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aluation of a chitosan
nanomaterial as efficient sorbent for determination
of fungicide residues in waters and wine by liquid
chromatography high resolution mass
spectrometry†

Lorenzo Martello, a Androniki Rapti,b Dimitrios N. Bikiaris b

and Dimitra A. Lambropoulou *ac

In the present study a novel, cost-effective, environmentally friendly, and efficient analytical method was

developed to analyze fungicide residues in water and wine. The method relies on the application of

a newly developed sorbent nanomaterial named Nano-Cs-NAT, synthesized by modifying chitosan,

a naturally occurring, low-cost polysaccharide, through grafting with two acrylic monomers and a cross-

linker. Nano-Cs-NAT was introduced as analytical sorbent for Dispersive Micro Solid Phase Extraction

(D-m-SPE) before Liquid Chromatography-Orbitrap High-Resolution Mass Spectrometry (LC-Orbitrap

HRMS) analysis of twelve fungicides commonly used in viticulture (among the others, triazoles,

strobilurines and N-substituted imidazoles). Characterization of the sorbent was conducted, confirming

the successful acrylation of chitosan. A multivariate approach was employed to optimize D-m-SPE

extraction parameters. The material was found to be highly effective in simultaneously purifying and

concentrating the target analytes, enhancing overall analytical efficiency and sensitivity. The Nano-Cs-

NAT-D-m-SPE-LC-Orbitrap-HRMS method was thoroughly validated, exhibiting good recoveries (72–

104%), reproducibility (average RSD # 6%) and repeatability (average RSD # 7%). It also achieved low

limits of detection (LOD) in river water (average LOD of 0.04 mg L−1) and wine (average LOD of 0.72 mg

kg−1), highlighting its potential for routine fungicide residue analysis. This developed method addresses

environmental and food safety concerns by providing an efficient solution for detecting fungicide

residues in waters and wine.
Introduction

Food and environmental safety are deeply intertwined, and this
intricate interplay is evident in agriculture. Fungal diseases
pose a remarkable challenge to crop growing, and viticulture,
the cultivation of grapevine (Vitis vinifera), makes no exception.
Fungicide application on grapevine represents a large portion of
fungicide use: while viticulture constitutes only 3.3% of the
total agricultural area of the EU, it has been proved to account
for 67% of all fungicides applied to crops.1,2 The emergence of
viticulture related fungicides in surface water and wine has
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raised signicant concerns, with detected concentrations
varying from tens to thousands ng L−1, inuenced by factors
such as the geographical location and the timing of sample
collection.3,4 Residue analysis in wine is particularly challenging
even when the most advanced spectrometric techniques are
employed, due to the complex matrix composition, which
includes high levels of anthocyanins, sugars, avanols, and
tannins.5 The pressing need for innovative methods to detect
multiple contaminations in both environment and food is clear,
and the research on new analytical sorbents and techniques to
use in this eld is crucial.6–9 Triple-quadrupole mass spec-
trometers coupled with liquid chromatography (LC) are
commonly used in pesticide residue analyses, employing the
multiple reaction monitoring (MRM) mode for enhanced
specicity. However, the capability to simultaneously monitor
compounds is constrained by dwell time, limiting peak data
acquisition. In intricate matrices like food samples, despite
purication steps, low-resolution mass spectrometry, such as
Triple Q instruments, may struggle to distinguish matrix
interferents from analytes, resulting in sensitivity loss and false
Anal. Methods, 2024, 16, 873–883 | 873
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positives. High resolution mass spectrometry (HRMS) instru-
ments such as Orbitrap LC-MS/MS systems are making signi-
cant contributions in both environmental and food control
laboratories due to their unparalleled resolving capability,
overpassing triple quadrupole limitations (i.e. restricted
capacity for analysing numerous compounds per assessment,
dependency on the accessibility of reference standards, and
incapability to screen for unknown substances10). Despite the
constant development of instrumental techniques, the stage of
sample pre-treatment remains crucial. The application of chi-
tosan (poly(beta-(1,4)-2-amino-2-deoxy-D-glucose)) a cheap, non-
toxic, naturally occurring polysaccharide for sample prepara-
tion is attracting increasing interest, as recently evidenced by
comprehensive reviews.11,12 The use of chitosan as analytical
sorbent has been reported in water and food samples, under
several conguration: i.e. disk sorptive extraction,13 ultrasound-
assisted magnetic solid phase extraction,14 pipette tip-solid
phase extraction,15 and dispersive micro-solid phase extraction
(D-m-SPE).16 D-m-SPE consists in introducing a sorbent directly
into a small sample volume. This helps to disperse the sorbent
throughout the solution. Because the sorbent is spread out in
the sample solution, it signicantly boosts the area where the
analytes and sorbent meet, differently from other extraction
techniques like SPE where the contact between the analyte and
the sorbent takes place only during the transit of the sample in
the column. The higher surface area raises the chances of
interaction between the analyte and sorbent, making the
extraction process faster and more effective.17,18 D-m-SPE,
particularly when coupled with innovative nanomaterials, is
lately gaining attention due to its simplicity, speed, efficiency,
and eco-friendly attributes.19,20 D-m-SPE procedures has been
recently reported for the determination of triazole fungicides in
wastewater and fruit juices using respectively carbon nano-
tubes/metal–organic frameworks,21 and molecularly imprinted
polymers (MIPs).22–24 The use of a hyperbranched polyester
composite as sorbent for D-m-SPE of benzoylurea insecticides in
water samples has been also reported25 as well as montmoril-
lonite for preconcentration of neonicotinoid insecticides.26

