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Abstract

A polybenzidine-modified Fe;O,@SiO, nanocomposite was successfully synthesized through a chemical oxidation method
and employed as a novel sorbent in dispersive magnetic solid phase extraction (DMSPE) for the preconcentration and deter-
mination of three triazole fungicides (TFs), namely diniconazole, tebuconazole, and triticonazole in river water, rice paddy
soil, and grape samples. The synthesis method involved a polybenzidine self-assembly coating on Fe;0,@SiO, magnetic
composite. Characterization techniques such as FT-IR, XRD, FESEM, EDX, and VSM were used to confirm the correctness
of the synthesized nano-sorbent. The target TFs were determined in actual samples using the synthesized nanocomposite sorb-
ent in combination with gas chromatography—flame ionization detection (FID). Several variables were carefully optimized
, including the sample pH, sorbent dosage, extraction time, ionic strength, and desorption condition (solvent type, volume,
and time). Under the optimized experimental conditions, the method exhibited linearity in the concentration range 5-1000
ng mL~! for triticonazole and 2-1000 ng mL~" for diniconazole and tebuconazole. The limits of detection (LOD) for the
three TFs were in the range 0.6—1.5 ng mL~!. The method demonstrated acceptable precision with intra-day and inter-day
relative standard deviation (RSD) values of less than 6.5%. The enrichment factors ranged from 248 to 254. Finally, the
method applicability was evaluated by determining TFs in river water, rice paddy soil, and grape samples with recoveries in
the range 90.5-106, indicating that the matrix effect was negligible in the proposed DMSPE procedure.

Keywords Fe;0,-polybenzidine nanocomposite; Preconcentration; Sample preparation - soil analysis - grape samples -
river water analysis; Triticonazole - diniconazole - tebuconazole; MSPE-GC-FID

Introduction

Triazole fungicides (TFs), the most used class of highly
effective and broad-spectrum bactericidal pesticides, are
used extensively in agriculture to prevent and treat a wide
range of crop diseases [1]. Properties including high solu-
bility in water, high resistance to light and heat, and the
ability to endure prolonged exposure to very acidic and
alkaline conditions are all characteristics of TFs [2]. Due

< Ali Reza Fakhari
a-zavareh@sbu.ac.ir

' Faculty of Chemistry, Shahid Beheshti University, G. C.,
P.O. Box 198396-3113, Evin, Tehran, I.R, Iran

Department of Soil Science, College of Agriculture
and Natural Resources, University of Tehran,
Karaj 31587-77871, Iran

to their non-degradability, TFs may cause residuals in
agricultural products and have long-term environmental
impacts, posing a hidden threat to the environment, food,
and human health [3]. Consequently, it is important to
monitor triazole fungicide residues in food samples and
the environment.

Generally, several analytical methods such as high-
performance liquid chromatography (HPLC) [4-9], gas
chromatography (GC) [10, 11], GC-mass spectrometry
[12—15], GC-tandem mass spectrometry [16], HPLC-MS
[17], and voltammetry [18] have been used to simultane-
ously determine the levels of TFs and their metabolites in
various types of samples. The sample preparation stage
(clean-up and preconcentration) before analysis is one
of the most crucial procedures in analytical operations
due to the complexity of the sample matrix and the trace
levels of the analytes present. So far, different methods
such as liquid-liquid microextraction [19, 20] have been
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utilized in the determination and preconcentration of TFs
in various samples. However, sorbent-based techniques are
more adaptable and efficient than LLE in terms of ease of
use, cleanness, low requirement for reagents and organic
solvents, and high enrichment factor (EF). A technique
based on sorbents called solid phase microextraction
(SPME) has been developed and utilized for the precon-
centration of TFs. The sorbents/coatings can determine
the selectivity, extraction dynamics, and sensitivity of the
applicable techniques [3]. To date, several sorbent mate-
rials have been used for the extraction of TFs, including
metal-organic framework [21], molecularly imprinted
polymer [22], metal oxide nanoparticles [23], graphene-
based nanocomposite [24], carbon nanotubes [25], and
poly(ionic liquid) [26].

