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Sonia Morante-Zarcero a,*, Isabel Sierra a,d,**

a Departamento de Tecnología Química y Ambiental, E.S.C.E.T, Universidad Rey Juan Carlos, C/Tulipán s/n, Móstoles, Madrid 28933, Spain
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A B S T R A C T

This study addresses the development, optimisation and validation of a sustainable analytical procedure for the 
determination of antinutritional factors (quinolizidine alkaloids, QAs) in legume seeds. The approach proposes 
the ultrasound-assisted extraction (UAE) of major (i.e., cytisine) and minor (i.e., n-methylcytisine and anagyrine) 
QAs from Retama monosperma seeds followed by ultra-high performance liquid chromatography coupled to ion- 
trap tandem mass spectrometry analysis (UHPLC-IT-MS/MS). The procedure was optimised by Response Surface 
Methodology and fully validated (overall recoveries 86–105% and precision RSD values ≤18%). The method was 
applied to the analysis of different raw and treated seed samples. Cytisine was the main QA found in the samples, 
followed by methylcytisine and finally anagyrine. Variations in the concentration of these analytes were 
observed depending on environmental conditions. Similarly, they showed different behaviour under the different 
mitigation processes tested. Anagyrine was the most affected by the hydrothermal mitigation treatment. Heat 
treatment + soaking for several days probed to more effective in QA mitigation than just heat treatment. 
However, the mitigation procedures tested were not enough to reach a QA concentration safe for consumption. 
Thus, further research in mitigation strategies is needed to consider R. monosperma seeds as a safe protein-rich 
source for food and feed.

1. Introduction

Quinolizidine alkaloids (QAs) are secondary metabolites with a main 
defensive function in plants against predators and herbivores, which are 
particularly produced under adverse environmental or competitive 
conditions (Casado et al., 2024). Although QAs have been isolated from 
several plant families, Fabaceae species are identified as the main source 
of QAs, particularly, the so-called primitive legumes. Among these le
gumes, the genera with the most relevant content of QAs are Lupinus, 
Ulex, Cytisus, Genista, Sophora, Baptisia, Thermopsis, Echinosophora and 
Retama (Casado et al., 2024; Cely-Veloza et al., 2023). These alkaloids 

are derived from the amino acid L-lysine, and they can be built from one 
or two quinolizidines. Many pharmacological effects have been 
described for these compounds, such as sedative, anti-inflammatory, 
analgesic, anticonvulsant, antimicrobial, antitumor, antipyretic, anti
diarrheal, among others (Cely-Veloza et al., 2023). Nonetheless, adverse 
health effects have also been reported from the intake of QAs. The main 
symptoms of QA intoxication are vertigo, nausea, confusion, xerostomia, 
tachycardia, loss of motor control, cardiac arrest and respiratory pa
ralysis (EFSA, 2019). Likewise, it is quite likely that QAs also present 
chronic toxicity, but studies on this issue are currently very scarce 
(EFSA, 2019). Accordingly, the European Food Safety Authority (EFSA) 
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published in 2019 a scientific opinion on the risk derived from the 
consumption of QAs from food and feed, although it was limited to the 
intake of lupins and their derived products as these foodstuffs are the 
main source of exposure to QAs by the population (EFSA, 2019). How
ever, the risk can be extrapolated to other products that may also contain 
these alkaloids in their composition, whose consumption is less wide
spread. In this document, mitigation strategies based on 
aqueous-thermal debittering processes are encouraged to reduce the 
content of QAs on these products (EFSA, 2019). Thus, it seems necessary 
to develop sensitive and effective analytical approaches to monitor the 
occurrence of these alkaloids that may be a threat to food and feed 
safety.

Retama monosperma is a leguminous shrub native to the southwest 
coasts of the Iberian Peninsula and northwest (Muñoz-Vallés et al., 
2011), and its seeds are currently being assessed as a promising alter
native protein-rich source to mitigate the threatening future problem of 
food-feed competition (Muñoz-Vallés et al., 2023; López-Herrera 2024). 
However, they contain QAs which should be monitored to consider their 
consumption safe (El-Shazly et al., 1996; El Hamdani et al., 2015; Fdil 
et al., 2012). According to the literature, to date, the extraction of QAs 
from R. monosperma has traditionally been performed by solid-liquid 
extraction, combining successive extraction cycles with methanol, fol
lowed by acid-base treatment using acidified water with HCl and 
aqueous ammonia solution, and subsequently liquid-liquid extraction 
with dichloromethane. However, this procedure requires large volumes 
of organic solvents and many steps that increase experimental time. 
Then, the sample extract is analysed by gas chromatography coupled to 
mass spectrometry (GC-MS), leading to long separation times (El-Shazly 
et al., 1996; Merghoub et al., 2011; Fdil et al., 2012; El Hamdani et al., 
2015; El Hamdani et al., 2016; Hammouche-Mokrane et al., 2017; Fdil 
et al., 2018; Selaimia et al., 2021). Alternatively, ultra-high performance 
liquid chromatography (UHPLC) enables to achieve faster chromato
graphic separations using short columns with small particle size (sub-2 
µm size diameter) and low flow rates. However, to the best of our 
knowledge, this instrumental technique has not been reported for the 
determination of QAs in R. monosperma.

