this
analytical procedure is more related to an assay rather than a
biosensor. Regardless of the exact mode of realization, there
is a modern tendency to simplify the analytical procedures
and signal transduction instrumentation and then moving
from sophisticated machinery operated by a highly trained
staff to point-of-care and end-user sites when the analytical
procedure does not require any technical experience. This is
applicable to biomedical analysis, environmental monitor-
ing, and military and homeland security applications. One
of the currently actively researched solutions is based on
the use of commonly available electronics for transduction
of biochemically generated signals. Such electronics may
not be specially designed for bioanalytical applications, but
it could be adapted for this use. The best example of it are
smartphones used as electronic transducers in bioanalytical
assays/biosensors. The smartphones with minimum adapta-
tion might be integrated with various biosensors [4, 5, 6, 7,
8,9, 10] (see additional references in the Supporting Infor-
mation) including glucose biosensors [11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22]) and with almost zero changes
they can be used for processing optical signals (color
changes or light emission) when a digital photo camera is
only needed. A very simple app installed in the smartphone
might be needed for processing the obtained bioanalytical
images. The main challenges for smartphone-adapted opti-
cal biosensors are the development of new technologies for
creation of sensor plates, usage of new efficient and specific
probes for the signal processing with smartphone camera,
and adaptation of the available software for the analytical
result calculation.

The present communication demonstrates a very simple
and robust analytical procedure and instrumentation where
biocatalytically generated optical signals are transduced by
a smartphone to quantitatively read outputs. Our final goal
is the development of this procedure as a standard tool for
analysis of almost infinite library of analytes using artifi-
cial chimeric enzymes based on PQQ-dependent glucose
dehydrogenase activated by various biomolecule signals [23,
24,25, 26]. However, the present communication aims at a
much more modest goal where the analyte is only glucose,
and the enzyme is represented with a wide type of the PQQ-
dependent glucose dehydrogenase [27]. This study can be
considered as a preliminary step, a proof of the concept,
prior to the use of the artificial chimeric enzymes. This study
does not pretend to compete with well-developed glucose-
sensing technology but provides experimental background
for the next step when different analytes will be processed
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with the artificial enzymes but using the same interface as
one developed with the wide type of the enzyme reported
here.

Experimental
Chemicals and materials

PQQ-dependent glucose dehydrogenase (E.C. 1.1.1.118;
PQQ-GDH) from nonspecified microorganisms was
obtained from Toyobo Inc. Human serum from human
male AB plasma, pyrroloquinoline quinone (PQQ),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES buffer), (3-aminopropyl)triethoxysilane (APTES),
D-(+)-glucose, phenazine methosulfate (PMS), dichloro-
phenolindophenol (DCPIP), glutaric dialdehyde, and other
standard organic and inorganic reagents were purchased
from Acros Organics and Millipore Sigma (formerly Sigma-
Aldrich). SiO, nanoparticles (SiO,-NPs) (ca. 200 nm diam-
eter) were purchased from Fiber Optics Center Inc. All com-
mercial organic/inorganic chemicals, solvents, and materials
were used without further purification. All experiments were
carried out in ultrapure water (18.2 MQecm; Barnstead
NANOpure Diamond) at room temperature (22 +2 °C).

Glass microfiber filter paper 0.5 micron, 90 mm, was
obtained from Maine Manufacturing LLC, glass micro slides
were purchased from VWR, and double-sided mounting tape
produced by Scotch was purchased from Walmart. Glucose
Assay Kit (Fluorometric) for 500 assays was purchased from
Cell Biolabs, Inc. (San Diego, USA).

Instrumentation

A Shimadzu UV-2450 UV-Vis spectrophotometer with 2.5-
mL poly(methyl methacrylate) (PMMA) cuvettes was used
for optical density measurements. Fluorescence measure-
ments were performed using a fluorescent spectrophotometer
(Varian, Cary Eclipse). A Mettler Toledo S20 SevenEasy
pH meter was used to measure pH of solutions. Fluorescent
images were obtained with Leica TCS SP5 II Tandem Scan-
ning Confocal and Multiphoton Microscope. Field emission
scanning electron microscopy (SEM) was used to charac-
terize SiO,-NP-modified microfiber glass paper. The SEM
imaging was conducted using FESEM JEOL-7400 electron
microscope (JEOL USA, Inc.). Revlon Essentials Light-
weight Ionic Hair Dryer (model RV474) was used for dry-
ing the plate with cool air. UVP Inc. UVSL-25 Mineralight
Lamp with wavelength (365 nm) was used for fluorescence
visualization. The Hioki 3664 optical power meter was used
for measuring the wavelength and optical power of UVSL-
25 Mineralight Lamp (Fig. S1 in the Supporting Information
(SD). A Samsung Galaxy S20+ (2020) smartphone was used
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for taking pictures of the sensors’ spots; settings were fixed
as ISO 400 and speed 1/15 s.