In the present work a sensitive, efficient and high-throughput
D-m-SPE sample preparation method was developed and
proposed for analysis of viticulture-related fungicide residues by
using UHPLC-Q-Orbitrap HRMS, from surface water and wine
samples. This approach relies on the use of a newly developed
nanostructured polymer derived from chitosan. The novel
material, named Nano-Cs-NAT was specically designed for D-m-
SPE to enable the extraction of multiclass fungicides relevant to
viticulture, and applied for the rst time in complex samples
treatment prior LC-Orbitrap-HRMS analysis. Medium molecular
weight chitosan was graed with N-isopropylacrylamide, acrylic
acid, and secondly crossed-linked with triethylene glycol dime-
thacrylate, to create a nanostructured sorbent material. The
innovative sorbent underwent rigorous characterization through
Fourier transform infrared spectroscopy (FT-IR), scanning elec-
tron microscopy (SEM), and Brunauer–Emmett–Teller (BET)
analysis. Critical extraction parameters such as adsorption/
desorption time, sample pH, sorbent amount, desorption
solvent, desorption volume, and shaking speed were
874 | Anal. Methods, 2024, 16, 873–883
meticulously screened and optimized using designed experi-
ments (Plackett–Burman, Box–Behnken), culminating in an effi-
cient extraction procedure meeting the criteria required for
a green sample pre-treatment technique.27–29 The newly devel-
oped analytical method, Nano-Cs-NAT-D-m-SPE-LC-Orbitrap-
HRMS, underwent validation encompassing recovery, reproduc-
ibility, repeatability, linearity, matrix effect, limits of detection
and limits of quantication, both for fortied wine and river
water samples, resulting in satisfactory methodological perfor-
mance indices. The successful development and validation of the
method marks a signicant milestone, as it represents the pio-
neering application of chitosan for intricate sample pre-
treatment prior high resolution mass spectrometric determina-
tion of multiclass fungicides. This work is a starting point for the
employment of Nano-Cs-NAT before LC-Orbitrap analysis, with
the future ambition to extend its use to a larger library of target
and non-target contaminants.
Experimental
Chemicals and reagents

The reagents required for Nano-Cs-NAT synthesis: medium
molecular weight chitosan, N-isopropylacrylamide, acrylic acid,
triethylene glycol dimethacrylate, and ammonium persulphate,
were all supplied by Sigma-Aldrich (Steinheim, Germany), as
well as the analytical standards of penconazole, imazalil, hex-
aconazole, usilazole, triticonazole, diniconazole, epox-
iconazole, fenbuconazole, bromuconazole, pyraclostrobin,
azoxystrobin and difenoconazole. LC-MS grade acetonitrile,
methanol and water were purchased by Merck (Darmstadt,
Germany). Acetic acid was acquired from Fisher Scientic
(Waltham, MA, USA). Working solutions were daily prepared
from methanol stock solutions conserved at −20 °C.
Instruments