In this context, the current trends in the food safety field demand the 
development of analytical methods that comply with the Green 
Analytical Chemistry (GAC) principles because of the worldwide 
commitment to the Sustainable Development Goals (SDGs), particularly 
with SDG No. 12 (Ensure sustainable consumption and production 
patterns) and SDG No. 13 (Take urgent action to combat climate change 
and its impacts). Hence, the development of analytical environmentally 
sustainable processes is required. This involves actions such as mini
mizing or even avoiding chemical consumption, using biodegradable 
and low-toxic reagents, reducing sample size and residue generation, as 
well as shorter extraction times to save energy and time (Wojnowski 
et al., 2022). Accordingly, ultrasound-assisted extraction (UAE) notably 
stands out as a potential sustainable choice, since it provides high 
extraction yields with short times and low solvent consumption due to 
the cavitation effect produced by ultrasound (Tiwari, 2015; 
Casado-Hidalgo et al., 2023; Martínez-García et al., 2024). However, the 
efficiency of UAE depends on different parameters that need to be 
optimised to achieve suitable experimental conditions, such as extrac
tion time, sample/solvent ratio, solvent type, etc. In consequence, an 
experimental design for its optimization is advisable. Thus, Response 
Surface Methodology (RSM) emerges as a valuable tool for the system
atic optimisation and evaluation of the impact of the different parame
ters and their possible interactions to obtain favourable outcomes during 
the sample extraction process. This tool is based on statistical and 
mathematical techniques that combine experimental procedures with 
computer simulations, providing statistical prediction equations. As a 
result, the use of RSM customizes the optimisation procedure, facilitates 
data acquisition and reduces the number of experiments.

Therefore, this work focuses on the development, optimisation and 
validation of a sustainable analytical procedure to selectively monitor 

the occurrence of major (i.e., cytisine) and minor (i.e., n-methylcytisine 
and anagyrine) QAs in Retama monosperma seeds. Hence, the analytical 
methodology proposed is based on the UAE of QAs from R. monosperma 
seeds using acidified water and followed by UHPLC coupled to ion-trap 
tandem mass spectrometry (UHPLC− IT-MS/MS) analysis. The UAE pa
rameters were optimised using RSM to achieve the optimal operation 
conditions. Moreover, to the best of our knowledge, this is the first time 
that UHPLC− IT-MS/MS is used as instrumental technique for the anal
ysis of QAs in R. monosperma. Compared to the traditional acid-base 
treatment used for the extraction of QAs from R. monosperma seeds, 
the UAE enables to reduce and simplify the procedure, reducing the 
number of steps and the volume of organic solvents used. Thus, the 
method proposed aims to be an easier alternative to semi-preparative 
procedures based on acid-base treatment and GC analysis to monitor 
the occurrence of these antinutritional factors. Moreover, preliminary 
mitigation conditions based on hydrothermal treatment of the seeds 
were tested, which is relevant for their use as a safe rich-protein source 
in the food industry.

2. Materials and methods

2.1. Materials and reagents

HPLC-MS grade solvents such as ethanol (EtOH), methanol (MeOH), 
and acetonitrile (MeCN) were purchased from Fisher Scientific (Madrid, 
Spain), while formic acid (FA) was acquired from Fluka (Busch, 
Switzerland). 37% HCl (v/v) was from Scharlab (Barcelona, Spain). A 
Millipore Milli-Q equipment (Billerica, MA, USA) was employed to 
obtain ultrapure deionized water with a resistivity of 18.2 MΩ cm. Sy
ringes and nylon filters (0.45 µm and 25 mm) were obtained from 
Scharlab (Barcelona, Spain). Standards of QAs (cytisine, n-methyl
cytisine and anagyrine) were of high purity grade (≥90%) and were 
acquired from PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Ger
many). Individual standard stock solutions (1000 mg/L) were prepared 
in MeOH. Mix-standard working solutions containing all the QAs were 
prepared at the desired concentration by dilution of the stock solutions 
in 1% HCl in water. All standard solutions were stored at − 20 ◦C in the 
dark.

2.2. R. monosperma seed samples and products

Ripe raw seeds from wild R. monosperma shrubs were collected in 
July 2023 in Valdevaqueros (Cádiz, Spain, 36º04’N, 5º41’W) and in July 
2024 in El Rompido Spit (Huelva, Spain, 37º12’N, 7º04’W). These 
samples were denoted as V_RS and R_RS, respectively. Shrubs growing in 
El Rompido Spit (R_RS) are subjected to harsher environmental condi
tions than shrubs from Valdevaqueros (V_RS), since they are exposed to 
higher temperatures, and to lower relative humidity and annual pre
cipitation. To obtain representative samples, during harvesting, all the 
seeds from the shrubs of these areas were collected to obtain the sample 
batches. Then all the seeds from the same batch were dried, ground and 
sieved together. Accordingly, they were dried at 40 ºC during 48 h, 
ground to a fine powder and sieved with a Foss Cyclotec 1093 mill 
(Tecator, Sweden) to obtain a representative and homogeneous small 
particle size (1 mm). Additionally, some batches of ripe raw seeds from 
El Rompido Spit (R_RS) were subjected to different aqueous-thermal 
procedures before the grinding process to evaluate the possible mitiga
tion of QAs. On one hand, sample denoted as R_BS was obtained by 
soaking the ripe raw seeds (R_RS) for 24 h in distilled water, boiling 
them at 100 ºC for 1 h and subsequently drying them at 50 ºC until 
constant weight. On the other hand, sample denoted as R_TS was ob
tained by soaking the ripe raw seeds (R_RS) for 24 h in distilled water, 
boiling at 100 ºC for 1 h, soaking again during 5 days with a daily renew 
of the medium (distilled water), and drying at 50 ºC until constant 
weight. Both R_BS and R_TS were finally ground to a fine powder and 
sieved to obtain a homogeneous particle size (1 mm). Before analysis, all 
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the samples (V_RS, R_RS, R_BS and R_TS) were subjected to an addi
tionally drying (100 ºC for 8 h until constant weight) to eliminate the 
remaining moisture and thus express the results in dry weight (DW), as 
the alkaloid content was not affected within a temperature range of 
60–100◦C for 24 h. Then, the dried samples were stored in a desiccator 
at room temperature until their analysis.