Conductive polymers have attracted much interest as
sorbent coatings used for analyte extraction by adsorption
due to their unique properties such as functional groups,
acid-base and n—x interactions, ion exchange, hydrogen
bonding, and electroactivity [27, 28]. The synthesis of poly-
meric aromatic diamines such as poly(phenylenediamine)
[29] and poly(aniline-naphthylamine) [30] and their applica-
tion for analyte extraction is a popular subject in conductive
polymers. These polymers have numerous benefits, includ-
ing excellent redox reversibility, ease of synthesis, and high
chemical stability in aqueous solution and air [31]. Although
the aromatic amine polymers have received substantial
study, there are limited articles on polybenzidine. The elec-
trochemical polymerization has been used to synthesize the
majority of known polybenzidines [32]. The chemical oxida-
tion method for polybenzidine synthesis and the discussion
about its mechanism are limited [33-35], and its application
for solid phase extraction has rarely been reported.

Introducing magnetic properties into conducting poly-
mers is an efficient strategy to address the issue of sorbent
recovery. By incorporating magnetic nanoparticles (MNPs)
into DMSPE extraction, a magnetic field positioned outside
of the extraction container can swiftly and easily collect the
MNPs without filtering or centrifuging the sample, thereby
streamlining the sampling and collection process [36].

In adsorbent applications, magnetic nanomaterials must
maintain colloidal stability, which is why analytical chem-
istry researchers have been exploring methods to enhance
the stability of iron oxide nanoparticles. One promising
approach is to chemically graft a silica layer onto Fe;O,
nanoparticles, which greatly improves their stability even in
acidic solutions. This modified Fe;0,@Si0, structure can
be easily dispersed in the concentrated acetic acid, which is
necessary for the formation of a polybenzidine layer.

This study is the first to investigate the attachment of
benzidine polymer to the surface of silica-coated Fe;O,
nanoparticles via a self-assembly approach. The resulting
material is abbreviated as Fe;0,@SiO,@PBenz. In the
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subsequent stage, the ability of this nano-sorbent to precon-
centrate and determine model compounds of TFs (tebucona-
zole, triticonazole, and diniconazole) simultaneously using
a DMSPE method was evaluated. The applicability of the
proposed method for extracting and analyzing TFs diverse
in real samples was also investigated.

Experimental
Reagents and materials

Benzidine; tetraethyl orthosilicate (TEOS); acetone;
n-octane; methanol; sodium chloride; sodium hydroxide;
hydrochloric acid (37%); glacial acetic acid (100%); triazole
fungicides containing diniconazole, tebuconazole, and triti-
conazole (purities > 98%); ferrous chloride (FeCl,-4H,0);
and ferric chloride (FeCl;-6H,0) were purchased from
Merck (Darmstadt, Germany). Acetonitrile and aqueous
ammonia solution (NH,OH, 30% w/w) was prepared from
Panreac (Spain). Pure ethanol (EtOH, 99%) was bought
from Kimia Alcohol in Zanjan, Iran. With the use of a Mil-
lipore Milli-Q system (Bedford, USA), ultrapure water was
prepared.

Instrumentation

Agilent 7890A gas chromatography (USA) with an FID detec-
tor and a split/splitless injector was used to determine the
standard and test samples. Chromatographic separations were
performed on a BP-5 fused silica capillary column (30 m X
0.32 mm L.D. and thickness film: 0.25 pm). With a split ratio
of 1:10, 1 pL of sample solution was injected into the instru-
ment. One milliliter per minute of ultra-high purity nitrogen
was used as the carrier gas, while H, (35 mL/min) and air
(350 mL/min) were used to feed the FID detector. The oven
temperature was programmed as follows: the initial tempera-
ture was 55 °C (held 1 min), from 55 to 200 °C at a rate of
30 °C min~" (held 1 min) and from 200 to 280 °C at a rate of
30 °C min~! and then maintained at 280 °C for 3.5 min. The
injector and detector temperatures were set at 280 and 300 °C,
respectively. The pH of each solution was measured using a
digital Metrohm ion analyzer (Herisau, Switzerland) outfitted
with a combined glass-calomel electrode.