For the analysis of fungicides, an Orbitrap Q Exactive™ Focus
mass spectrometer (Thermo Fisher Scientic Inc., Waltham,
MA, USA) coupled with an Ion Max heated electrospray ioniza-
tion (HESI-II) source and a Dionex Ultimate 3000 system were
employed. The Dionex Ultimate 3000 system comprised a binary
pump, a temperature-controlled autosampler, and a column
compartment. The mass spectrometer operated in positive
ionization mode, and the separation of the target analytes was
carried out on a Thermo Hypersil GOLD aQ column (50 × 2.1
mm, 1.9 mm particle size). The chromatographic separation of
compounds followed a 15 minute program, as previously
described in other articles of the group.30,31 The mobile phases
consisted of water with 0.1% formic acid (mobile phase A) and
methanol with 0.1% formic acid (mobile phase B). The gradient
program was as follows: 0min – 90% A, 1.5 min – 90% A, 4min –

40% A, 8min – 30% A, 11 min – 100% A, 12 min – 90% A, 15 min
– 90% A. The ow rate was set at 200 mL min−1, and a 5 mL
injection volume was used. Analysis was performed in full-scan
(FS) MS mode within a scan range of 100–1000 m/z, with
a resolution of 70 000. Instrument control, peak detection, and
integration were carried out using Thermo Xcalibur 2.2.0.48
This journal is © The Royal Society of Chemistry 2024
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soware (Thermo Fisher Scientic Inc., Waltham, MA, USA). To
achieve comprehensive spectrometric characterization of the
fungicides, a solution of each compound at the concentration of
30 mg L−1, was injected into the LC Orbitrap-HRMS system. To
elucidate the molecular characteristics of the compounds, full-
scan mass spectrometry was conducted, enabling the acquisi-
tion of precursor ion ([M + H]+) data for each individual
compound, predicted on exact mass and molecular formula.
Subsequently, for the purpose of compound identication
within the extracted samples, diagnostic ions and fragmenta-
tion patterns derived from the standard solutions to those ob-
tained from the samples were compared. Improving
chromatographic separation was balanced with efforts to keep
the overall sample run time at 15 min.

Sorbent synthesis

The synthesis of Nano-Cs-NAT was performed by free-radical
polymerization aer activation of chitosan with ammonium
persulphate, and subsequent reaction with acrylic compounds.
Similar synthetic approaches have been previously reported in
literature.32–34 For sorbent synthesis, 0.2 g of mediummolecular
weight chitosan were dissolved in 20 mL of 1% (v/v) acetic acid
ultrapure aqueous solution. The solution was stirred at
1400 rpm at 30 °C for 6 h. Aer chitosan solubilization,
ammonium persulphate was added, and the temperature was
raised to 40 °C for 2 hours in order to generate the initiating
sites. Secondly the monomers were added to the solution: (a)
3 mmol N-isopropylacrylamide, (b) 3 mmol of acrylic acid, and
the solution was stirred for one hour aer raising the temper-
ature to 70 °C. Finally, the cross-linker (12 mmol of triethylene
glycol dimethacrylate) was added. The temperature of the
mixture was kept at 70 °C to promote radical polymerization.
Aer 12 hours the solid white product was collected and washed
by subsequent dispersions and centrifugations in an
acetonitrile/water mixture (1 : 3 v/v). The clean material was
dried to constant weight at the controlled temperature of 38 °C.

Sorbent characterization

Morphology and chemical structure of the sorbent were char-
acterized by FT-IR, SEM and BET analysis. FT-IR-2000 (Perki-
nElmer, Dresden, Germany) was used for identication of the
functional groups. Pellets containing the polymers were created
mixing the materials with potassium bromide and pressing the
powder. Absorbance for the samples was analysed at wave-
lengths between 450 and 4000 cm−1 at a resolution of 4 cm−1.
Morphological inspection was performed by scanning electron
microscopy SEM JEOL JMS-840 (Jeol, Tokyo, Japan), with an
accelerating voltage of 5 kV. Before analysis the material was
roofed by a carbon coating to enhance conductivity. BET
experiments to examine surface area and pore size distribution
were performed using the Automatic Volumetric Sorption
Analyzer Autosorb-1MP (Quantachrome, Florida, USA).