Preparation of sensor’s plate

A sensor’s interface was constructed using a glass micro-
scope slide as a support. A VWR glass microscope slide
(75 mm x 25 mm X 1.2 mm) was cleaned with ethanol and
distilled water prior to its modification. A piece of fiberglass
(Maine Manufacturing LL.C) was placed on a double-sided
tape with a smoother side facing up, and then stuck together.
A hole-punch tool (office puncher) was used to create fiber-
glass/tape circles with a diameter of 0.25 inches (6.35 mm).
The circles (spots) were then put onto the glass microscope
slide at even intervals to allow for using a multichannel
pipette (Fig. S2 in the SI).

Functionalization of SiO,-NPs and immobilization
of PQQ-GDH

Si0,-NPs (100 mg) were placed in a plastic tube (Eppendorf)
containing 1 mL water with pH adjusted to ca. 9-10, and the
suspension was sonicated for 60 min and then centrifuged at
1,000 rpm for 10 min at room temperature. Then, the water
was replaced with ethanol and centrifuged 3 more times,
changing ethanol each time. APTES (97%, 30 uL) was added
to 970 pL of ethanol, and the resulting solution was added to
the SiO,-NP suspension in ethanol. The mixture was vortexed
and left in a shaker (mild shaking) for 3 h. The reacting mix-
ture was centrifuged for 10 min at 10,000 rpm (20 °C), and the
liquid supernatant was changed to a 25 mM HEPES buffer, pH
7.4, 1 mL (repeated 3 times changing the buffer each time).
The suspension of the silanized SiO,-NPs was mixed with
glutaric dialdehyde (0.04% v/v in a 25 mM HEPES buffer, pH
7.4) and slowly shaken with an orbital shaker for 1 h.

PQQ-GDH (20 pL solution, 0.4 mg-mL~"! with activity of
320 U-mL™!) in 25 mM HEPES buffer, pH 7.4 and 0.5 uL
of 5 mM PQQ were added to the SiO,-NP (340 uL) suspen-
sion. The mixture was incubated for 1 h at room tempera-
ture with slow mixing every 10 min. Then, the solution was
washed by adding 1650 pL of 25 mM HEPES buffer, pH 7.4,
shaking for 1 min (mild mixing), and centrifuged for 3 min
at 1000 rpm, 20 °C. A sediment (formed with PQQ-GDH/
Si0,-NPs) was dispersed with 340 pL of a 25 mM HEPES
buffer, pH 7.4, and then a supernatant was removed, and the
residual was stored at 8 °C till usage.

Modification of the sensor’s plate with PQQ-GDH/
SiO, NPs

A PQQ-GDH/SiO,-NP suspension (20 pL) was placed on
each microfiber glass paper-based spot and left for drying
at room temperature for 20 min using hairdryer (low speed,

cold air). The sensor’s plates modified with PQQ-GDH/
Si0,-NPs were stored at 8 °C until usage.

Procedure of sensor’s analysis

For visualization of the PQQ-GDH activity, 20 pL of rea-
gent solution based on a 25 mM HEPES buffer, pH 7.4,
with 1 mM PMS and glucose (in different concentrations or
analyzed real samples with different dilutions), was simul-
taneously dropped on each circle of the sensor’s plate using
multichannel pipette. The enzymatic reaction of glucose
consumption with the simultaneous PMS reduction was
performed for 10 min in dark at room temperature. Then the
sensor’s plate was washed twice (firstly by dipping and then
by mild shaking for 2 min in 25 mM HEPES buffer, pH 7.4).
It was then placed into the UV Fluorescence Analysis Cabi-
net with a UV lamp operating at a 365-nm wavelength and
power of 150 uW (Fig. S1A in the SI). A smartphone camera
was then used in manual mode (ISO 400; speed 1/15) in
order to take photos of the occurring fluorescence. These
were changed to grayscale photo variant and processed with
standard program software ImagelJ to estimate fluorescence
intensity of each sensing spot (Fig. S3 in the SI). The numer-
ical data was then transferred to either Excel or OriginLab,
where corresponding graphs were created. The final signal
processing steps could be performed with a smartphone or
with a regular computer, as convenient.

All experiments were replicated at least 4 times (using 2
sensor plates with two of the same spots roads).

