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A B S T R A C T   

Propyl-propane-thiosulfonate (PTSO) and Propyl-propane-thiosulfinate (PTS) are organosulfur compounds used 
to supplement the diet of livestock because of their beneficial effects on feed palatability, their antibacterial, anti- 
inflammatory, and antimethanogenic activities. Besides, antibiotic residues in the environment can be reduced 
by using these natural bioactive compounds. The objective of this study was to optimize the extraction pa
rameters for the analysis of PTSO and PTS in feed matrices by performing a solid-liquid extraction and quan
tification by Ultra performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). 
Optimization was performed using the Response Surface Methodology on a Box–Behnken experimental design, 
optimizing the following parameters: solvent:sample ratios and evaporation temperature set for the rotary 
evaporator. The method was validated for 3 concentration levels for both PTSO (100, 500, 1000 ng g− 1) and PTS 
(500, 1150, 2300 ng g− 1). The highest recoveries of PTSO and PTS were obtained using 12.5 mL of 100% 
acetonitrile, stirring for 15 min, and an evaporation temperature of 20 ◦C. The validated method was further 
applied to detect and quantify these compounds in different feed matrices. In conclusion, this is the first study to 
simultaneously analyze PTSO and PTS at low concentrations, employing a sensitive technique such as UPLC-MS/ 
MS.   

1. Introduction 

The Allium genus includes more than 600 plant species, among which 
the edible garlic (A. sativum) and onion (A. cepa). These plants contain 
flavonoids, polysaccharides, and glucosinolates, as well as numerous 
organic sulfur compounds (Cozzolino et al., 2021). Organic sulfur 
compounds are phytochemical molecules with sulfur atoms in their 
structure. They are present as secondary metabolites in many plant 
species (Poojary et al., 2017) and they are well-known for their bene
ficial biological properties, such as: antibacterial, antifungal, antioxi
dants, antiviral, and antiprotozoal activities, among others (Farhat et al., 
2021; Kyung, 2012; Putnik et al., 2019). Increasing evidence indicates 
that a regular ingestion of Allium spp. can reduce the risk of various 
illnesses, like type 2 diabetes mellitus, cancer, and cardiovascular dis
eases (Cecchi et al., 2020). Propyl-propane-thiosulfonate (C6H14O2S2) 

(PTSO) and Propyl-propane-thiosulfinate (C6H14O1S2) (PTS) are two of 
the compounds obtained by the enzymatic decomposition of the initial 
compounds present in the cytoplasm of Allium cells. 

The properties of PTSO and PTS are of great interest for the agri-food 
industry (Llana-Ruiz-Cabello et al., 2015a), which has recently experi
enced an increase in the demand for natural additives (Cascajosa-Lira 
et al., 2020a, 2020b, 2021, 2020b). Recently, the number of patents and 
research reports on organosulfur derivates have increased. Examples in 
this sense include the use of dialkyl thiosulfonate and thiosulfinate to 
reduce and prevent parasites in both terrestrial and aquatic animals 
(Bravo and Lillehoj, 2013; Núñez et al., 2016), but also, their use as 
active compounds in food packaging (Mellado-García et al., 2015; Lla
na-Ruiz-Cabello et al., 2015b; Maisanaba et al., 2017). Furthermore, 
these compounds have shown beneficial effects as inhibitors of meth
anogenesis in goats (Martínez-Fernández et al., 2013, 2015) and 
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modulators of the gut microbiota in farm animals (Guillamón et al., 
2021; Rabelo-Ruiz et al., 2021a, 2021b). Additionally, they act as a 
sensory enhancer improving the palatability of feed when used as 
additives. 

The regulation (EC) No 1831/2003 sets the framework on the use of 
additives in animal nutrition. It prohibits the use of antibiotics as a 
growth promoter: “[…] promoting agents will be forbidden, while 
allowing sufficient time for the development of alternative products to 
replace those antibiotics.”. Hence, there is an increasing demand for new 
alternative safer products, that guarantee similar production levels, 
without generating antimicrobial resistance. In this context, PTSO and 
PTS could be a promising alternative to antibiotic use in farm animals. 
PTS decreases bacteria resistance in humans, caused, among others, by 
the excessive use of antibiotics in livestock and the use of their manure 
as crop fertilizer (Peinado et al., 2012, 2013). Furthermore, the anti
microbial effectiveness of both compounds was demonstrated in vitro 
against multidrug-resistant bacteria isolated from humans (Solo
rzano-Puerto et al., 2018). 

