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Abstract
The objective of this study was to determine the total glucosinolate (GLS) content in Camelina sativa, using a simple and 
sensitive method, based on the colorimetric reaction of sodium tetrachloropalladate (II) with GLSs, and to quantify them 
by spectrophotometry without the use of HPLC. Glucosinolates from defatted meal, seeds, animal feeds and sprouts were 
extracted and isolated using a weak anion exchange column. Sodium tetrachloropalladate (II) solution was added to the 
extract and the absorbance measured at 420 nm. The repeatability (intra-assay) of the sodium tetrachloropalladate (II)—assay 
(Pd-assay) was very high, with CVs ranging from 2.07 to 0.90% for the single experiments. The inter-assay was also very 
high, displayed by a CV of 1.65% across all of the experiments. The Pd-assay is therefore able to quantify GLS amounts 
with good accuracy in all the tested matrices, which cover a very wide range from 0.50 µmol g−1 DW in animal feed to 
about 40 µmol g−1 DW in defatted meal. The good agreement between the Pd-assay and HPLC was testified by a significant 
correlation R2 = 0.9937. These results indicate that the accuracy and repeatability of the Pd-assay are suitable for measuring 
total GLS in all camelina tissues tested.
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Introduction

Camelina [Camelina sativa (L.) Crantz] is a cruciferous 
oilseed crop which occupies a prominent place in various 
sectors due to its adaptability to different environmental 
conditions and its multiple uses, such as feed and food, 
medicine and bioenergy (Alberghini et al. 2022; Cherian 
and Quezada 2016; Lolli et al. 2020; Riaz et al. 2022; Mon-
dor and Hernandez-Alvarez 2022; Shonnard et al. 2010). 
Crucial for the study of camelina is the analysis of its phy-
tochemical compounds, specifically glucosinolates (GLSs), 
a sulphur-rich class of secondary metabolites (Blažević et al. 
2020) widely present in Brassicaceae species. These com-
pounds have attracted the attention of researchers not only 
for their contribution to plant defence mechanisms being 
toxic for pest and disease-causing microbes (Lazzeri et al. 

2013) but also for their potential plethora of human health 
benefits, including anti-cancer and anti-inflammatory prop-
erties (Olayanju et al. 2024; Dinkova-Kostova and Talalay 
2000). Glucosinolates are also recognised as antinutritional 
compounds because, after ingestion, they are hydrolysed by 
the enzyme myrosinase present in the plant vacuoles and 
in the animal’s intestinal microflora, giving rise to some 
toxic products, including isothiocyanates, thiocyanates and 
nitriles (Mithen 2001) which interfere with thyroid and liver 
function leading to reduced performance and/or undesira-
ble physiological effects (Ryhänen et al. 2007; Tripathi and 
Mishra 2007; Cullere et al. 2023). Therefore, nutritional and 
potentially therapeutic applications of GLSs have paved the 
way for increased research efforts aimed at quantifying and 
characterising their amount in various plant tissues.

