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Determination of norflurazon concentration in wheat leaves
using a modified QUEChERS method*
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The aim of this analytical study was to develop and
validate an easy-to-use method for measuring the ac-
tual level of norflurazon that accumulates in leaves.
We amended the QUEChERS method, i.e. Quick, Easy,
Cheap, Effective, Rugged, and Safe, which is widely used
for pesticide and herbicide analysis in food, and usual-
ly combined with HPLC-MS detection. We adapted this
method for the detection of norflurazon in leaves or leaf
fragments and proposed a useful modification using
of HPLC-UV detection. Reproducible retention times of
3.11%£0.04 min, precision (RSD<8.0%), LOQ=315 ng-mL-!
and linearity (R2=0.99874) were achieved.
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INTRODUCTION

Norflurazon  (4-Chloro-5-(methylamino)-2-(o,o,0t-tri-
fluoro-m-tolyl)-3(2H)-pyridazinone; NF) (Fig. 1) is a
bleaching herbicide used to treat weeds. It works by in-
hibiting phytoene desaturase (EC 1.3.99.30) (Kimmel &
Grimme, 1975; Breitenbach ez a/., 2001) and leads to the
arrest of carotenoid synthesis (Sandmann ez al, 1989).
Chlorophyll excitation into an unquenched triplet state in
the absence of carotenoids induces the formation of re-
active oxygen species, photooxidation processes, chloro-
plast damage, and finally results in plant photobleaching.

NF is also useful in plant science to study the mech-
anisms of oxidative stress as well as their influence on
photosynthesis and chloroplast biogenesis, especially ret-
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Figure 1. Structure of norflurazon (NF): 4-Chloro-5-
(methylamino)-2-(a,a,a-trifluoro-m-tolyl)-3(2H)-pyridazinone

rograde chloroplast-nucleus signalling (Terry & Smith,
2013). A reduction in the expression of many nuclear
genes has already been demonstrated in plants treated
with this herbicide (Oelmiller es al, 1986; Strand ef al.,
2003; Moulin e# al., 2008). However, taking into account
that different ways of applying herbicides are currently
used in different studies e.g. spraying (Van Aken e/ al,
2016) and watering (Burgess ez al., 20106), explaining the
NF effect and comparing results of various studies re-
quires the actual concentration of NF in plant tissue
to be determined. In the above mentioned papers the
authors use a different concentration of NF, between
1.52-15.18 pg-mlL! (i.e. between 5 and 50 umol-L-1).

The QuEChERS method (quick, easy, cheap, effec-
tive, rugged, and safe) was developed in 2003 (Anastassia-
des ¢t al, 2003) and found widespread application in food
analysis. The method was standardised in Europe (EN
15662:2008) and in the United States (AOAC International,
2007). The most important step in the QuEChERS method
is dispersive solid phase extraction using secondary-primary
amine sorbents. There are multiple methods derived from
the standard QuUEChERS method, which focus on unusual
or challenging matrices — Gil Garcia and coworkers (2017)
write about over 100 variations. It has also been used in
order to detect up to 450 pesticides simultancously (Pang
et al., 20006). Currently, the gold standard for pesticide and
herbicide detection in food are methods based on gas or
high performance liquid chromatography coupled with
(tandem) mass spectrometry (HPLC-MS). This is also the
detection method described in the QUEChERS procedure.
Although the mass spectrometer is a very sensitive and uni-
versal detector, it is not affordable for many laboratories.
When only a single (or just a few) analyte concentration
needs to be determined, while keeping the chromatographic
procedure short and simple, there is the possibility of using
a different detector.

The aim of this study was to develop a simple QuEC-
hERS-based method, with a diode-array-ultraviolet detec-
tor (DAD-UYV), for measurements of NF concentration in
juvenile wheat leaves and leaf fragments. Wheat, which is
the second most cultivated crop in the wortld (document
FAO UN, 2017), is often used for studying deetiolation
due to the ease of cultivating it and its fast growth. In
addition to this, being monocot plants, wheat seedlings
accumulate plastids that show a developmental gradient
from the pregranal plastids at the leaf base to the eldering
etioplasts at the leaf tip (Solymosi & Aronsson, 2013).

MATERIALS AND METHODS

Chemicals and reagents. Norflurazon (NF) analyt-
ical standards, QuEChERS sorbents and tubes (PSA/
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ENVI-Carb Tube 2, suitable for EN 15662:2008 per BS)
were purchased from Sigma-Aldrich. HPLC-grade ace-
tonitrile (ACN) and water, purchased from Honeywell,
were used unless indicated otherwise. Analytical grade
reagents purchased from Chempur or Sigma-Aldrich
were used unless indicated otherwise.