Nano-Cs-NAT-D-m-SPE procedure development

Nano-Cs-NAT was tested as sorbent for D-m-SPE of fungicides
from complex matrices. In order to investigate the ability of the
This journal is © The Royal Society of Chemistry 2024
developed material to extract the analytes in real conditions,
samples of river water and wine were employed. Non-spiked and
spiked samples were used for recovery experiments, with
a spiking mixture consisting in twelve fungicides belonging to
different chemical families (penconazole, imazalil, hex-
aconazole, usilazole, triticonazole, diniconazole, epox-
iconazole, fenbuconazole, bromuconazole, pyraclostrobin,
azoxystrobin and difenoconazole). The optimal extraction
procedure required 10 mL of sample volume, 40 mg of Nano-Cs-
NAT, an adsorption duration of 40 minutes, and a desorption
phase lasting 5 min with 2 mL of acetonitrile. Several extraction
parameters were screened by Plackett–Burman design of
experiments (PBD),35 considering the average recovery of the
twelve analytes as response. Secondly, the factors resulting
inuent on the recovery were optimized through surface
response methodology employing Box–Behnken design (BBD).
All experiments were designed with R(soware)36 and conduct-
ed in a random order, to minimize the effect of uncontrollable
variables. Aer each extraction experiment the eluted volume
was ltered through a 22 mm PTFE lter before LC-Orbitrap
HRMS injection, without the need for additional pre-
concentration steps.
Plackett–Burman design

Through PBD a total of 12 experiments were generated. Seven
independent factors were assessed: (A) adsorption time, (B)
sample pH, (C) sorbent amount, (D) desorption time, (E)
agitation speed, (F) desorption solvent, (G) desorption solvent
volume. In a typical experiment Nano-Cs-NAT was added in
falcons containing fortied river water or wine. The spiked
samples pH was adjusted using NaOH or HCl, the falcons were
oscillated in a shaking table at room temperature, and secondly
centrifuged to separate the sorbent material from the aqueous
supernatant, which was discarded. For analytes desorption
from the material the solvent was added in the falcons which
were vortexed and then centrifugated. All the quantitative
parameters of the experiments were dened by the experi-
mental design. For each experiment the percentage of recovery
for the twelve fungicides in water and wine was calculated, and
the average recovery was considered as response.
Box–Behnken design

BBD experiments were performed prioritizing ease and proce-
dural efficiency for factors that did not exhibit statistical
signicance in the preliminary PBD screening. Meanwhile, the
factors adsorption time, desorption time, and sorbent amountwere
subjected to multivariate optimization using BBDmethodology.
A total of 16 optimization experiments were generated,
considering 3 factors and 4 central points as follows.

N(run) = 2K(K − 1) + C (1)

where N(run) is the number of experiments in the BBD, K is the
number of factors, an C is the number of central points. A
response surface was tted to the experimental data with
R(soware) using the rsm package,37 considering rst-order
Anal. Methods, 2024, 16, 873–883 | 875
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interactions, two-way interactions, and pure-quadratic interac-
tions. Fitted response-surface contour plots and perspective
plots of the responses were generated. Stationary points of
maximum response surface were identied and employed,
alongside practical consideration, for the development of the
optimal Nano-Cs-NAT-D-m-SPE procedure.
Methodological performance evaluation

Method performance was evaluated in both river water and
wine through recovery, reproducibility, repeatability, linearity,
matrix effect, LODs and LOQs for all the analytes. Recovery tests
were performed under optimal conditions previously deter-
mined through experimental designs. Different spiking levels
were considered for water and wine (0.2, 0.6, 2 mg L−1 for water
and 5, 10, 20 mg kg−1 for wine). For each target analyte, recovery
was calculated as the ratio of the signal aer extraction to that of
a standard at the same theoretical concentration. The analysis
of river water and white wine lacking fortication was employed
to perform blank correction in the pesticide concentrations, in
case already present in the samples. Repeatability (intra-day)
and reproducibility (inter-day) precision assessments were
quantied in terms of Relative Standard Deviation (RSD),
following the guidelines outlined by the European Commission.
Intra-day precision values were determined based on the anal-
ysis of samples spiked at 3 levels within a single day. Conversely,
inter-day precision values were derived from the analysis of
samples spiked at 3 levels conducted over a span of 3 consec-
utive days. Linearity was calculated by linear regression of the
calibration curves generated form fortied river water and wine.
LODs and LOQs were assessed based on the standard error of
the residuals for the instrumental response and the slope of the
calibration curves generated from fortied river water and wine.
Matrix effect (ME%) was determined by examining calibration
curves at various levels of fungicide concentration in both
Fig. 1 Schematic synthetic procedure of the sorbent (A), FT-IR spectrum
magnification (D), BET analysis (E).

876 | Anal. Methods, 2024, 16, 873–883
a solvent (acetonitrile) and a blank matrix extract. To evaluate
the impact of the matrix, the slopes of these curves were
compared as follows.