Using a Bruker IFS-66 FT-IR instrument, the FT-IR spec-
tra of a KBr pellet between 4000 and 400 cm™! were cap-
tured (Bruker Optics, Karlsruhe, Germany). The morphology
and dimension of the nanoparticle were explored by a field
emission scanning electron microscopy (FESEM) model FEI
ESEM QUANTA 200 (FELMI, USA). An EDAX EDS sili-
con drift 2017 instrument was used for the energy-dispersive
X-ray (EDX). Using a Philips-PW 12C diffractometer appa-
ratus from Amsterdam, the Netherlands, which was outfitted
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with a Cu K radiation source, X-ray powder diffraction (XRD)
patterns of the nanocomposites were obtained. Magnetization
was measured using a vibrating sample magnetometer (VSM)
(Meghnatis Daghigh Kavir Co., Kashan, Iran) in a 1-T mag-
netic field at room temperature.

Preparation of standard solutions

To prepare a stock solution (1000 mg L") of triazole fun-
gicides (purities > 98%), the required amount of fungicides
was dissolved in ethanol. The standard stock solutions were
stored at 4 °C and shielded from light. Daily preparation of
working solutions involved dilution of the stock solutions
with deionized water. Ethanol was used to prepare all stand-
ard solutions for GC-FID apparatus calibration.

Sample collection and pretreatment

River water samples were collected from the Jajrood River
in Tehran, Iran, and filtered through a 0.45-mm membrane.
The filtered samples were then stored at 4 °C in brown glass
bottles and used without any pretreatment.

The soil sample was obtained from rice agricultural land
in Fereydunkenar (Mazandaran, Iran). Any materials such
as plants, seeds, roots, and stones were removed, and the soil
sample was air-dried, ground into powder, passed through an
80-mesh sieve, and homogenized according to a previously
reported method [37] with minor modifications.

Two grams of homogenized soil sample was weighed into
a conical test tube, and a desired concentration of mixed TF
standard solution was added to the tube. Subsequently, the
spiked soil sample was allowed to stand for 24 h at room
temperature in a dark space before analysis. After that, 5 mL
of acetonitrile was added to the prepared spiked or unspiked
soil sample, and the mixture was sonicated for 30 min. The
mixture was then centrifuged for 5 min at 10,000 rpm, and
the supernatant was collected and transferred to another test
tube. Next, 5 mL of acetonitrile was added to the remaining
sample, and the aforementioned procedure was repeated. For
the DMSPE process, the obtained supernatants from two
stages were mixed and diluted to a final volume of 40 mL.

Fig. 1 The synthesis procedure
for the magnetic Fe;0,@Si0,@
PBenz nanocomposite

FeCls.6H2O NH,OH

+FeCh.4H20 1h, N, purge, 80 °C

‘ TEOS
7h, 50 °C KPS

Fe304

The grape sample was purchased from a local super-
market in Tehran, Iran. The grape sample treatment was
carried out according to the method described in Ref. [38]
with minor modifications. Briefly, the sample was ground,
mashed, and homogenized in a blender. Then, 2 g of the
sample was spiked with various concentrations of the TF
standard solution. After that, the sample was mixed with
8 mL of acetonitrile and 2 mL of distilled water and ultra-
sonicated for 30 min. The mixture was then centrifuged for
5 min at 10,000 rpm. For the DMSPE procedure, the super-
natant was collected, diluted, and loaded onto the sorbent.
The same procedure was conducted for unspiked samples
without the addition of the standard solution of TFs.

Synthesis procedures

Figure 1 illustrates the sequential steps for synthesizing
the Fe;0,@Si0, @PBenz nanocomposite. In the first step,
Fe;0, nanoparticles were synthesized using a chemical co-
precipitation method [39]. Next, a silica shell was formed
around the Fe;0, nanoparticles via hydrolysis of tetraethyl
orthosilicate (TEOS). Finally, Fe;O0,@Si0,@PBenz was
prepared using a self-assembly strategy previously reported
[34]. The detailed synthesis procedures are presented in the
Electronic Supplementary Material (ESM).

DMSPE procedure

An appropriate amount of TF standards was spiked into a
40 mL aqueous solution at neutral pH in a conical test tube.
Then, 20 mg of the Fe;0,@Si0,@PBenz magnetic sorbent
was added to the sample. The solution containing the sorbent
was stirred using a mechanical stirrer with a glass rod for 25
min to disperse the sorbent in the sample media. In the next
step, the magnetic sorbent was thoroughly separated from
the sample by exposing the conical tube wall to a strong
magnet, and the solution was decanted. In the final step, 150
pL of ethanol was added to the sorbent, and the mixture was
ultrasonicated for 5 min to desorb the target analytes. The
resulting solution was monitored by GC-FID.