Wheat cultivation. Wheat scedlings (T7iticum  aes-
tivum 1..) were hydroponically cultivated on Hoagland salt
(0.16 g-I-'; Sigma-Aldrich) at 295 K. They were grown
in darkness for 7 days and for the following 24 hours
they were treated with white light of 100 pmol of pho-
tons-m=2-s. For NF-treated samples, NI was added
to the cultivation medium at the beginning of the cul-
tivation period at a concentration of 6.1 pg-ml-'. For
NF-spraying experiments the culture was sprayed daily
with a 6.1 pug-mI-' NF solution using a spray bottle.
Care was taken to minimise spraying the cultivation me-
dium.

The leaves were harvested under dim green light in
order to prevent photoxidation of the pigments (Holden,
1965) and were cut into pieces of about 1 cm. The piec-
es of leaves were analysed immediately after harvesting
or stored at 193 K in the absence of light.

Sample preparation. The samples were prepared us-
ing a modified QuEChERS method (European Com-
mittee for Stantarization, 2008). A pooled portion of
7.0£0.1 g of leaf fragments was collected and hand-
ground with liquid nitrogen (77 K) using a pestle and
mortar. The homogenate was quantitatively transferred
with ACN into a 50 mL plastic tube, using 10 mL of
ACN. The tube was shaken vigorously for 1 minute us-
ing a lab vortex. A buffer-salt mixture (4.0 g anhydrous
magnesium sulphate(VI), 1.0 g sodium chloride, 1.0 g tri-
sodium citrate dihydrate, 0.5 g disodium hydrogencitrate
sesquihydrate) was added to the suspensions and the
tubes were shaken again for 1 minute. The samples were
then centrifuged for 5 minutes at 3100X g at 277 K.
Then the sample was placed in a freezer overnight to
precipitate the waxes and sugars. After that time an ali-
quot of 6 mL of the ACN phase was transferred to dis-
persive-SPE QuEChERS tubes containing an amino-sor-
bent, graphitized non-porous carbon and magnesium
sulphate(VI), and shaken vigorously for 2 minutes. The
samples were then centrifuged for 5 minutes at 3100 X g
at 277 K. Then 5 mL of the ACN phase was transferred
to a new tube, evaporated until dry and dissolved in
500 pL of the mobile phase (60% ACN in HPLC-grade
water). Finally the samples were filtrated using centrifu-
gal filtering tubes (Costar Spin-X 0.22 pm) for 90 sec-
onds at 11000 X g.

Chromatography and norflurazon detection. The
samples were separated chromatographically using a
JASCO PU-2089 Plus HPLC system with a JASCO
MD-2015plus DAD-UV-VIS detector. The data were
obtained using JASCO ChromPass 1.8.6.1 software.
100 pL. of the sample was injected with a Rheodyne
Manual Sample Injector (7725i). They were separated
with a C18 column (Teknokroma TRACER EXCEL 120
ODSA 3 pm 15X 0.4 cm). An isocratic elution with 60%
ACN at 1.0 mL-min' was used. The total run time was
5 minutes. The chromatographic system was equilibrat-
ed for at least 20 minutes with the mobile phase and
a flowrate of 1.0 mL-min~' before the first run of the
day. NF was detected at A=296 nm. Additionally spectra
between 200 and 400 nm were collected in order to con-
firm the NF identification by UV spectrum. The spectra
were collected every 400 ms with a resolution of 3 nm.

Method validation. The quantitative procedure and
the method validation were performed by assessing

the recovery and clean-up, precision, carry-over, LOD
and LOQ and linearity. SANCO guidelines on analyti-
cal quality control and validation procedures (document
SANTE/11945/2015) wete applied unless indicated oth-
erwise.

For the recovery measurements, blank samples (10
mL ACN) were spiked with NF to a concentration of
0.5 pg-ml-". The samples were evaporated until dry us-
ing a rotavapor, dissolved in the mobile phase, filtered
and analysed by HPLC-UV. The NF concentration was
compared with the blank samples (10 mI. ACN) spiked
with the same amount of NF and prepared as described
in the “sample preparation” section.

The method was checked for carry-over effects. First
the chromatogram of a control sample consisting of a
leaf extract was recorded. Then the NF spiked sample
was injected. The NF concentration chosen was twice
as high as in the most abundant NF-treated leaf sample.
Finally a blank sample (60% ACN) was injected. All the
samples were injected directly one after the other with-
out flushing the column.