The most common analytical method employed for the 
quantification of GLSs is based on high-performance liquid 
chromatography (HPLC) analysis of plant extracts. Although 
proven effective, HPLC has some limitations, including 
sophisticated and expensive instrumentation, time-con-
suming analysis and poor environmental performance due 
to the use of large quantities of solvents. In addition, when 
screening wide genotype collections, such as in breeding 
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programmes, or for routine control of market animal feeds 
containing Brassicaceae species, the information required 
is the total amount of GLSs rather than the level of each 
GLS, which is the information provided by HPLC analysis. 
Consequently, there has been a concerted effort within the 
scientific community to develop alternative methods that are 
more environmentally friendly and require the use of low-
cost equipment. Over the time, several alternative methods 
have been proposed such as the enzymatic GLS degradation 
(VanEtten et al. 1974), the determination with ferricyanide 
(Jezek et al. 1999), the use of near-infrared spectroscopy 
(NIR) (Chen et al. 2014; Kumar et al. 2020) and liquid chro-
matography coupled with electrospray ionisation and Fourier 
transform ion cyclotron resonance mass spectrometry (LC-
ESI-FTICR MS) (Agneta et al. 2014). However, the need 
for a simple and rapid method that did not require expensive 
equipment and good skill on the part of the operators has 
driven the studies carried out by some groups. For example, 
the potentialities of commercial glucose test strips have been 
investigated for GLS measurement in horseradish (Meitinger 
and Kreis 2018). Other authors have shown the feasibility 
of using sodium tetrachloropalladate (II) for the determina-
tion of GLSs in several species of Brassicaceae family such 
as Brassica juncea (L.) Czern, Sinapis alba L., Raphanus 
sativa L. and Lepidium apetalum Willd (Li et al. 2024; Hu 
et al. 2010; Mawlong et al. 2017) demonstrating that this 
compound reacts with GLSs in a ratio of 1:1 giving rise to a 
yellow Pd-GLS complex (Mawlong et al. 2017; Thies 1982).

In this study, we carried out a detailed investigation into 
the application of the sodium tetrachloropalladate (II) assay 
(Pd-assay), developed by Thies (1982), as a simple and inex-
pensive spectrophotometric method for the quantification of 
total GLSs present in camelina seeds, defatted meal, sprouts 
and animal feeds. The results obtained from the application 
of the improved palladium method increased the accuracy 
and reliability of total GLS quantification in camelina by 
spectrophotometric analysis.

Materials and Methods

Plant Material

Seeds of 11 camelina genotypes from different geographical 
origins (Table 1S), three animal feeds containing different 
percentages of camelina meal and camelina sprouts of 6 and 
8 days afters sowing (DAS) were used in this work.

Sample Preparation

About 3 g of seeds for each camelina genotypes and 5 g of 
three animal feeds were ground with a commercial coffee 
grinder, and the meal was defatted with n-hexane (1:10, w/v) 

for 2 h at room temperature (RT) for two times. The defat-
ted meal (DM) was dried at 55 °C for 2 h and later stored in 
fridge at − 20 °C until use. Camelina sprouts were obtained 
as reported by Bravi et al. (2023). About 3 g of fresh sprouts 
were harvested at 6 and 8 days after sowing (DAS) and 
lyophilised (7–10 Pa at temperature from − 25 to − 20 °C) for 
4 days to obtain the dry material. Then, the lyophilised mate-
rial was ground in a mortar and the powder stored at − 20 °C 
until use. Finally, 3 g of seeds of two genotypes, Calena and 
Alan, were gridded (milled not defatted), dried at 55 °C for 
2 h and stored in fridge at − 20 °C until use.

Glucosinolate Extraction

Total GLSs were extracted from all samples as reported 
in Pozzo et al. (2023) and summarised in Fig. 1. Briefly, 
30 mg of each sample was put in an Eppendorf tube with 
the addition of 900 µL of 70% of ethanol (w:v 1:30) and 
GLSs extracted overnight (about 17 h) on a gyratory shaker 
at RT. The day after, the extracts were centrifuged for 20 min 
at 15,000 rpm, and the supernatant transferred on a DEAE 
Sephadex A-25 column (Merk Life Science S.r.l., Milan, 
Italy) for purification.