Matrix effect % ¼
�
slope in the matrix

slope in the solvent
� 1

�
� 100 (2)

Samples collection

River water was sampled from Nestos River, Xanthi, Greece.
Containers of poly-propylene were used for water collection.
Commercially available white wine was collected at local
supermarket in Thessaloniki, Greece. Aer acquisition all
samples were kept refrigerated at 4 °C.

Evaluation of sustainability

Sustainability of the proposed sample preparation technique
was evaluated through sample preparation metric of sustain-
ability29 and analytical greenness metric for sample preparation
AGREEprep.28

Results and discussion
Sorbent synthesis

Modication of chitosan is generally required when the aim is
to use this polysaccharide for analytical purposes.12 Medium
molecular weight chitosan was efficiently modied by radical
activation, which permits a rapid polymerization with a wide
range of monomers and was previously reported in similar
syntheses.34,38 Monomers and cross-linker were chosen on the
base of their ability to give a stable polymeric material, and on
the base of chemical considerations related to their interaction
with the target analytes (specically hydrogen bonds and p–p

interactions). Aer Nano-Cs-NAT synthesis, a precipitate in
(B), SEM image at ×10 000 magnification (C), SEM image at ×25 000

This journal is © The Royal Society of Chemistry 2024
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Table 1 Features of interest of the analytes

Fungicide Molecular formula Diagnostic ion
Retention
time

Penconazole C13H15Cl2N3 [M + H]+ 284.0716 9.75
Imazalil C14H14Cl2N2O [M + H]+ 297.0556 7.10
Hexaconazole C14H17Cl2N3O [M + H]+ 314.0821 10.04
Flusilazole C16H15F2N3Si [M + H]+ 316.1076 9.31
Triticonazole C17H20ClN3O [M + H]+ 318.1368 8.67
Diniconazole C15H17Cl2N3O [M + H]+ 326.0821 10.49
Epoxiconazole C17H13ClFN3O [M + H]+ 330.0804 8.93
Fenbuconazole C19H17ClN4 [M + H]+ 337.1215 9.20
Bromuconazole C13H12BrCl2N3O [M + H]+ 375.9614 9.44
Pyraclostrobin C19H18ClN3O4 [M + H]+ 388.1059 10.35
Azoxystrobin C22H17N3O5 [M + H]+ 404.1241 7.64
Difenoconazole C19H17Cl2N3O3 [M + H]+ 406.0720 10.82
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form of a white powder was obtained. The material was
collected, cleaned, and characterized.

Characterization of the sorbent

Characterization of the sorbent was performed by FT-IR, SEM
and BET. Schematic synthetic procedure, suggested structure of
the sorbent, and characterization results are reported in Fig. 1.

The broad band around 2900–3400 cm−1 in the FT-IR spec-
trum indicates stretching vibrations of chitosan hydroxyl
groups, and it overlaps at 3442 cm−1 with N–H stretching.39 The
stretch of the C–H bonds gives a characteristic band at
2950 cm−1, while at 1729 cm−1 it is visible the sharp peak due to
the ester groups characteristic of the cross-linker (triethylene
glycol dimethacrylate). At 1648 cm−1 it is evident the amide
C]O stretching ascribable to N-isopropylacrylamide, and at
1143 cm−1 the signal of C–N stretch, within the range of the
non-aromatic amines. FT-IR spectrum indicated an efficient
combination between chitosan, acrylic monomers and the
cross-linker: characteristic bands of all these molecules were
present. Morphological SEM analysis showed Nano-Cs-NAT is
characterized by an aggregation of nanoparticles with a well-
dened spherical shape and a diameter of approximately
300 nm. BET analysis resulted in a type III isotherm, charac-
teristic of non-porous materials.40 Detailed parameters are re-
ported in Table S1.† Nano-Cs-NAT particles are indeed non-
porous, and the low surface area of 10 m2 g−1 can be attrib-
uted to the voids between particle aggregates clearly visible in
the SEM image. The non-porous nature of nanoparticles con-
taining hydrophobic groups has been reported, as well as their
high tendency to aggregate.41 There is limited research on non-
porous materials for recovery experiments; however, utilizing
non-porous materials as adsorbents has the potential to
signicantly enhance the adsorption efficiency, due to faster
adsorption/desorption rates.42

Interactions between Nano-Cs-NAT and target analytes

The interplay between analytes (12 viticulture-related fungi-
cides) and Nano-Cs-NAT can be attributed to several interaction
between the surface of the nanoparticles and the hydrophilic/
hydrophobic groups present in the analytes, however p–p
Fig. 2 Interactions between the analytes and Nano-Cs-NAT. Groups
responsible for interaction on the material and on the analytes are
highlighted.