The limit of detection (LOD) was calculated by ana-
lysing the control samples (leaves not treated with NF).
The sample with the highest background between 3.00
and 3.20 minutes at A=296 nm was selected. The LOD
was calculated as 3 times the height of this background.
The limit of Quantification (LOQ) was assumed to be
9 times the height of the background, because at this
concentration the precision appeared satisfactory.

Linearity was analysed using NF-spiked samples con-
taining 5 pg-mL-' NF, diluted 2 fold until the calculated
LOD was achieved.

Precision was calculated using data gathered from lin-
earity experiments.

Statistical analysis. The retention time of NF was
calculated by taking the mean of n=37 curves, ie. the
chromatograms recorded for all the spiked samples used
in the calibration curve, those of carry-over experiments
and those of all plant extracts, where NF was added to
the medium or used to spray the seedlings. In all the
cases the NF peak was determined by the UV spectrum.
The error of retention time is presented as the calculated
standard deviation (S.D.).

The recovery was calculated in triplicate, and the re-
spective value is presented as the mean value +S.D.

All linearity experiments were performed in triplicate.
The peak amplitude was determined automatically us-
ing the software provided by the manufacturer of the
HPLC-UV system (JASCO ChromPass Chromatography
Data System v 1.8.6.1). Results for different concentra-
tions are represented as the mean value £S.D. Linear
regression and slope (method sensitivity) were calculat-
ed using OriginPro 2016 b9.3.2.303 software. The results
obtained for six NI concentrations were taken into ac-
count for the regression calculation.

The method precision was determined during the lin-
earity measurements. The precision is represented as rel-
ative standard deviation (RSD) calculated separately for
each concentration.

RESULTS AND DISCUSSION

The presence of NF was confirmed by comparing
the spectra recorded, with the spectra of the NF stan-
dard measured using a Jasco V-650 spectrophotometer
(Fig. 2). The absorption spectrum of NF is complex and
has tree maxima at 209, 238 and 296 nm. The spectra
shown in Fig. 2 were virtually identical; the 2 nm dif-
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(A) the spectrum for the recorded chromatographic peak at 3.11 min; (B) the NF standard dissolved in 60% ACN. Visible peaks are anno-

tated with the wavelength of their local maximum.
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Figure 3. Representative chromatograms (A) of a control sample (dashed line), a sample from NF-treated plants (solid line) and a
pure NF standard dissolved in the mobile phase (dotted line), recorded at A=296 nm. The area between 2.5 and 4.0 minutes en-
larged 6.5-fold for the control sample (B), the NF-treated sample (C) and the pure NF standard dissolved in the mobile phase (D).

ference in the position of the highest peak is within the
detector’s uncertainty range. A wavelength of 296 nm
was selected for NF detection due to a low and stable
baseline. A wavelength of 238 nm was also tested but
found unsatisfactory due to a greater baseline drift. Fur-
thermore, a NF-treated leaf sample was analysed and
spiked with additional NF. This resulted in the peak area
and amplitude increasing, without a change in the reten-
tion time.

A simple, isocratic elution was used, allowing for a
short total run time of 5 minutes (Fig. 3) without the
need for reequilibration. We achieved a retention time
of 3.11£0.04 min (n=37) and resolution above 2 (cal-
culated using the base-width 4 sigma method (Neue,
1997). The dead time was about 1 minute, followed by
a very high matrix peak between 1.25 and 2.00 min-
utes. The height of this peak varied between samples.
Around 2.55 min there is a small peak in the NF-treat-
ed samples. It is possible that this is from some NF
metabolites but we were unable to verify this unambig-
uously. Additionally, more elaborated elution programs
were tested, but resulted in worse resolutions or longer
analysis times due to the need for column reequilibra-
tion (not shown).

Recovery was calculated in triplicate for an NF con-
centration of 0.5 pg-ml-". The result was the recovery
of 79.8%1.5% of the analyte.

Carry-over effects may result in false positive samples
when a blank sample is analysed directly after a sam-
ple with a high concentration of the analyte. In order
to check for those effects three chromatograms were
recorded as follows: a control sample (Fig. 4B), a high
NF concentration spiked sample (Fig. 4C), and a blank
sample (Fig. 4D). The concentration of NF in the spiked
sample was chosen so that the recorded signal was as
close as possible to the highest value that can be re-
corded using our detector setup and is twice as large as
the greatest signal recorded from NF-treated leaves. The
concentration of NF measured in the final sample was
below the LLOD, and virtually no rise to the baseline was
visible (Fig. 4A).