2.3. Optimisation of UAE and experimental design

To achieve the optimisation of extraction of QAs from the 
R. monosoperma samples by UAE, some preliminary studies were carried 
out using a Sonopuls HD 3100 ultrasonic homogenizer (100 W, 60 kHz, 
Bandelin, Berlin, Germany) equipped with an MS 73 titanium probe 
(13 mm diameter). These trials were performed with sample V_RS. First, 
some extraction parameters, such as the type of solvent (1% HCl in 
water, 1% HCl in EtOH, 1% HCl in methanol), extraction cycles (1, 2 and 
3), the sample/solvent ratio (1/10, 1/100, 1/1000), the pH (1, 2, 4), the 
sonication mode (pulsed or continuous), and the sonication amplitude 
(25, 50, 75%) were tested. Afterwards, based on the results obtained in 
these preliminary trials, three factors (sample/solvent ratio, extraction 
time, and sonication amplitude) were chosen to perform the RSM in 
order to achieve the best UAE conditions for the extraction of QAs from 
the R. monosoperma seed samples. The experimental design applied was 
a Box-Behnken Design (BBD), which expressed the effect of 3 indepen
dent factors at a three-level experiment (-1, 0 and +1) to predict the best 
UAE conditions involved in the extraction of QAs from the seed samples. 
This way, the influence of each factor assessed and the interaction be
tween them on the extraction efficiency can be simultaneously evalu
ated. Only numerical factors were chosen for the BBD, so categorical 
factors such as the sonication mode and the type of solvent were not 
considered, despite they showed differences in the extraction efficiency 
of QAs during the preliminary tests. The independent factors chosen 
were sample/solvent ratio (A, 0.0005–0.003 mg/mL), extraction time 
(B, 1–20 min) and sonication amplitude (C, 25–100%) (Table S1). The 
dependent factor was the concentration of QAs (mg/kg). The BBD 
involved 17 experiments with 5 replicates at the centre point to check 
experimental error. Experiments were conducted randomly to reduce 
systematic error. The experimental design, the analysis of the data and 
the prediction of the responses were processed using Statgraphics 
Centurion software (version 19.0).

2.4. Optimised extraction conditions of QAs from R. monosperma seed 
samples

For the extraction of QAs, 10.0 mg (± 0.1 mg) of dry R. monosperma 
seed powder were weighted and placed in a Falcon® tube followed by 
the addition of 10 mL of 1% HCl in water (sample/solvent ratio of 
1:1000 w/v (0.0001 mg/mL)). The mixture was shaken for 10 s in a 
vortex (Rx3 Velp Scientifica, Usmate, MB, Italy) and then the ultrasound 
probe was submerged to a depth of 5 mm in the tube. The mixture was 
sonicated at pulsed mode (pulse durations of 0.1 s “on” and 0.2 s “off”) 
and 70% amplitude for 12 min. Afterwards, the sample extract obtained 
was filtered through a 0.45 µm nylon filter and injected in the UHPLC-IT- 
MS/MS. For the quantification of cytisine and n-methylcytisine, the 
sample extract was diluted 25 times with 1% HCl in water. Extractions 
were performed in triplicate (n = 3).

2.5. UHPLC-IT-MS/MS analysis

The chromatographic analysis was performed on a UHPLC system 
(Dionex UltiMate 3000, Thermo Scientific, Waltham, MA, USA) coupled 
to a tandem mass spectrometer detector equipped with an ion-trap 
analyser (ESI-ITMS amaZon SL, Bruker, Billerica, MA, USA). The sepa
ration of QAs was carried out on a Luna Omega Polar C18 column 
(100 mm × 2.1 mm, 1.6 μm particle size, Phenomenex, Torrance, CA, 
USA) equipped with a securityGuard™ column packed with porous 

polar C18 sorbent (2 mm × 2.1 mm, 1.6 μm, Phenomenex, Torrance, CA, 
USA). The optimal separation conditions were achieved using a mobile 
phase involving a mixture of solvent A (0.2% FA in water (v/v)) and 
solvent B (0.2% FA in MeCN (v/v)) in gradient elution mode as follows: 
0 min 95% solvent A, 0–3 min 80% solvent A, 3–4 min 95% solvent A, 
4–5 min 95% solvent A, yielding a total analysis time of 5 min. The flow 
rate was kept at 0.400 mL/min, the column temperature was set at 30 ºC 
and the injection volume was 5 µL.

The MS/MS detection was carried out using an electrospray ioniza
tion interface (ESI) in positive ion mode and using multiple reaction 
monitoring (MRM) scanning mode. Capillary voltage was 4500 V, the 
end plate offset 500 V, the nebulizer gas 20 psi, the dry gas flow rate 
10 L/min and the dry temperature 200 ºC. Mass spectra were collected in 
the mass range 70–700 m/z and the mass spectrum parameters of each 
analyte were individually determined by direct infusion of individual 
standard solutions (5 µg/mL) at a flow rate of 4 µl/min in the ionization 
source. Thus, the precursor ion ([M + H]+) of each QA was identified 
and then isolated and fragmentated to achieve the corresponding 
product ions provided in the MS2. For each analyte, the most intense 
product ion was selected for quantification, whereas at least other two 
were used for confirmation. Retention times, MS parameters, precursor 
and product ions of each analyte are listed in Table S2.

2.6. Greenness evaluation of the proposed method

The greenness of the method developed and optimized was evaluated 
by using the Analytical Greenness Metric for Sample Preparation 
(AGREEprep) (Wojnowski et al., 2022). This tool is based on the 10 
principles of Green Sample Preparation. Accordingly, 10 criteria are 
assessed from 0 to 1, resulting in an overall score in the form of a 
pictogram that summarises the sustainable character of the method 
evaluated. In this pictogram the length of each number indicates the 
weight assigned to each criterion while the colours (based on traffic light 
colours) enable to visualize the criterion performance. The weight of 
each criterion in the overall score can be assigned by researchers 
depending on its perceived importance to the overall procedure 
outcome. Accordingly, in this work, criteria for hazardous materials 
(criterion 2), sustainability, renewability and reusability of materials 
(criterion 3), waste generation (criterion 4), sample miniaturization 
(criterion 5), and energy consumption (criterion 8) were set with the 
highest weight (5), since they were considered the most relevant to 
achieve a green sample preparation procedure. Conversely, the criterion 
regarding sample preparation placement (criterion 1) was set with the 
lowest weight (1), since in general most of the sample procedures need 
to be carry out in a laboratory due to the diversity of equipment 
availability.