This journal is © The Royal Society of Chemistry 2024
interaction is hypothesized to be the major one (Fig. 2).
TEGDMA units and the glucosamine backbone of chitosan can
interact with the p-electron clouds of the aromatic rings present
in the analytes.43 On the other side Nano-Cs-NAT contains
abundance of H-bond donor and acceptor groups, ascribable to
chitosan, N-isopropylacrylamide, and acrylic acid, which can
also interact with the analytes. van der Waals Interactions,
including dispersion and dipole–dipole forces, may also play
a role. The authors suggest the concurrent action of hydro-
phobic and hydrophilic interactions results in the selective
extraction of the target analytes, which are characterized by
both polar and non-polar groups.
LC Orbitrap HRMS analysis

Full-scan mass spectrometry was employed to gather precursor
ion ([M + H]+) data for each compound, based on precise mass
and molecular formula are reported in Table 1. For compounds
identication in extracted samples, diagnostic ions and frag-
mentation patterns from the samples were compared with those
obtained from standard solutions. Efficient chromatographic
separation for all the twelve analytes were obtained. Chro-
matograms for two analytes and the corresponding
Fig. 3 QOrbitrap MS chromatograms and spectra: (A and B) extracted
ion chromatogram of imazalil [M + H]+ m/z 297.0556 and pyraclos-
trobin [M + H]+ m/z 388.1059 with a mass tolerance of 5 ppm; (A1 and
B1) mass spectra from chromatograms (A and B).
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Fig. 4 Perspective plots for optimization of adsorption/desorption
time and Nano-Cs-NAT amount in water (A1–A3) and in wine (B1–B3).
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fragmentation patterns are presented in Fig. 3, while the chro-
matograms for all the twelve analytes are reported in Fig. S1.†

Nano-Cs-NAT for D-m-SPE

Nano-Cs-NAT was employed as solid sorbent for D-m-SPE to
recover twelve fungicides from fortied river water and wine
samples prior LC-Orbitrap HRMS analysis. To devise an optimal
D-m-SPE procedure that balances efficiency, simplicity, envi-
ronmental sustainability, and cost-effectiveness, a multivariate
approach was employed. Initially, a Plackett–Burman design of
experiments was used to assess various factors, including
adsorption/desorption time, sample pH, sorbent amount,
desorption solvent, desorption volume, and shaking speed. PBD
is a type of two-level fractional factorial design, known for effi-
ciently screening a large number of variables in a small number
of runs.35,44 Factor levels and experiments generated for the PBD
are reported in Tables S2 and S3.† In both water and wine,
adsorption time, desorption time, sorbent amount and
desorption solvent resulted signicant on fungicides average
recovery. Statistical signicance of the seven parameters tested
are reported in Tables S4 and S5† respectively for water and
wine. Main effects plots are reported in Fig. S2:† interestingly
pH did not result statistically signicant at the levels tested, this
could be explained by the fact that the major interactions
between the targeted analytes and the material are p–p (as re-
ported in Fig. 2) which are generally less affected by changes in
pH compared to ionic or charged interactions. Acetonitrile
resulted in higher recoveries (stronger elution properties of
acetonitrile when compared to methanol are well known from
literature22). Higher adsorption time, and higher Nano-Cs-NAT
amount resulted as well in better recoveries. An opposite
behaviour of the sorbent was observed in relation to the
desorption time, with higher recoveries obtained at lower
desorption times. This phenomenon, despite not common, has
been previously reported.45,46 The authors speculate this
behaviour may be related to modication occurring in the
sorbent when dispersed in an organic solvent for a prolonged
time, which may lead to a reuptake of the analytes followed by
a hindered desorption of the same. A second explanation may
lie in the fact that longer elution could increase the release of
interferences adsorbed on the material, causing a decrease in
detection sensitivity.