In order to calculate the L.LOD, six control sam-
ples consisting of non-NF-treated leaf extracts were
analysed. The highest baseline between 3.00 and
3.20 minutes at a wavelength of 296 nm was select-
ed for further calculations. LOD was calculated as
three times the value of the baseline and was equal to
120 ng-mL-'. LOQ was calculated as nine times the
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Figure 4. The carry-over experiment.

(A) representative chromatograms of a control sample (i.e. an extract from control leaves that were not treated with NF; dashed line), a
NF-spiked sample (solid line) and a blank sample (ACN, dotted line). Chromatograms were recorded at A=296 nm directly one after the
other without washing or reequilibration between them. The area between 2.5 and 4.0 minutes enlarged 6-fold for the control sample

(B), the NF-spiked sample (C) and the blank sample (D).

baseline and equalled 315 ng-mL-'. These values are
much smaller than those found in NF-treated plants
(usually between 700 ng-mL-' and 1.50 pg-mL-)
which suffer a visible bleaching effect.

Linearity was measured in triplicate starting from a
NF-spiked sample containing 5 pg-ml-' NF, diluted
2 fold until a concentration below the LOD calculated
was achieved (ca. 84 ng-ml-"). The sensitivity calculat-
ed was 230.523.7 mAU-pg-ml-. A very good fit was
found through the entire range measured R?=0.99874
(A=230.5-C_-2.5; where A — absorbance in mAU, -C_ —
mass concentration in pg-ml1) (Fig. 5).

The measurements for the linear range were used
to assess the precision of the methods. The relative
standard deviation (RSD) was lower than 8.0% for all
measurements (ca. 6% for most measurements).
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Figure 5. Calibration curve prepared by triplicate measurements
of spiked samples at NF levels of: 5.00 pgxmL-; 2.50 pg xmL-;
1.25 pgxmL-'; 625 ngxmL-'; 313 ngxmL-'; and 156 ngxmL-".
The corresponding RSDs were as follows: 4.1%, 4.2%, 5.2%, 5.6%,
7.8 %, 6.4%

Plants treated with norflurazon are easily distin-
guishable from control plants due to the bleaching ef-
fect of herbicides. As demonstrated in Fig. 6 the con-
trol plants underwent greening as expected (Fig. 6A).
In contrast, the NF-treated plants were mostly white
or light yellow (Fig. 6B). No observable difference in
leaf size was visible under our cultivation conditions.

In the literature different methods of applying
NF can be found e.g. supplementation of the growth
medium or spraying different parts of the plant. The
concentration of NF in the growth medium or in
the solution used to spray the plants is specified, but
comparing the results is challenging since there is no
information about the actual NF concentration in the
plant tissue. We have demonstrated (Fig. 7) that the
modified QuEChERS method can be helpful in this
application. For the control sample the measured sig-
nal was 3.5 mAU which corresponds to 26 ng-ml-!
and is far below the LOD and can be explained by
random noise. The NF-sprayed sample generated a
signal of 80.2 mAU, which corresponds to a NI con-
centration of 3596 ng-mlL-'. The sample where NF
was added to the growth medium provided a signal of
181.9 mAU, which corresponds to 800£13 ng-ml-!.
Further calculations per gram of fresh leaf mass pro-
vided a NF amount of 5128 ng in NF-sprayed
samples and of 1143£19 ng in samples supplied with
NF in the growth medium.

Figure 6. Photographs of wheat after 7 days of hydrophonic cul-
tivation.
(A) control plants (not treated with NF) (B) plants cultivated
with the NF added to the medium to a final concentration of 6.1
mgxL-’
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Figure 7. Comparison of different methods of applying NF.

(A) representative chromatograms of a control sample (not treated with NF; dashed line), a sample sprayed daily with a 6.1 mg L' NF
solution (solid line) and a sample cultivated with NF added to the cultivation medium to a concentration of 6.1 mg L' (dotted line),
recorded at A=296 nm. The area between 2.5 and 4.0 minutes enlarged 14-fold for the control sample (B), the sample from NF-sprayed
plants (C) and the sample from plants cultivated with NF addition to the medium (D).

CONCLUSION

The QuEChERS with UV-Vis detection developed
and validated in this work is useful for determining the
amount of NF that accumulates in a plant tissue, seed-
lings, leaves or leaf fragments. It is useful for comparing
the distribution of NF among different parts of a plant
or among leaf fragments. NF detection is not disturbed
by the presence of chlorophylls in samples. Therefore
this method allows us to study the influence of NF on
photosynthetic processes.
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