2.7. Statistical analysis

Statistical analysis and design of experiments were conducted using 
Statgraphics 19 Centurion software (version 19.3.03). Post hoc Tukey 
multiple range test was performed to determine significant differences 
among samples. Differences were considered significant for p-values 
≤ 0.05.

3. Results and discussion

3.1. Optimisation of UHPLC-IT-MS/MS conditions

For the determination of QAs, the first step was to develop a suitable 
chromatographic separation method of the target alkaloids. To the best 
of our knowledge, in R. monosperma these QAs have only been deter
mined by GC-MS or GC-FID, but not by UHPLC-MS/MS, leading to quite 
long analysis times in some cases (Table S3). In contrast, some QAs have 
been analysed by UHPLC-MS/MS in lupin (Lupinus spp.) samples using a 
combination of 0.1% FA in water (v/v) and 0.1% FA in MeOH (v/v) as 
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mobile phase (Hama et al., 2020; Hama et al., 2022; Schryvers et al., 
2023). Therefore, based on these previous works, this mobile phase was 
chosen as starting point. Likewise, MeCN was also evaluated as organic 
phase instead of MeOH, as it is less pollutant and provides better column 
clean-up.

Accordingly, a first linear ramp gradient was tested, which started 
with a high aqueous content (100% of 0.1% FA in water) while the 
organic phase (0.1% FA in MeOH or MeCN) gradually increased to 100% 
in 8 min and then returned to the initial conditions in 1 min with a flow 
rate of 0.2 mL/min. With this gradient, coelution of the three QAs was 
observed with both mobile phase compositions. In consequence, 
different gradients starting with less aqueous phase were tested, as well 
as an isocratic one. Starting with higher organic content seemed to 
improve the separation of the analytes. Likewise, peak shapes were more 
defined and focused with MeCN than with MeOH, and their intensity 
was also higher, so this organic phase was chosen. After testing different 
gradients, a slight gradient starting with 95% of aqueous phase 
decreasing to 80% in 3 min and then returning to initial conditions in 
1 min with equilibration for another min (total run time 5 min) provided 
the most suitable separation of the target analytes with the following 

elution order: cytisine (1.78 min), n-methylcytisine (2.02 min) and 
anagyrine (4.3 min). Nonetheless, with the aim to shorten the analysis 
time, the flow rate was increased from 0.2 to 0.4 mL/min. Likewise, the 
concentration of FA was increased from 0.1% to 0.2% to achieved more 
defined peaks. Increasing the concentration of FA caused a reversal of 
the elution order in the case of n-methylcytisine and cytisine, while 
increasing the flow decreased the elution time and improved the defi
nition of the peaks, making them narrower. Thus, these conditions were 
selected as the final ones, giving the following retention times: n- 
methylcytisine (1.08 min), cytisine (1.12 min) and anagyrine (1.90 min) 
(Fig. 1). Therefore, the chromatographic method developed significantly 
improved the methods already published for the determination of QAs in 
R. monosperma seeds by GC-MS or GC-FID, since it provides a quick and 
effective separation in less than 2 min (in contrast to 25–38 min, 
Table S3), which improves the sustainability of the method and saves 
time, allowing a greater number of analyses to be performed per hour.

3.2. Preliminary studies for UAE of QAs

For the extraction of QAs, some preliminary studies were first 

Fig. 1. Extracted ion chromatograms (EIC) and mass spectra (MS2) of (a) n-methylcytisine, (b) cytisine and (c) anagyrine from unspiked Retama monosperma seed 
sample (V_RS). Green circles indicate the product ions set for quantification and confirmation of the target analytes. Chromatographic conditions: 0.2% formic acid in 
water (v/v) as mobile phase A and 0.2% formic acid in acetonitrile (v/v) as mobile phase B in gradient elution mode: 95% A (0 min), 95–80% A (0–3 min), 80–95% A 
(3–4 min), 95% A (4–5 min). Flow rate at 0.400 mL/min, column temperature 30 ºC.
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conducted using univariate optimisation to select the parameters to 
subsequently optimise the UAE process through experimental design. 
The first step was to select the extraction solvent. QAs are mainly 
compounds of polar nature, so MeOH is more effective in the extraction 
of QAs than other less polar solvents such as n-hexane, dichloromethane 
and ethyl acetate (El Hamdani et al., 2018). However, with the aim of 
developing a sustainable extraction procedure, green polar extraction 
solvents such as water and EtOH both acidified with 1% HCl were 
chosen. For these trials, a sample/solvent ratio of 1/10 (w/v, 1 g in 
10 mL) was first proposed, and the following UAE parameters (based on 
previous works) were set: sonication pulsed mode (pulse durations of 
0.1 s “on” and 0.2 s “off”), 75% sonication amplitude and sonication 
time 10 min (Casado-Hidalgo et al., 2023; Martínez-García et al., 2024). 
Likewise, successive extraction cycles up to 3 were carried out to 
confirm the complete extraction of the analytes from the matrix. 
Nevertheless, several problems arose. A thick extract (like a paste) was 
obtained when 1% HCl in water was used as extraction solvent, which 
made it impossible to obtain a liquid fraction. In contrast, with 1% HCl 
in EtOH a clear and easily filterable sample extract was obtained. 
However, complete extraction of the analytes from the matrix was not 
achieved, since after 3 extraction cycles, the analytes were still being 
extracted from the sample. Based on these results, it was assumed that 
the sample/solvent ratio should be decreased due to the high concen
tration of these compounds in the sample. Thus, sample/solvent ratios of 
1/100 and 1/1000 (w/v, 0.1 and 0.01 g in 10 mL, respectively) were 
tested. The extraction using the ratio 1/100 was not satisfactory. 
Conversely, with the sample ratio 1/1000 the target analytes were 
almost completely extracted in one extraction cycle with both solvents 
(1% HCl in water and 1% HCl in ethanol), and only a small dispensable 
residual percentage was extracted in a second cycle (Table S4). In 
addition, 1% HCl in MeOH was also tested as extraction solvent under 

these conditions to verify the maximum extraction efficiency based on 
the affinity of QAs towards the solvent. Nonetheless, with this ratio 
anagyrine was only detected using 1% HCl in water (Table S4). For this 
reason, 1% HCl in water was selected as the extraction solvent using a 
sample/solvent ratio of 1/1000, since it allowed to efficiently extract 
practically all the target QAs in a single extraction cycle.