Nano-Cs-NAT-D-m-SPE procedure optimization

The screening process identied three signicant numerical
factors: adsorption time, desorption time, and sorbent amount,
which were subsequently optimized through Box–Behnken
design. BBD is highly effective for response surface method-
ology, requiring fewer experiments compared to central
composite designs.47 Moreover, BBD utilizes practical face
points instead of corner points.37 Experiments generated for
BBD are reported in Table S6,† contour plots in Fig. S3† and
perspective plot in Fig. 4. Best results (>90% of recovery) were
obtained at higher adsorption time, lower desorption time,
when 40 mg of sorbent were employed, with a high impact of
the desorption time.
878 | Anal. Methods, 2024, 16, 873–883
In water and in wine the same trend was observed. The
inuence of the studied factors on fungicides recovery from
water and wine are reported in Tables S7 and S8.† By backward
elimination the best models were selected, the corresponding
polynomial equations are reported as follows, respectively for
river water and wine.

RE% = 91.97 − 7.90A + 4.42B + 3.45C

− 3.19AB − 10.14A2 − 5.31B2 − 12.86C2 (3)

RE% = 85.22 − 4.28A + 8.80B + 2.45C

− 9.44AB − 4.64A2 − 11.81B2 − 9.11C2 (4)

With RE% representing the average recovery of the twelve
target analytes from the fortied samples aer Nano-Cs-NAT-D-
m-SPE, and A, B, C representing respectively the factors desorp-
tion time, adsorption time and sorbent amount. Practical consid-
erations concerning both time efficiency and cost-effectiveness
were integrated with the ndings obtained from Plackett–Bur-
man and Box–Behnken designs to determine the optimal
parameters for the extraction procedure based on the newly
synthesized chitosan derivative. The selected conditions were
the following: (a) 10 mL sample volume with 40 mg of Nano-Cs-
NAT, (b) adsorption duration of 40 minutes in shaking table at
100 rpm, (c) desorption phase lasting 5 min in shaking table at
100 rpm, employing 2 mL of acetonitrile. This preparation
offers a combination of advantages, including expeditiousness,
ease of execution, minimal solvent consumption, and efficiency
in terms of sample quantity. Furthermore, it demands only
minimal instrumentation, it is operationally straightforward,
and possesses the added capability of conducting multiple
parallel extractions. These attributes collectively render the
Nano-Cs-NAT-D-m-SPE procedure an attractive and versatile
choice for complex sample pre-treatment.
Evaluation of sustainability

According to the sample preparation metric of sustainability
a total score of 8.53 was obtained, while based on analytical
greenness metric for sample preparation, a total score of 0.55
was obtained, witnessing good sustainability of the method.
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Recovery values from wine fortified at 3 levels, (n = 3). The
range 70–120% provided by SANTE guidelines is reported with dotted

Fig. 5 Recovery values from river water fortified at 3 levels, (n= 3). The
range 70–120% provided by SANTE guidelines is reported with dotted
red lines.
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Method validation

The applicability of the proposed Nano-Cs-NAT-D-m-SPE-LC-
Orbitrap-HRMS optimized method was veried using river
water and wine samples. Two different sets of 3 spiking levels
were considered for water and wine. Blank river water was
fortied at 0.2, 0.6 and 2 mg L−1, considering the concentrations
previously reported in the environment.3 Blank wine samples
were spiked at 5, 10 and 20 mg kg−1, considering the Maximum
Residue Levels established by the European Union. Recoveries
of the analytes from river water were in the range 72–97%
(Fig. 5), and for wine in the range 85–104% (Fig. 6), and there-
fore in compliance with SANTE guidelines.48 In non-spiked
samples of both river water and commercially available white
wine the targeted analytes resulted not detectable (Table S9†).

Linearity, LODs, LOQs, average recoveries, repeatability, and
reproducibility are reported in Table 2 for river water, and
Table 3 for wine. Linearity was assessed in river water (between
0.2 mg L−1 and 2 mg L−1) and in wine (between 5 mg kg−1 and
20 mg kg−1), satisfactory results in terms of determination
coefficient (R2) were obtained for all the analytes (R2 > 0.998).
Good results were obtained in terms of LODs and LOQs for all
the analytes (average LOD of 0.04 mg L−1 for the analytes in river
red lines.