Preparation and analysis of serum samples

Taking into account that the normal level of glucose in blood
is about 5 mM when the linear frames of the developed
sensor are 0.025-0.7 mM glucose, it is necessary to dilute
the tested serum samples. The samples were diluted with
a solution of 25 mM HEPES buffer, pH 7.4, 1 mM PMS
(final concentrations), in 10, 16, and 50 times. For example,
to prepare X 10 serum dilution, 20 pL of serum was added
to 180 pL of 28 mM HEPES buffer, pH 7.4, with 1.1 mM
PMS and mixed. Then, 20 pL of each diluted serum sample
(X 10; % 16; % 50) was simultaneously dropped on each circle
of the sensor’s plate using a multichannel pipette. For the
first spot of the sensor plates, used as blank, instead of a
diluted serum, samples were dropped a “blind probe” (20 pL
of 25 mM HEPES buffer, pH 7.4, 1 mM PMS). The time of
enzymatic reaction, procedure of assay, and signal process-
ing was the same as described above (see the Procedure of
sensor’s analysis section).

In the case of serum sample analysis using fluorimetric
Glucose Assay Kit (Cell Biolabs, Inc.), the sample dilu-
tion and analysis were performed in accordance with the
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producer protocol. The results were obtained using fluoro-
miter (A, =530/585 nm).

ex/em

Results and discussion

The operation of the studied optical biosensor with fluores-
cence detection is based on an ability of pyrroloquinoline
quinone-dependent glucose dehydrogenase (PQQ-GDH) to
transfer electrons from glucose through a PQQ coenzyme
to low-molecular weight electron acceptors. This enzyme
ability is widely used for spectrophotometric analysis of
the PQQ-GDH activity itself or for glucose analysis. The
reaction proceeds with electron transfer from enzymatically
reduced PQQ cofactor (PQQH,) to dichlorophenol indo-
phenol (DCPIP) as a final electron acceptor with assistance
of phenazine methosulfate (PMS) operating as a mediator
[18]. The initial oxidized form of DCPIP is intensively blue
with a maximum absorption at 600 nm, while the reduced
DCPIP is colorless. However, because of low absorptivity
of DCPIP, this method suffers from low sensitivity with a
limit of detection (LOD) above 1 mM glucose (Fig. S4 in
the SI). It is known that fluorimetry is significantly more
sensitive in comparison with spectrophotometry based on
the optical absorbance changes; however, it requires usage of
highly fluorescent dyes. We propose a new optical analytical
approach based on fluorescence detection of a highly fluores-
cent dye — the reduced form of PMS produced as the result
of the PQQ-GDH-catalyzed reaction in presence of glucose
(Fig. 1). Under UV 340 nm excitation, aqueous solutions of
the cationic PMS, show blue fluorescence (A.,, 465 nm),

Fig.1 Schematics of the biocatalytic process resulting in the fluo-
rescent output proportional to the analyte (glucose) concentration.
Abbreviations: Glc, glucose; GlcA, gluconic acid; PQQ and PQQH,,
oxidized and reduced forms of pyrroloquinoline quinone, respec-
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whereas its reduced form (PMS,.,) shows intensively green
fluorescence (A, e, =365/526 nm) [28]. Moreover, due to its
hydrophobic characteristics, enzymatically generated PMS, 4
is concentrated around the immobilized enzyme, avoiding
its flowing out from the analyzed spot and supporting a sta-
ble level of the substrate-dependent fluorescence intensity.
Notably, the DCPIP electron acceptor used in the optical
absorbance measurements (Fig. S4 in the SI) is not needed
when the fluorescent signal from the PMS,; is measured.
Successful immobilization of enzymes is a critical and
challenging part of biosensor development and maintenance
of their structural stability [29]. Recently, we reported on
construction of nonconductive interfaces for investigation of
switchable biocatalytic reactions controlled by interfacial pH
changes produced by orthogonal biocatalytic processes [30].
In the present study, we mostly reproduced the successful
immobilization procedure used earlier but with some impor-
tant variations [30]. Silica oxide nanoparticles (SiO,-NPs)
were first silanized with (3-aminopropyl)triethoxysilane
(APTES) providing amino groups for the next modifica-
tion steps. Then, the amino groups of the silane layer were
cross-linked with glutaric dialdehyde resulting in stabiliza-
tion of the SiO,-NPs in the form of a multilayer. Since not all
aldehyde groups were used for the SiO,-NPs cross-linking,
the rest of them was reacted with amino groups of lysine
residues in the PQQ-GDH enzyme backbone resulting in
the enzyme immobilization around the nanoparticles. Nota-
bly, the reaction of amino groups with the aldehyde groups
resulted in the formation of Schiff-base bonds which pro-
vided stable cross-linking due to multi-point binding [29].
The immobilization procedure allowed the formation of only