Benzidine

Fe304@SiO2
Fe3:0:@Si02@PBenz

e Fe304

eassss S0

e PBenz

OO

@ Springer



377 Page4of10

Microchim Acta (2023) 190:377

Results and discussion
Characterization of the sorbent

FT-IR spectra (Fig. S1), vibrating sample magnetometer
(VSM) results (Fig. S2), and further details on the charac-
terization of nano-sorbent were presented in the ESM.
XRD pattern of Fe;0,@SiO, MNPs and Fe;0,@8Si0,@
PBenz nanocomposite is shown in Fig. 2(a) and (b), respec-
tively. The peaks appearing at 20 = 30.4°, 35.7°, 43.2°,
53.8°, 57.4°, and 63.1° that correspond to (220), (311),
(400), (422), (511), and (440) crystal planes are charac-
teristic peaks of Fe;0, (according to the JCPDS number
01-088-0866). Therefore, the crystal structure of the Fe;0,
nanospheres is integrity. In the XRD pattern of Fe;0,@SiO,

- (a) Fe304@$Si02
= (b) Fe304@SiO2@PBenz

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (degree)

Fig.2 XRD pattern of (a) Fe;0,@SiO, and (b) Fe;0,@SiO,@PBenz

nanocomposite (Fig. 2(a)), the Fe;O, nanospheres is covered
by an amorphous silica layer while the crystal structure of the
Fe;0, nanospheres has been preserved. In the XRD pattern
of Fe;0,@Si0,@PBenz nanocomposite (Fig. 2(b)), several
sharp peaks at 24.4°, 28.2°, 30.2°, and 33.6° suggest more
crystallinity in nanocomposite due to PBenz shell.

Surface morphology and the average size of particles are
shown by the FESEM technique. The FESEM image of Fe;0,@
SiO, @PBenz nanocomposite is depicted in Fig. 3 in two scale
bars of 1 pm and 200 pm. As shown, fine spherical particles of
Fe;0,@Si0, with an average diameter of 4574 nm are well-dis-
persed and also have a smooth and uniform surface morphology.

For semi-quantitative investigation of the chemical elements
contained in the Fe;O,@SiO, and Fe;0,@Si0,@PBenz nano-
composites, the energy-dispersive X-ray spectroscopy (EDX)
technique is applied (Fig. S3). The EDX spectra of Fe;O,@
SiO, demonstrated the peaks were associated with C, O, Si,
and Fe with mass ratios (w%) of 15.32%, 41.70%, 7.26%, and
35.71% respectively. The mass ratios of carbon, oxygen, nitro-
gen, silicon, and iron are 16.85%, 25.00%, 7.80%, 11.67%,
and 38.69%, respectively, according to the EDX spectrum of
Fe,0,@SiO,@PBenz. It shows that Fe;0,@SiO, nanoparticles
were successfully coated with polybenzidine.

Optimization

In this study, triazole fungicides were simultaneously extracted
from aqueous samples, preconcentrated, and determined
using DMSPE combined with GC-FID. Respective data and
figures of experimental variables influencing the extraction
procedure such as the amount of sorbent, sample pH, extrac-
tion time, elution solvent, the volume of desorption solvent,
ionic strength, and desorption time are given in the ESM. The
chromatographic peak area was used to evaluate the effect
of these parameters on extraction efficiency. The following

Fig. 3 FESEM image of Fe;0,@SiO,@PBenz
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Table 1 Figures of merit of
the proposed method based the
DMSPE