Afterwards, different parameters were tested (Fig. 2), such as the 
sonication mode (pulsed or continuous), the pH of the extraction solvent 
(1, 2, 4) and the sonication amplitude (25, 50, 75%). Regarding the pH, 
1% HCl corresponded to pH 1, as measured in the pH meter. As it can be 
observed, peak areas of the target analytes were significantly higher 
using the pulsed sonication mode instead of the continuous mode 
(Fig. 2a), so the first one was selected to carry out the UAE. In fact, the 
continuous sonication mode involves higher energy consumption 
compared to the pulsed mode, so choosing the latter helps to improve 
the sustainability of the method. In the case of the solvent pH, no sig
nificant differences were found between the three pH values tested for 
each analyte (Fig. 2b). Therefore, it was assumed that this parameter 
was not decisive in the extraction efficiency of QAs from the 
R. monosperma seeds, so it was not included in the experimental design. 
On the other hand, no significant differences were observed between 
amplitudes of 50 and 25%, but there were differences in the extraction 
efficiency of QAs when using an amplitude of 75% (Fig. 2c). Hence, it 
was considered that this parameter can influence the extraction effi
ciency as its value increases, so it was included as a factor in the 
experimental design.

3.3. Optimal UAE conditions for QAs using experimental design

Based on the preliminary studies, a BBD was performed to achieve 
the complete optimization of the UAE of QAs from the R. monosperma 

Fig. 2. Peak areas obtained and normalized for the target analytes after ultrasound-assisted extraction (UAE) using (a) different sonication modes (pulsed (pulse 
durations of 0.1 s “on” and 0.2 s “off”) or continuous), (b) using water at different pH values (pH 1, 2 or 4) as extraction solvent under pulsed sonication mode, and 
(c) using different sonication amplitudes (25, 50 and 75%) under pulsed sonication mode. Other common extraction parameters: sample/solvent ratio 1/1000 (w/v, 
10 mg in 10 mL), sonication time 10 min, 1 extraction cycle. Error bars represent the standard deviation of sample replicates (n = 3). a Cytisine areas have been 
normalized by dividing the actual value by 1000. b N-methylcytisine peak areas have been normalized by dividing the actual value by 10.
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seeds. The results of the BBD are summarised in Table 1, showing the 
mean concentration values obtained in the 17 assays for each response 
with threes replicates ± SD. As shown, the experimental values obtained 
varied between 15583 and 29108 mg/kg for cytisine, 203–705 mg/kg 
for n-methylcytisine and 3.1–5.4 mg/kg for anagyrine. These data were 
used to generate the analysis of variance (ANOVA) report and the second 
order polynomial regression equations (Table S5). For the three analy
tes, high R2 values close to 1 were obtained (0.95–0.98), suggesting that 
data points closely align with the regression line. This confirms strong 
concordance between the predicted and the experimental values, indi
cating high predictability of the model. Similarly, R2 Adj values were 
also close to 1 (0.89–0.94) in the three analytes. Additionally, ANOVA 
analysis indicated the factors that showed statistically significant dif
ferences in the quadratic models (p < 0.05).

The statistical differences between the factors and their influence are 
shown in Table S5 and are graphically represented using the main effects 
plot and the Pareto chart (Fig. 3). The sample/solvent ratio (A) was the 
factor with the strongest influence and more significant effect on the 
extraction efficiency of QAs. This factor had a negative influence on the 
extraction of cytisine and n-methylcytisine, while in the case of ana
gyrine the effect was the opposite (Fig. 3). This means that lower sam
ple/solvent ratios favour the extraction of cytisine and n-methylcytisine, 
but not that of anagyrine. This fact could be due to the different con
centrations at which these analytes are found in the sample. Cytisine and 
n-methylcytisine were present in the R. monosperma seeds at much 
higher concentrations than anagyrine, so larger extraction volumes may 
favour the extraction of the most abundant compounds, thus avoiding 
solvent saturation. In contrast, in the case of anagyrine, the larger the 
extraction volume, the greater its dilution, which can reduce its sensi
tivity affecting its detection during analysis. In the case of the other 
factors (B and C), the effect observed was also similar for both cytisine 
and n-methylcytisine. These factors had a positive effect in the extrac
tion of these two QAs with a plateau in the final part, what suggested an 
intermediate optimum value at these levels (Fig. 3a). Conversely, the 
influence of these factors was the opposite for the extraction of ana
gyrine. It was observed that longer extraction times negatively affected 
the extraction of anagyrine, while low and especially high sonication 
amplitudes provided higher extraction efficiency of the analyte (Fig. 3a). 
Nonetheless, only the extraction time (B) was significant for the 
extraction of this analyte but with a negative effect (Fig. 3b). More de
tails about the interaction between factors are included in the supple
mentary files (see S1 and Figure S1).