Glucosinolate Purification and Determination 
by HPLC

Substances not retained by the DEAE Sephadex resin were 
washed twice with 1 mL of 20 mM Na acetate at pH 4.0. 
Bound GLSs were desulfated by the addition of 30 μL (10 
U) of sulfatase Type H1 (Merk Life Science S.r.l., Milan, 
Italy) at 37 °C overnight. Desulfoglucosinolates were eluted 
from the DEAE column with 1 mL of 100% ethanol and 
the samples dried at 55 °C. The pellets were resuspended 
in 200 µL of 20% HPLC grade ethanol and filtered with 
a 0.22 μm Costar Spin-X Centrifuge Tube Filter (Corning 
Incorporated, NY, USA) before conducting HPLC analysis. 
Desulfoglucosinolates were separated by HPLC according 
to Russo et al. (2014). A calibration curve with desulfosini-
grin was generated. Sinigrin hydrate from horseradish was 
purchased from Merk Life Science S.r.l. (Milan, Italy). The 
quantification of total GLS was done as reported by Grosser 
and van Dam (2017). The content of GLS was expressed in 
µmol/g of dry weight (DW).

Glucosinolate Determination by Sodium 
Tetrachloropalladate (II)

Crude extracts from defatted camelina meals were pro-
duced as described by Mawlong et al. (2017), while purified 
extracts of all camelina samples were obtained as described 
above. For the determination of the total GLS content by 
the palladium method, a sodium tetrachloropalladate (II) 
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2 mM solution (58.8 mg Na2PdCl4 + 170 µL concentrated 
HCl + 100 mL double distilled water) was prepared accord-
ing to Mawlong et al. (2017). Twenty microlitres of each 
was transferred to a 96-well microplate before adding 300 
µL of 2 mM Na2PdCl4 solution. The blank was set fol-
lowing the same procedure without the extract. After an 
incubation at 25 °C for 60 min, the absorbance was meas-
ured at 420 nm, using 96-well microplate reader (Infinite 
200 PRO, Tecan, Männedorf, Zürich, Switzerland). The 
right reaction time between the palladium solution and the 
GLSs was calculated by measuring the absorbance at 25 °C 
every 20 min. The absorbance of known concentrations of 
sinigrin (from 0.25 to 50 nmol) was used as standard for 
the quantification of total GLSs. For the calculation of the 
total GLS quantity, a calibration curve was prepared every 
day for each Pd-assay. The read absorbances were plotted 
against the known concentrations of the stock solutions at 
different concentrations. The equation generated by lin-
ear regression was used to determine the concentration for 

each extract. The content of GLS was expressed in µmol/g 
of dry weight (DW).

Repeatability (intra-day) and intermediate precision 
(inter-day) of the Pd-assay were assessed using the GLSs 
extracted from one camelina meal sample. Four replicate 
samples of one camelina GLS extract were applied to the 
Pd-assay in three separate experiments.

The linearity of the colorometric Pd-assay was assessed 
using seven sinigrin standard concentrations (from 1 to 
50 nmol) and four different dilutions of one sample of 
camelina GLS extract.

The limit of detection (LOD) and limit of quantification 
(LOQ) of the Pd-assay were determined by recording the 
signal-to-noise ratio of the standard solutions with known 
concentrations. Nine standards of sinigrin solution (from 
0.125 to 50 nmol/20 µL) were taken to evaluate the plot 
of signal as a function of the concentration. A signal-to-
noise ratio between 3:1 for LOD and 10:1 for LOQ was 
considered (ICH 2005).

Fig. 1   Method description, 
summary of sample preparation
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Statistical Analysis

Where applicable, results were expressed as mean ± standard 
deviation (SD) and analysed statistically by using MS Excel 
2010. The Student t test was carried out with the Software 
package Statistica ver. 7.1 (StatSoft, Tulsa, OK, USA).