Table 2 Analysis of triazole
fungicides in different
environmental samples

Fungicide R? LOD (ng LOQ (ng Linearity Recovery* EF RSD®
mL™) mL™) (ng mL™)
Intra-day  Inter-day
Diniconazole  0.996 0.6 2 2-1000 95.2 254 38 6.2
Tebuconazole 0.997 0.6 2 2-1000 94.9 253 42 6.3
Triticonazole  0.997 1.5 5 5-1000 93.0 248 4.3 6.0
aRecovery and EF were obtained for 50 ng mL™! of fungicide (n = 5)
bIntra—day and inter-day RSDs% were obtained by five replicate measurements, respectively
Sample Analyte Added? Found® + SD?* RSD® (%) RR (%) MES (%)
River water Dini -- n.d.¢ -- -- --
5 52403 5.0 104 9.2
50 48.7+£2.2 4.6 97.4 2.3
100 962 +4.2 44 96.2 1.0
Tebu -- n.d. -- -- --
5 53+03 4.9 106 11
50 49+2.6 53 98 33
100 97.1 +4.7 4.8 97.1 2.3
Triti -- n.d. -- -- --
5 49+03 52 98.0 54
50 476 +2.4 5.1 95.4 2.6
100 952 +4.38 5.1 95.2 2.4
Soil Dini -- n.d. -- -- --
20 182+1.2 6.4 91.0 —4.4
50 472+2.6 5.6 94.4 -.8.0
100 94.1 +4.9 52 94.1 -1.0
Tebu -- n.d. -- -- --
20 18.1+£1.1 6.3 90.5 —4.6
50 473 +2.6 54 94.6 -0.3
100 949 +5.0 53 94.9 0.0
Triti -- n.d. -- -- --
20 18.4+0.9 5.0 92.0 -1.1
50 46.8 +3.0 6.4 93.6 0.6
100 93.5+52 5.6 93.5 0.5
Grape Dini -- n.d. -- -- --
20 185+ 1.0 54 90.5 —-4.9
50 482 +2.6 53 90.6 —-4.9
100 955 +5.1 53 97.1 2.0
Triti -- n.d. -- -- --
20 18.7 £ 1.1 5.8 93.5 -1.5
50 47.6 +2.4 5.1 95.2 0.3
100 96.1 +4.8 5.0 96.1 1.3
Tebu -- n.d. -- -- --
20 18.1 £ 1.1 6.2 90.5 -2.7
50 453 +23 5.0 90.6 -2.7
100 97.1+£5.5 5.7 97.1 4.4

#The concentrations of soil and grape samples are reported in pg/kg, while those of river water are reported

in ng/mL

PRSDs were obtained by five replicate measurements

“Matrix effect was calculated based on Eq. (3)

4n.d. not detected
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experimental conditions were found to give best results: pH of
sample solution, 7 (Fig. S4); sorbent amount, 20 mg (Fig. S5);
sorption time, 25 min (Fig. S6); desorption solvent type, etha-
nol (Fig. S7); desorption solvent volume, 150 pL (Fig. S8);
desorption time, 6 min (Fig. S9); salt concentration, 0.0% w/v
(Fig. S10).

Reusability of the Fe;0,@Si0,@PBenz particles

The reusability of a magnetic nano-sorbent is crucial in deter-
mining its efficiency. Before use, the synthesized sorbent was
washed twice with a desorption solvent (ethanol), each time
with 3 mL, to ensure that no fungicide remained on the sorb-
ent. The results showed that the Fe;0,@SiO,@PBenz sorbent
could be employed at least five times without a substantial loss
in extraction recoveries (<5%) or magnetic properties. This
indicates that the sorbent is highly efficient, cost-effective, and
sustainable for magnetic sorption applications

Analytical performance

Analytical figures of merit, including linearity, repeatability
(RSD), reproducibility, limit of detection (LOD), limit of quan-
tification (LOQ), and EF for triazole fungicides, were determined
using the current method under optimized extraction conditions.
The summary of the findings is presented in Table 1.

The linearity of the method was evaluated using seven
different concentrations of triazole fungicide in the range of
2-1000 ng mL~!. External calibration plots showed satis-
factory linearity with correlation coefficients ranging from
0.996 to 0.997. The limit of detection (LOD) for each fun-
gicide was defined at a concentration where the signal-to-
noise ratio was 3, with LODs ranging between 0.6 and 1.5 ng
mL~!. The repeatability of the method for the determination
of the target analytes was assessed by performing five con-
secutive analyses of the same sample (50 ng mL~"), which
ranged from 3 to 6.5% (Table 1). The following formula is
used to calculate the extraction recovery:

ER% = G X Vi x 100
0 = C V. (1)

where C; and C; represent the aqueous solution concentration
and the final concentration of analytes present in the eluent,
respectively. V, is the sample volume and V; is the eluent
final volume. To assess the impact of varying batches of
the sorbent on the method precision, RSD between batches
was examined. For this purpose, three distinct batches of the
sorbent were synthesized and utilized to quantify the target
analytes (100.0 ng mL ™) in the sample solutions. The result-
ing RSDs were found to be less than 9.6% indicating that the
method is relatively robust and consistent despite variations
in the batches of sorbent.