Based on these results, the optimal extraction conditions predicted 

by the model are shown in Table 2. As expected, some discrepancies, 
particularly in the sample/solvent ratio and extraction time, were ob
tained for the optimal conditions of each analyte. Basically, each analyte 
obtained different optimal conditions from the others, making it difficult 
to establish general extraction conditions for the three target com
pounds. Thus, to verify the reliability of the three optimal predicted 
conditions, they were experimentally evaluated to confirm which of 
them produced the lowest significant losses in the extraction of the three 
analytes (Table 2). As it can be observed, there was high similarity be
tween the experimental and the predicted results, confirming the reli
ability and effectiveness of the model. Indeed, the highest mean 
concentrations of each analyte were obtained in each case under their 
optimal conditions predicted by the model. Nonetheless, significant 
differences between the different predicted conditions were only 
observed in the case of anagyrine (Table 2), suggesting that both pre
dicted conditions for cytisine and anagyrine could be used for optimal 
extraction of all three QAs. The optimal predicted conditions for ana
gyrine involved a shorter procedure with less solvent consumption than 
those predicted for cytisine. However, using anagyrine conditions led to 
very high concentrations of cytisine and n-methylcytisine, which addi
tionally were at different magnitude orders in the sample extract. Thus, 
for the quantification of the three analytes it was necessary to perform 
several dilutions (one for the quantification of cytisine and another for n- 
methylcytisine), that in the end implied more injections in the UHPLC- 
MS/MS and a larger volume of solvents. Therefore, the optimal condi
tions predicted for cytisine (sample/solvent ratio 1/1000, 12 min and 
70% amplitude) were selected as the optimal UAE conditions for the 
determination of QAs from the R. monosperma seed samples.

3.4. Method validation

The validation results of the analytical procedure proposed are 
summarised in Table 3. The analytical parameters were assayed as 
described in S2 (see supplementary material). Good linearity implies R2 

values close to 1, so suitable R2 values were obtained in the calibration 
curves as they ranged from 0.9990 to 0.9995. The deviation of the slopes 
of the calibration curves obtained on three different days (n = 3) was 
calculated. All RSD values were ≤ 20% (5%, 18% and 15% for cytisine, 
n-methylcytisine and anagyrine, respectively). Thus, good reproduc
ibility in the linearity was ensured.

Regarding ME, values should be within the range of ±20% to be 
considered negligible. Positive ME values > 20% indicate signal 
enhancement, while negative values < -20% mean signal suppression. 

Table 1 
Experimental parameters for the Box-Behnken Design and response obtained for the ultrasound assisted extraction of quinolizidine alkaloids from R. monosperma 
samples.

Experiment Experimental independent factor Response (mg/kg DW ± SD)

A: Sample/solvent ratio (mg/mL) B: Extraction time (min) C: sonication amplitude (%) Cytisine N-methylcytisine Anagyrine

1 0.0033 20 75 18556 ± 2682 254 ± 42 3.8 ± 0.1
2 0.0005 10 100 25839 ± 2086 629 ± 93 4.0 ± 0.2
3 0.0010 10 75 28090 ± 2264 473 ± 62 3.6 ± 0.5
4 0.0005 20 75 28253 ± 2377 705 ± 117 3.1 ± 0.7
5 0.0010 20 100 24597 ± 2336 491 ± 58 3.5 ± 0.6
6 0.0010 10 75 26922 ± 2388 447 ± 54 3.5 ± 0.5
7 0.0005 1 75 25906 ± 2938 520 ± 95 4.0 ± 0.6
8 0.0010 10 75 29108 ± 2665 483 ± 17 3.7 ± 0.1
9 0.0033 10 100 22475 ± 1309 277 ± 41 5.4 ± 0.3
10 0.0010 1 25 23544 ± 1718 389 ± 56 3.7 ± 0.7
11 0.0033 1 75 17849 ± 1254 214 ± 27 4.9 ± 0.6
12 0.0010 1 100 26028 ± 3224 328 ± 34 4.4 ± 0.7
13 0.0010 10 75 28695 ± 2725 476 ± 10 3.6 ± 0.1
14 0.0033 10 25 15583 ± 1400 203 ± 41 4.8 ± 0.3
15 0.0005 10 25 24903 ± 1807 482 ± 73 3.9 ± 0.1
16 0.0010 20 25 24791 ± 1661 367 ± 39 4.2 ± 0.7
17 0.0010 10 75 27189 ± 3443 426 ± 54 3.8 ± 0.2

DW: dry weight; SD: standard deviation (n = 3)
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In these cases, the matrix error must be considered in quantification. 
Accordingly, ME values obtained ranged between − 11 and 1 (Table 3), 
so no ME affected the determination of QAs. Therefore, solvent-based 
calibration curves could be used for the quantification of the three 
analytes instead of using matrix-matched calibration curves.

The proposed methodology also showed good sensitivity, providing 
LODs and LOQs of 0.75 and 2.50 µg/L for cytisine, 3.00 and 10.00 µg/L 
for n-methylcytisine and 0.30 and 1.00 for anagyrine, respectively 
(Table 3). Likewise, good selectivity of the method was obtained since 
variations observed in the MS2 spectra between the sample extracts and 
the standard solutions did not exceed 30%, and the fragment ratio was 
maintained (Fig. 1 and Figures S2-4).

For method accuracy, suitable mean recovery values were obtained 
for the three analytes ranging from 86% to 105% at the three validation 
levels (Table 3). Therefore, these values were within the range 70–120% 
established in the validation guidelines for good accuracy. On the other 
hand, satisfactory method precision was also achieved at the three 
validation levels, since repeatability and reproducibility RSD values 
were ≤ 11% and ≤ 18%, respectively (Table 3), showing suitable pre
cision according to validation guidelines (≤20%). Hence, the method 
proposed based on UAE for the determination of QAs in R. monosperma 
seed samples showed good analytical performance to be reliably 
applied.