Results and Discussion

Camelina seeds are known to contain between 13 and 
40 µmol/g of GLSs (Pozzo et al. 2023; Russo et al. 2014; 
Schuster and Friedt 1998; Russo and Reggiani 2017), which 
are composed of a mixture of three GLSs with different ali-
phatic chain lengths. They are glucoarabin (9-(methylsulfi-
nyl)nonylglucosinolate, GLS9), glucocamelinin (10-(methyl-
sulfinyl)decylglucosinolate, GLS10) and 11-(methylsulfinyl)
undecylglucosinolate, GLS11 (Schuster and Friedt 1998). 
GLS10 is the most abundant one, with a content ranging 
from 55 to 65% of total (Pozzo et al. 2023; Russo et al. 2014; 
Schuster and Friedt 1998). HPLC analysis allows an accu-
rate quantification of each GLS (Pozzo et al. 2023; Russo 
et al. 2014; Schuster and Friedt 1998; Russo and Reggiani 
2017; Pagnotta et al. 2019), but sometimes a relatively quick 
and inexpensive determination of total GLS is sufficient. 
Indeed, Mawlong et al. (2017) and Ishida et al. (2012) using 
a sodium tetrachloropalladate (Na2PdCl4) solution were able 
to spectrophotometrically determine the total GLS content 
in the crude extracts of 22 Indian mustard (Brassica juncea) 
genotypes and 28 radish cultivars (Raphanus sativus L.), 
respectively. On the basis of their results, we also tried to 

quantify the total GLS content in various genotypes of C. 
sativa.

Quantification of GLSs on Crude and Purified 
Extracts

When the palladium solution was added to the crude extracts 
of camelina samples, as expected, the development of a yel-
low colour was observed after 1 h of incubation at 25 °C; 

Fig. 2   Absorption spectra 
between 320 and 600 nm of a 
solution of the standard sinigrin, 
Calena and Alan GLS extracts 
after 1-h incubation at 25 °C 
with 300 µL of palladium col-
orimetric solution
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Table 1   Comparison of total glucosinolate (GLS) content in differ-
ent genotypes of camelina defatted meal determined by high-per-
formance liquid chromatography (HPLC) and sodium tetrachloro-
palladate (II) assay (Pd-assay)

Means of n = 3 replicates ± standard deviation (SD) are depicted for 
all samples. Values followed by the same letter within a row are not 
significantly different (P > 0.05)

Genotypes HPLC
(µmol/g)

Pd-assay
(µmol/g)

Calena 29.81 ± 0.32 a 28.35 ± 0.76 a
Pearl 38.12 ± 0.71 a 37.57 ± 1.91 a
Celine 30.45 ± 2.03 a 30.47 ± 0.92 a
Midas 33.60 ± 0.27 a 32.02 ± 1.04 a
Hoga 29.52 ± 0.81 a 27.18 ± 2.07 a
Luna 27.70 ± 0.28 a 26.81 ± 0.27 a
CCE26 31.33 ± 0.19 a 28.04 ± 1.11 a
Ligena 36.95 ± 0.18 a 35.98 ± 0.41 a
Przybrodzka 26.95 ± 0.64 a 27.40 ± 0.41 a
CCE40 32.54 ± 0.06 a 32.36 ± 1.53 a
Alan 30.44 ± 0.82 a 29.15 ± 0.60 a
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however, the amounts of GLSs returned by microplate reader 
for camelina crude extract samples resulted significantly 
overestimated compared to the values obtained for the same 
extracts by HPLC analysis (Table 2S). Based on this evi-
dence, we deduced that probably, as reported for rapeseed 
(Brassica napus L.) by Møller et al. (1995), also for camel-
ina there was same interference caused by the complexity of 
the extracts. To remove interferences Gallaher et al. (2012), 
purified the extracts using an anion-exchange Solid Phase 
Extraction (SPE) column, before conducting the test with 
ferricyanide. Following the results of Gallaher et al. (2012), 
we also attempted to conduct the palladium colorimetric 
assay on purified camelina extracts on a DEAE Sephadex 