Aem =526 nm
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|
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tively; PMS,, and PMS ., phenazine methosulfate oxidized and
reduced forms, respectively; A, and A, wavelength maximum of the

excitation and emission of PMS,, fluorescence, respectively
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a single layer of the enzyme around the SiO,-NPs that was
important for easy diffusional access of the enzyme sub-
strate/co-substrate (glucose and PMS,, respectively). On
the other hand, to ensure maximum load of the enzyme,
microporous glass microfiber paper was used as a support
for the enzyme-functionalized SiO,-NPs.

The resulting glass microfiber support modified with the
SiO,-NPs functionalized with PQQ-GDH was analyzed
using field emission scanning electron microscopy (SEM)
and confocal microscopy (Fig. 2). The SEM micrograph
demonstrates the formation of a multilayer PQQ-GDH/
Si0,-NP structure penetrating deep into microfiber glass
paper support (Fig. 2A). To estimate how many layers are
forming the biorecognition sensor film, confocal microscopy
of the PQQ-GDH/SiO,-NP-modified microfiber glass paper
support was performed (Fig. 2B). For this, the PQQ-GDH/
Si0,-NP-modified microfiber glass support was cut in a
0.3 mm slice, with the next visualization of the enzymatic
activity in its cross-section according to the reaction shown
schematically in Fig. 1. It can be seen in Fig. 2B that the
enzymatically reduced PMS coloring the glass paper sup-
port in typical blue color goes ca. 125 um inside the sup-
port. Taking into account that the average diameter of the
Si0,-NP corresponds to 200 nm, the estimated biorecogni-
tion layer of the sensor consisted of ca. 625 single monolay-
ers of the PQQ-GDH/Si0,-NPs. This multilayer PQQ-GDH/
Si0O,-NP formation supports an increasing local fluorescence
intensity of the hydrophobic PMS,_,, significantly improving
sensitivity of the biosensor. Moreover, the deep penetration
of the PQQ-GDH/SiO,-NPs into the microfiber glass paper
prevents their washing out, as well as capillary forces inside
of the support keep the surrounding wet, providing high sta-
bility of the biocatalytic film.

The steps of the biosensor response analysis are shown
in Fig. 3A. Notably, the optical output signals in the
form of fluorescence were detected with a photo cam-
era of a standard smartphone with further conversion of
the obtained images to the gray format and quantifica-
tion using a simple app (see the technical details in the
Procedure of sensor’s analysis section). The concentration
of PMS was optimized experimentally as 1 mM (Fig. S5
in the SI). Using duplicate biosensing spots on the sen-
sor’s plate with the same concentration of glucose applied
allowed the estimation of analysis accuracy (statistical
error) (Fig. 3A). The fluorescent signals produced upon
application of different glucose concentrations were nor-
malized versus the background fluorescence produced in
the absence of glucose (A fluorescence intensity). Then,
the increase of the fluorescence produced by the biocata-
lytic reaction was considered as the biosensor output rep-
resented as relative fluorescence units (RFU) (Fig. 3B and
C). The sensing spot with no applied glucose, producing
the background fluorescence, was used in all sensing
strips to exclude variability of the relative output signals
because of minor differences in the strip preparation. In
other words, it was used for the internal calibration of the
optical output signals on each biosensing strip.

In order to check any possible difference between the
fluorescence produced in a soluble state (in a control experi-
ment) and the immobilized state of the biosensor system,
both states were analyzed, and similar fluorescence intensity
was found (see Fig. S6 in the SI).

The optical glucose biosensor demonstrated the LOD (35)
about 25 uM, with the output linearity in the glucose con-
centration range from 50 to 0.75 mM (Fig. S7 in the SI). The
Ky apparent value (K,,**?) was found as 1.2 mM glucose

10.0kV X5000 WD 15.0mm 1pum

CLARKSON 2 SEM SEI

Fig.2 A The SEM micrograph of the glass fiber support loaded with
enzyme-modified SiO,-NPs; the nanoparticles multilayer and glass
fibers are visible. B The image obtained with a confocal microscope

visualizing enzymatic activity using reduced PMS (PMS,.,) as a fluo-
rescent dye. Conditions: 25 mM HEPES buffer, pH 7.4; 20 mM glu-
cose; 1 mM PMS; A, =410 nm
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Fig.3 A Photos of the biosens-
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with maximal A fluorescence intensity at the substrate (glu-
cose) saturation near 220 RFU (Fig. 3A).