3.5. Improvements over other methods and greenness evaluation of the 
proposed method

The analytical method proposed was compared with other works 
published in the literature within this field. Accordingly, Table S3 shows 
the different methodologies that have been carried out to date for the 
extraction of QAs from R. monosperma (including other parts of the plant 
besides the seeds). Basically, all of them have followed the traditional 
protocol for the extraction of total alkaloids, which involves SLE, acid- 
base treatment, LLE and evaporation to dryness. As it can be observed, 
one of the main differences between these methods and the one pro
posed is the amount of sample used for the determination. Large 
amounts of sample (10–500 g) have been usually used, while in the 
proposed methodology only 10 mg are enough to perform the quanti
fication of the analytes in the seed samples. Also, high volumes of sol
vents, mainly of organic type (e.g., MeOH, dichloromethane, etc.), have 
been used for the SLE step, usually combining successive extraction 
cycles. Furthermore, in most cases, these solvents are subsequently 
evaporated to dryness, involving a significant energy consumption. In 
contrast, in the present work, only 10 mL of water acidified with a low 
percentage of HCl were required per extraction, which it is a more 
sustainable solvent than the organic ones. On the other hand, in the 
determination of total alkaloids by acid-base treatment, multiple steps 
are needed, leading to time-consuming protocols. Conversely, the use of 
UAE for the extraction of QAs required 12 min, providing high- 

Fig. 3. (a) Main effects chart and (b) Pareto charts obtained from the Box-Behnken Design carried out for the evaluation of three factors (sample/solvent ratio, 
extraction time and sonication amplitude) and their standardized effect on three responses (concentrations (mg/kg dry weight) of cytisine, n-methylcytisine 
and anagyrine).

Table 2 
Predicted statistically optimal ultrasound-assisted conditions obtained from the Box-Behnken Design and comparison of predicted and experimental results of qui
nolizidine alkaloids from R. monosperma samples.

Optimal conditions 
predicted for

Sample/solvent ratio (mL 
solvent)

Extraction 
time

Sonication 
amplitude

Predicted 
value 
(mg/kg DW)

Experimental value (mg/kg DW)

Cytisine N- 
metylcytisine

Anagyrine

Cytisine 0.001 (10 mL) 11.7 min 70% 28157 27936 
± 5491a

486 ± 81a 5.4 ± 0.9b

N-methylcytisine 0.0005 (20 mL) 20 min 100% 703 27315 
± 2123a

597 ± 69a 3.8 ± 0.4a

Anagyrine 0.003 (3 mL) 1 min 100% 5.9 27077 
± 2317a

499 ± 74a 6.3 ± 0.1b

Different superscript letters in the same column indicate significant differences (p < 0.05) among methods.
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throughput sequencing of the process.
On the other hand, regarding the instrumental analytical technique 

employed, all the published studies have used GC-MS, whereas the 
present work proposed the analysis of QAs by UHPLC-MS/MS, which it 
is an improved variant of HPLC that allows working at higher pressures 
with shorter columns and smaller flows. This leads to faster chromato
graphic separations without losing efficiency or resolution. Thus, in the 
present work only 5 min are required for chromatographic analysis, 
while in the works using GC-MS more than 25 min (range from 25 to 
38 min) are necessary to achieve separation of the analytes (Table S3). 
Nonetheless, it is worth pointing out that in these works a higher number 
of analytes were determined in the samples than in the present work.

Hence, based on the literature, it can be concluded that the method 
proposed in this study shows important improvements with respect to 
already published methods, especially in terms of sustainability, high
lighting the reduction of sample, solvents and time required. Therefore, 
this procedure based on UAE coupled to UHPLC-IT-MS/MS can be used 
as a potential green alternative to achieve the analysis of QAs from 
R. monosperma. Nevertheless, to confirm this, the analytical method was 
evaluated in terms of greenness by the AGREEprep metric tool. As shown 
in Fig. 4, the method proposed for the determination of QAs in 
R. monosperma seeds was scored with a total value of 0.63 and the colour 
of the inner circle was light green. These results suggest that the method 
can be considered as a green analytical strategy, since values close to 1 
indicate greenness performance, as well as the green colour. Fig. 4 also 
shows the justification for each input used in the AGREEprep tool, as 
well as the weight established, and the score obtained for each criterion. 
The pictogram obtained enables to quickly identify the weak and strong 
points of the method proposed. Regarding the criteria most relevant for 
green sample preparation, the main weak point of the method is the 
generation of waste (criterion 4). Nonetheless, the main waste generated 
is water, which is not a pollutant solvent. However, this water is in 
contact with HCl and with the sample residue, so it would need precise 
regeneration to be reused. Conversely, the method is suitable in terms of 
sample miniaturization (criterion 5), energy consumption (criterion 8), 
sustainability, renewability and reusability of materials (criterion 3), 
and minimizing hazardous materials (criterion 2). Thus, it can be 
concluded that the method fulfils the main principles of GAC.

3.6. Analysis of R. monosperma samples

The UAE procedure proposed in this study was applied to the anal
ysis of four different R. monosperma seed samples. Two of them were raw 
seeds (V_RS and R_RS), while the others were subjected to different 
aqueous-thermal procedures as mitigation treatments (R_BS and R_TS). 
The main QA found in all samples was cytisine, followed by n-methyl
cytisine and finally anagyrine (Table 4). This trend is consistent with 
data reported by other authors in previous works in which 
R. monosperma seeds have been analysed (El Hamdani et al., 2016; 
Merghoub et al., 2011; Fdil et al., 2018). In these works, cytisine was the 
QA with the highest proportion in the seeds. Nonetheless, the sum of 
QAs determined (Table 4) was higher than the one reported by other 
authors (7500 mg/kg) in the seeds (Table S3).

Regarding the raw seed samples analysed, V_RS showed the highest 
content of the target analytes when compared with R_RS, being also 
higher for cytisine and n-methylcytisine. However, the content of ana
gyrine was significantly higher in sample R_RS. Such results could be 
explained by variations in climatic conditions, annual precipitation and 
temperatures in the geographical locations where the seeds were 
collected during the different harvest years, which are environmental 
factors that affect the production and accumulation of QAs in the seeds 
(Isah, 2019).