A-25 column. As shown in Table 1, the total GLS value 
obtained for the 11 defatted meal extracts after on column 
purification were in good agreement with those acquired by 
using HPLC. The t test results indicate that the GLS content 
determined by HPLC and Pd-assay were not significantly 
different (P > 0.05) for all genotypes (Table 1). This dem-
onstrated that the purification of the extracts on a DEAE 
Sephadex A-25 column is essential to remove compounds 
that may react with the sodium tetrachloropalladate solution, 
increasing the absorbance of the samples and introducing 
a significant error in the measured amount. In Fig. 2, it is 
reported the UV–vis spectra recorded for the Pd-GLS com-
plex obtained from the GLS extracts of two camelina geno-
types (Calena and Alan), and the spectrum of Pd-sinigrin 
complex. The three tested samples showed the maximum 
absorbance between 420 and 430 nm (Fig. 2). This slight 
shift in the maximum of the peak can likely be attributed 
to the three different GLSs present in camelina. A similar 

Fig. 3   Regression analysis 
between total glucosinolate 
content of the samples reported 
in Tables 1 and 3 obtained by 
HPLC and Pd-assay show-
ing a strong correlation of 
R.2 = 0.9937

Table 2   Comparison of total glucosinolate (GLS) content in the seeds 
(milled not defatted), sprouts and animal feeds containing different 
percentage of defatted camelina meal determined by HPLC and Pd-
assay

Means of n = 3 replicates ± standard deviation (SD) are depicted for 
all samples. Values followed by the same letter within a row are not 
significantly different (P > 0.05)
1 DAS = days after sowing

Samples HPLC
(µmol/g)

Pd-assay
(µmol/g)

Calena seeds 24.25 ± 0.18 a 25.14 ± 0.25 a
Alan seeds 21.29 ± 0.65 a 19.33 ± 0.64 b
Calena sprouts 6 DAS1 7.20 ± 0.16 a 6.87 ± 0.42 a
Calena sprouts 8 DAS 6.28 ± 0.01 a 5.71 ± 0.14 b
Animal feed 5% defatted camelina 

meal
0.57 ± 0.02 a 0.50 ± 0.03 b

Animal feed 10% defatted camelina 
meal

2.72 ± 0.09 a 2.41 ± 0.04 b

Animal feed 15% defatted camelina 
meal

4.01 ± 0.39 a 3.54 ± 0.10 a

Table 3   Repeatability of the Pd-assay

1 Four replicate samples of camelina meal were applied to palladium 
assay in three separate experiments

Intra-day Inter-day

Replicate1 Experiment 1 Experiment 2 Experiment 3

GLS µmol/g GLS µmol/g GLS µmol/g
1 30.05 29.38 29.02
2 28.93 28.89 28.43
3 28.73 28.61 28.73
4 28.90 29.65 28.54
Mean 29.15 29.13 28.68 28.99
STD DV 0.60 0.47 0.26 0.48
CV% 2.07 1.61 0.90 1.65
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observation was already reported by Mawlong et al. (2017) 
who observed slightly different wavelengths for different 
GLSs and suggested that the wavelength is the most crucial 
parameter for obtaining realistic results. In this work, we 
utilised a wavelength of 420 nm for all the measurements 
because the values showed better accuracy, and GLS content 
came closer to HPLC results.

In addition to defatted meals, the application of Pd-assay 
was extended to other camelina matrices such as seeds 
(milled not defatted), sprouts and animal feeds supplemented 

with different percentages of camelina meal. The results of 
these analyses are resumed in Table 2 in comparison with 
those obtained by HPLC. The good agreement between 
the two methods was testified by the significant correlation 
recorded R2 = 0.9937 (Fig. 3). However, the t test showed 
statistically differences between the two methods for the 
animal feeds containing lower percentage of camelina meal 
(< 10%), for the sprouts 8 DAS and the Alan seeds (Table 2). 
It is likely that the error associated with both methods will 
increase for samples containing lower levels of GLSs.