EF for each fungicide was determined by calculating the
analyte final concentration ratio in the eluted phase to its initial
concentration in the source phase. A summary of the analytical
merits of the suggested method can be found in Table 1.

Analysis of the real samples

The suggested method was used to determine the TF traces
in river water, rice paddy soil, and grape. The findings indi-
cated that none of the investigated TFs was present in any of
the samples. The suggested method accuracy was examined
by determining the relative recovery of river water (%) at
concentrations of 5.0, 50.0, and 100.0 ng mL~! and for soil
and grape samples at concentrations of 20.0, 50.0, and 100.0
ng g~!. The relative recovery (RR) was calculated using the
following equation:

C -C
RR% = found real % 100 (2)
added

where Cy,, 4 is the analyte concentration determined after
adding a given quantity of standard, C,.,, is the initial analyte
concentration in the actual sample, and C, 4.4 is the standard
known concentration that was added into the actual sample.

Signal intensity (pA)
b

N WY SIS

diniconazole
tebuconazole

triticonazole

\ngﬂq\km‘jﬂ

T T T
6 8

Retention time (min)

Fig.4 Typical chromatograms obtained after the DMSPE from the grape sample. (a) The blank grape sample, (b) the grape sample spiked with

target TFs at a concentration of 50 ng g™
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Additionally, the value of the matrix effect (ME%) was
evaluated to analyze all real samples under the optimized con-
ditions by using Eq. (3):

e = ((Zn) 1) x 100
=(()-1) @

R, and R, are the recovery of each analyte in the real matrix
and ultrapure water, respectively. The results are summarized in
Table 2, which indicates that the DMSPE treatment procedure
can be utilized to extract and quantify triazole fungicides from
real samples with slightly matrix effect. Furthermore, Fig. 4(a)
and (b) show typical chromatograms of the grape sample
(blank) and grape sample after spiking with TFs at a concen-
tration of 50 ng mL~", respectively, under optimal conditions.

Comparison of DMSPE with other reported methods

The figures of merit of the DMSPE method were compared
with other MSPE methods for the extraction and determi-
nation of triazole fungicides in various real samples. The
sorbents listed in Table 3 [3, 4, 7, 8, 40-44] have differ-
ent natures and are used in field sample preparation. The
methods [41, 43, 44] exhibited lower LOD in comparison
with our developed method, which may be attributed to the
use of expensive and sensitive detection instruments such as
UHPLC-MS/MS, GC-MS, and HPLC-MS/MS for TF detec-
tion. The method provided in [40] exhibited limited linearity
and low EF, although it has a shorter extraction time and
lower relative standard deviations (RSD) compared to our
method. In general, the results showed that the proposed
method, which utilizes Fe;0,@Si0,@PolyBenzidine as a
nano-sorbent, offers wider linearity, higher EF, and lower
RSDs compared to other methods. These findings indicate
that the method has suitable sensitivity and repeatability for
the analysis of pesticides in soil and grape samples.

Conclusions

The DMSPE method utilizing the novel Fe;0,@SiO,@
PBenz nano-sorbent was effectively employed to extract
and preconcentrate triazole fungicides from various real
samples. Coating the magnetic nanoparticles with polyben-
zidine improves the nano-sorbent ability of target analytes
due to hydrophobic and n—r interactions and enhances the
stability and dispersibility of the nanoparticles in aqueous
environments. The proposed method for determining trace
triazole fungicides exhibited low limits of detection, good
repeatability, wide linear range, high enrichment factor, and
satisfactory spiked recoveries. These characteristics confirm
the outstanding performance of this method for monitoring
of TFs in a wide variety of real samples. Furthermore, the

@ Springer

sorbent could be regenerated at least five times without sig-
nificantly decreasing extraction recoveries (<5%).

Although the synthesized sorbent was effective in extract-
ing triazole fungicides from various real samples using the
DMSPE method, however, the sorbent could not be directly
applied to soil and grape matrices due to obstruction of the
sorbent separation and reduced reusability. Therefore, pre-
treatment of these matrices was required before analysis,
which is the limitation of this method.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-023-05948-z.
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