Table 2 Linearity, LODs and LOQs estimations, recovery, intra-day and inter-day variability for the proposed method on river water

Matrix Compound R2 LOD [mg L−1] LOQ [mg L−1] Recoverya [%] RSD% intra-daya RSD% inter-daya

River water Penconazole 0.999 0.002 0.056 85 3 6
Imazalil 1 0.001 0.004 82 5 7
Hexaconazole 0.999 0.011 0.033 86 4 5
Flusilazole 0.998 0.022 0.067 89 6 7
Triticonazole 1 0.012 0.036 83 5 7
Diniconazole 1 0.011 0.035 89 5 7
Epoxiconazole 1 0.008 0.024 91 5 6
Fenbuconazole 1 0.070 0.212 90 4 6
Bromuconazole 0.999 0.140 0.140 84 3 4
Pyraclostrobin 1 0.057 0.172 88 4 6
Azoxystrobin 0.999 0.114 0.347 83 3 4
Difenoconazole 1 0.016 0.049 90 4 5

a Average values for the 3 spiking levels are reported.

Table 3 Linearity, LODs and LOQs estimations, recovery, intra-day and inter-day variability for the proposed method on wine

Matrix Compound R2 LOD [mg kg−1] LOQ [mg kg−1] Recoverya [%] RSD% intra-daya RSD% inter-daya

Wine Penconazole 0.999 1.18 3.58 94 2 6
Imazalil 0.998 0.46 1.38 92 4 7
Hexaconazole 0.998 1.51 4.58 92 2 4
Flusilazole 0.998 1.52 4.61 99 2 4
Triticonazole 0.999 0.94 2.83 88 2 5
Diniconazole 1 0.58 1.75 96 2 4
Epoxiconazole 1 0.29 0.88 101 3 4
Fenbuconazole 1 0.18 0.55 101 2 5
Bromuconazole 1 0.19 0.56 94 2 3
Pyraclostrobin 0.999 1.16 3.52 98 2 4
Azoxystrobin 1 0.02 0.07 96 2 5
Difenoconazole 1 0.58 1.75 99 3 5

a Average values for the 3 spiking levels are reported.

This journal is © The Royal Society of Chemistry 2024 Anal. Methods, 2024, 16, 873–883 | 879
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water and average LOD of 0.72 mg kg−1 in wine). Average intra-day
relative standard deviations on recovery experiments at the three
spiking levels was in the range 3–6% for river water and in the
range 2–4% for wine. Average inter-day relative standard deviation
in the range 4–7% for river water and 3–7% for wine. Matrix effect
was in the range −4% to + 6% for water and −11% to + 8% for
wine, and was therefore considered negligible.49,50 Extensive vali-
dation results are reported in Table S9.† Validation outcomes
underscore the auspicious utility and potential applicability of the
developed procedure in environmental and food analysis.
Comparison with other methods

In Table 4 a comparison of the developed method with others
present in literature is reported.

For certain parameters the proposed method resulted
similar to other methods: sample amount used, pre-treatment
time, and recovery. For other parameters the proposed
method resulted advantageous: total amount of organic solvent,
limits of detection and reproducibility. The amount of total
organic solvent employed in the proposed sample preparation
(2 mL) was lower compared to the average volume used in the
other methods considered (4 mL). The limits of detection of
Nano-Cs-NAT-D-m-SPE-LC-Orbitrap-HRSM method in water and
in wine were comparable or, in most cases, lower than the ones
of other methods. Relative standard deviations on recovery
experiments for the proposed method resulted generally lower
than the ones of other methods: this is a major result, especially
considering that Nano-Cs-NAT has been in-house synthesized,
and so without the standardization protocols that an industrial
sorbent undergoes. The developed Nano-Cs-NAT-D-m-SPE-LC-
Orbitrap-HRSM method results therefore a competitive option
for multiclass fungicides analysis in complex matrices.
Conclusions

Fungicides represent a threat for the environmental and human
health, and the need to develop new efficient methods for
fungicide residues analysis in water bodies and dietary samples
is current. In the present study a new, inexpensive nano-
structured material based on chitosan was developed and
employed as efficient analytical sorbent for river water and wine
samples pre-treatment before LC-Orbitrap analysis. Utilizing
the chitosan derivative (named Nano-Cs-NAT), a multivariate
approach enabled the development of a green, fast, and reliable
D-m-SPE procedure for the recovery of twelve fungicides largely
used in viticulture. The optimizedmethod has proved to be fast,
easy, and cheap, requiring minimal amounts of organic solvent
and sorbent material, with satisfactory methodological indices
in terms of fungicides recovery, linearity, repeatability, repro-
ducibility, matrix effect, LODs and LOQs, showing the strong
potential of Nano-Cs-NAT in sample preparation.
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