Fig. 4   Linearity of the Pd-assay 
over increasing concentration of 
sinigrin (A) and different dilu-
tions (1/2, 1/4, 1/8, 1/16, 1/32) 
of a camelina GLS extract (B)
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Repeatability, Precision and Linearity 
of the Pd‑Assay

To assess the reproducibility of the complete procedure, 
the GLSs were extracted four times from Alan meal geno-
type and quantified using the Pd-assay (Table 3). The pre-
cision of the method was estimated on extracts obtained 
and processed in different days. The repeatability (intra-
assay) of the Pd-assay was very high, with CVs rang-
ing from 2.07 to 0.90% for the single experiments. The 

intermediate precision (inter-assay) was also very high, 
displayed by a CV of 1.65% across all of the experiments 
(Table 3). These results indicate that the accuracy and 
repeatability of the Pd-assay are suitable for measuring 
total GLS in camelina meal. The linearity between the 
absorbance and the amount of GLSs was assessed using 
different concentrations of sinigrin and four dilutions of 
one camelina sample GLS extract. As shown in Fig. 4, 
the method is linear over a range of sinigrin concentra-
tions and the four camelina extract dilutions (correlation 

Fig. 5   Time course of the 
reaction between the chromo-
genic palladium solution and 
the Calena GLS extract, the 
absorbance was measured every 
20 min over a 180-min period

Fig. 6   96-well plate showing 
the palladium colorimetric 
assay: standard sinigrin from 
0.0 to 50 nmol/20 µL (0.0, 0.25, 
0.75, 1.0, 5.0, 10, 15, 20, 30, 
40, 50) and three extracts from 
some camelina meals (Calena, 
Pearl, Celine, Hoga, Luna, 
CCE26), Alan seeds, Calena 
seeds, sprouts 6DAS and 8DAS 
and animal feeds containing 5% 
and 15% of camelina meal. The 
absorption at 420 nm of all sam-
ples was read in duplicate
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coefficients ≥ 0.99, Fig. 4A, B). The right reaction time 
between the palladium solution and the GLSs was also 
evaluated. As shown in Fig. 5, the maximum absorbance 
was obtained in 1 h of reaction at 25 °C and remained 
nearly stable for at least 180 min.

The experimental evidence show that the LOD and LOQ 
associate to the Pd-assay were 0.05 nmol/µL and 1.27 nmol/
µL of the standard sinigrin, respectively.

In general, although the t test did not demonstrate strong 
agreement between the Pd-assay and HPLC for animal feeds 
containing lower amounts of camelina meal—and thus low 
GLS levels—the Pd-assay remains a valuable tool for feed 
analysis. This is because feed manufacturers must carefully 
monitor and avoid excessive GLS content (which is more 
accurately measured by the Pd-assay), as high GLS quan-
tity in the diet can have adverse effects on animal health. 
They require a quick and reliable method for measuring the 
total GLS content rather than the dosage of each individual 
GLS. Finally, the possibility to quantify the total GLS con-
tent in a sample using a less expensive instrument, such as 
the spectrophotometer, rather than sophisticated equipment 
(e.g. HPLC or NIR) would represent a significant reduction 
in the cost per sample of this analysis. Palladium assay could 
also offer a great advantage for feed producers who need to 
handle large numbers of samples with an optimal composi-
tion for different animal species. Finally, the use of a 96-well 
microtiter plate (Fig. 6) allowed the processing of a high 
number of samples in less than 2 h with a limited quantity of 
environmentally hazardous waste such as organic solvents.

Conclusion

In conclusion, this study successfully applied a straightfor-
ward and sensitive spectrophotometric method for quanti-
fying total GLS content in C. sativa using sodium tetra-
chloropalladate (II). This method, validated across various 
camelina matrices, demonstrated high accuracy and repeat-
ability, comparable to HPLC results. The Pd-assay, with its 
low cost, minimal environmental impact and adaptability to 
different sample types, offers a practical alternative for rou-
tine GLS analysis in both research and commercial applica-
tions. This approach enhances the efficiency of screening 
large genotype collections and provides a valuable tool for 
feeders who have to prepare different animal diets.
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