The glucose biosensor demonstrated good selectivity
to a number of the most common compounds appearing in
human serum (Fig. 3C). It was shown that only ascorbate
and citrate in 0.5 mM concentration affected on biosensor
output (about 10% and 4%, respectively). However, it should
be noted that the average concentration of both compounds
in a human serum is in significantly lower concentration
than was taken for the analysis (about 60 uM for ascorbate
[31] and up to 200 puM for citrate [32]) when the normal
glucose level is up to 11 mM [33]. Therefore, the interfer-
ence with ascorbate and citrate can be negligible, at least
under physiologically relevant conditions. The biosen-
sor was tested on human serum samples, and the obtained
results are highly correlated (r=0.977) with the reference
fluorometric approach using a commercial analytical kit
(Glucose Assay Kit from Cell Biolabs, Inc.) as well as with
the glucose content indicated by producer (Sigma-Aldrich)
(Fig. S8 in the SI).

The main sensor characteristics were compared with the
recently developed analogues smartphone-adapted sensor
systems (Table S1 in the SI). In general, the LOD and lin-
earity frames of the developed biosensor are quite similar to
most of them. The only biosensor based on combination of
glucose oxidase (GOx), silver nanoparticles, and Zr-based
MOF is characterized with significantly lower LOD value
when compared with that described in this work (0.5 mM
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and 25 mM glucose, respectively) [18]. On the other hand,
the sensor suffers from a short linearity (0.2 vs 1.0 mM glu-
cose) that makes it less applicable in contrast to developed
by us, for analysis of the samples with high glucose content
(e.g., blood) [18]. Another GOx-based sensor, which linear
frames are very broad (0—6 mM glucose), that theoretically
could be used for the detection of all human samples (tears,
saliva, sweat, urine, blood) even without their dilution,
requires to use fluorescent microscope that exclude possi-
bility of point-of-care analysis [22]. So, taking into account
that the proposed sensor system is sufficiently sensitive for
analysis of glucose content in all the human liquids and does
not require any complicated or expensive equipment or spe-
cific skills, it would be interesting for the final consumer for
accurate point-of-care glucose analysis.

Conclusions

The developed optical biosensor is characterized with a
40-fold lower LOD and one order of magnitude lower K"
value in comparison with classical spectrophotometric analy-
sis based on PQQ-GDH/PMS/DCPIP system with the optical
absorbance measurements. However, it is tenfold less sensi-
tive than the commercial fluorometric kit (Glucose Assay Kit
from Cell Biolabs, Inc.) based on glucose oxidase (Fig. S8A
in the SI). Nevertheless, in the point of view that the devel-
oped optical sensor does not require any expensive devices
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like fluorometers, the analysis is fast and easy for everyone
without specific skills; it could be very prospective for routine
point-of-care glucose analysis for diabetics. Importantly, the
main signal transducing/reading part of the system is a stand-
ard smartphone with a photo camera and simple app for the
image processing.

It should be noted that despite the fact that all components
of the studied system are not novel, particularly the use of a
smartphone as a signal detecting device that is broadly known,
the combination of the enzyme immobilization method, the
use of PMS as a fluorophore, and the smartphone signal detec-
tor resulted in the high quality and easy use biosensor, justi-
fying novelty of the developed technology. However, despite
the fact that the glucose analysis with the new procedure was
successful, the real motivation of the study was in establishing
the analytical platform using the PQQ-GDH enzyme (wild
type in the present study). Based on the obtained results, the
next step in the project will include the use of the artificial
chimeric enzymes switchable from inactive to active states
upon formation of a complex with different analytes, which
include peptides (e.g., M13 peptide, skeletal muscle myo-
sin light chain kinase peptide), proteins (such as a-amylase
and human serum albumin), and different drugs (such as
methotrexate, tacrolimus, rapamycin, and cyclosporin) [23,
24, 25, 26]. Importantly, the chimeric enzymes are produced
by genetic engineering using the same PQQ-GDH enzyme
as the biocatalytic unit linked to a biorecognition part. The
present analytical system for the optical (fluorescent) analysis
of glucose represented only the development of the platform
producing signals with the use of the PQQ-GDH enzyme. We
are particularly interested in the application of a smartphone
as a signal-reading device for the point-of-care and end-user
systems. The more sophisticated systems with the artificial
chimeric enzymes are presently in the study, and the results
will be published elsewhere.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05466-4.
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