On the other hand, in the seed samples subjected to aqueous-thermal 
mitigation procedures (R_BS and R_TS) both treatments incurred in the 
concentration of the target QAs from the initial values found in R_RS 
(Table 4). Nevertheless, only a significant reduction of QAs (64%) was Ta
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observed in sample R_TS, which was furtherly soaked for 5 days with 
distilled water compared to R_RS. Particularly, no significant differences 
were found in the concentration of cytisine between samples R_RS and 
R_BS, while in R_TS the content of this analyte was significantly reduced 
(64% reduction). Conversely, in the case of n-methylcytisine, no sig
nificant differences were found among R_RS and R_TS. However, sample 
R_BS presented a higher concentration of this analyte than R_RS 
(increment of 68%) despite being subjected to an aqueous-thermal 
procedure (Table 4). This was attributed to slight variations within 
seeds of the same plant, since the difference in concentration was not 
excessively high. In contrast, the concentration of anagyrine was 
significantly reduced after both mitigation procedures (41% and 86% 
reduction in R_BS and R_TS, respectively). These results may suggest 
different behaviour of QAs under different processes, being anagyrine 

most affected by the hydrothermal mitigation treatment than the other 
two QAs evaluated. Likewise, this also agrees with the results obtained 
in the experimental model, in which short extraction times favoured the 
extraction of anagyrine compared to the other QAs.

Overall, of the two mitigation procedures evaluated, the one that 
included rinsing with distilled water for several days in addition to heat 
treatment proved to be more effective (sample R_TS). Nonetheless, 
despite the concentration of QAs was reduced by more than half in the 
R_TS sample, the mitigation procedure was not enough to reach a con
centration safe for consumption. Currently, the EFSA has not yet set any 
regulatory guidelines for monitoring the presence of QAs in food and 
feed. However, some countries have established a concentration limit of 
QAs in lupins (limit of 200 mg/kg on dry weight for lupin flour and 
derived products) (EFSA, 2019). Thus, the QA concentration found in 
sample R_TS still needs to be significantly reduced to reach the recom
mended limit. Therefore, based on the results obtained, the impact that 
environmental conditions as well as the influence and effectiveness that 
different mitigation processes may have on the concentration of QAs 
deserves further research to consider R. monosperma seeds as an alter
native safe source for food and feed.

4. Conclusions

The analytical procedure based on UAE coupled to UHPLC-IT-MS/ 
MS analysis proposed showed important advances in the determina
tion of QAs in R. monosperma seeds. Significant improvements in terms 
of simplicity and sustainability compared to other works published in 
the literature within this field are noteworthy. These improvements 
primarily addressed key aspects such as the reducing the sample size, the 
solvents, and the time required. Thus, this methodology can be a po
tential green alternative to traditional sample preparation methods used 
for the analysis of QAs in R. monosperma seeds. Additionally, the analysis 
of the different samples collected revealed that cytisine was the main QA 
found in the R. monosperma seeds analysed, followed by n-methyl
cytisine and finally anagyrine. Furthermore, variations in the concen
tration of these analytes were observed depending on environmental 
conditions. Similarly, QA also showed different behaviour under the 
different mitigation processes tested. Therefore, the impact that these 
variables may have on the concentration of QAs deserves further 
research to consider R. monosperma seeds as a safe alternative protein- 
rich source for food and feed. Accordingly, a broader study with a 

Fig. 4. Results obtained using the AGREEprep tool for the greenness evaluation of the proposed method for the determination of quinolizidine alkaloids in Retama 
monosperma samples.

Table 4 
Occurrence (mg/kg DW ± SD) of quinolizidine alkaloids determined in different 
R. monosperma samples (n = 3).

Sample code Cytisine N- 
methylcytisine

Anagyrine Total 
(Sum)

Without prior 
treatment

​ ​ ​ ​

V_RS 32300 
± 2773b

507 ± 17b 3.6 ± 0.8a 32811 
± 2773b

R_RS 26972 

± 437
a
b

275 ± 47
a
a 7.8 ± 0.4

b
c

27255 

± 440
a
b

Subjected to different 
aqueous-thermal 
procedures

​ ​ ​ ​

R_BS+ 23313 
± 928b

461 ± 6b 4.6 ± 0.8b 23779 
± 928b

R_TS‡ 9583 
± 1495a

287 ± 18a 1.1 ± 0.2a 9871 
± 1495a

Different superscript letters in each analyte indicate significant differences 
(p < 0.05) among V_RS and R_RS samples when subjected to Tukey's range test. 
Different subscript letters in each analyte indicate significant differences 
(p < 0.05) among R_RS, R_BS and R_TS samples when subjected to Tukey's range 
test.
+ Ripe seeds (R_RS) soaked for 24 h, boiled at 100 ºC for 1 h.
‡ Ripe seeds (R_RS) soaked for 24 h, boiled at 100 ºC for 1 h, and furtherly soaked 
for 5 days with a daily medium (distilled water) renewing.
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greater number of samples will be necessary, including samples 
collected from geographical regions with different environmental con
ditions as well as a specific design to monitor the variables affecting 
mitigation procedures.

Supporting information

The supporting information files include the following information: 
independent factors and their range set in the BBD for the UAE of QAs 
from R. monosperma samples; Retention time and mass spectrum pa
rameters for the analysis of target analytes using the UHPLC-IT-MS/MS 
method proposed in this work; Analytical procedures already published 
for the determination of QAs in R. monosperma (L.) Boiss. and compar
ison with the present work; Amount of QAs extracted from 
R. monosperma samples using different extraction solvents and extrac
tion cycles; ANOVA report and second-order polynomial regression 
equations obtained during BBD for UAE of QAs from R. monosperma 
samples; Interaction between factors derived from the experimental 
design carried out; Response surface plots of the effect of the three 
factors evaluated (sample/solvent ratio, extraction time and sonication 
amplitude) on the concentration (mg/kg dry weight) of the target QAs.
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