Quality control in the agri-food industry requires rapid, sensitive, 
and precise analytical methods for the monitoring of feed additives to 
ensure their safety and efficacy. However, few studies are available on 
the chemical analysis of PTSO and PTS, and none tackle their simulta
neous extraction, identification, and quantification (Abad et al., 2015, 
2016; Pastor-Belda et al., 2020). Mass spectrometry (MS) combined with 
ultra-performed liquid-chromatography (UPLC-MS/MS) is a quick se
lective analytical method employed to determinate the chemical 
composition and contamination of both food and feed (Campbell et al., 
2017; Guzmán-Guillén et al., 2017; Vera et al., 2018; Díez-Quijada 
Jiménez et al., 2020; Le et al., 2021; Shehata et al., 2021; Wang et al., 
2021). This advanced analytical technique offers shorter analysis pe
riods, it can easily separate a great variety of chemical mixtures, and it 
has a high level of versatility. These properties are absent in other 
chromatographic systems such as gas chromatography (GC) and 
high-performance liquid chromatography with UV detection (HPLC-UV) 
(Martín-García et al., 2020). 

Currently, there is an increase in the use of multivariate optimization 
strategies as analytical methodologies. They lower the number of ex
periments necessary to reach optimal conditions and indicate possible 
influences among tested variables (Gomes et al., 2017). In this regard, 
Response Surface Methodology (RSM) is a useful approach to multi
variate optimization, applicable to an array of experimental designs. The 
Box-Behnken design (BBD) for multivariate optimization is increasingly 
being used for analytical procedures because it generates a smaller 
number of experiments with reliable results (Rodsamran and Sothornvit, 
2019; Pal and Jadeja, 2019). BBD has been previously employed for the 
analysis of contaminants in food and feed additives (Gomes et al., 2017; 
Pal and Jadeja, 2019; Rambo et al., 2019; Díez-Quijada Jiménez et al., 
2020; Güray et al., 2020; Martín-García et al., 2020; Nardelli et al., 
2020; Feki et al., 2021). 

In this context, the aim of this study was to develop, optimize, and 
validate an extraction method of PTSO and PTS from feed using a BBD 
and applying RSM, and to quantify the total amount of these organic 
sulfur compounds in real feed samples.To the best of our knowledge, this 
is the first report describing a validated method for the simultaneous 
determination of PTSO and PTS in feed by employing an optimized 
extraction technique together with UPLC-MS/MS analysis. 

2. Materials and methods 

2.1. Chemicals and reagents 

PTSO (C6H14O2S2) and PTS (C6H14O1S2), and the solid support/ 
material sepiolite were kindly provided by DMC Research Center SL 
(Alhendín, Granada, Spain), as well as all the broiler feed samples. 
Methanol (MeOH), dichloromethane (DCM), and acetonitrile (ACN) of 
analytical-grade were purchased from Merck (Darmstadt, Germany). For 

UHPLC–MS/MS, LC–MS grade reagents were employed: water (VWR 
International, Fontenay-sous-Bois, France) and formic acid (FA) (Fluka, 
Steinheim, Germany). Ultrapure water (18.2 MΩ cm resistivity) purified 
by the NANOpure DiamondTM (Barnstead, USA) system was used. 
Additionally, 25 mm syringe filters with 0.2 μm cellulose acetate 
membrane were supplied by VWR (International Radnor, Pennsylvania, 
USA). 

2.2. Preparation of stock material 

Standard stock solutions containing both PTSO and PTS were pre
pared in three different solvents to test the most adequate for the best 
elution and resolution of the peaks. The solvents used (50% MeOH in 
ultrapure water, 100% MeOH, and 100% ACN) were selected based on 
previous reports (Abad et al., 2016; Pastor-Belda et al., 2020). Pure 
MeOH was finally selected as the resuspension solvent because it 
enabled the best elution and recovery for both compounds. Dilutions of 
the stock solution (10 mg L-1) were performed in MeOH to obtain the 
different working solutions at the desired concentrations (100–2500 ng 
mL-1). These concentrations were chosen so that the highest was the 
minimum employed in previous validated extraction methods of PTSO 
(Abad et al., 2015, 2016; Pastor-Belda et al., 2020). However, to the best 
of our knowledge, no previous studies reported a validated method to 
extract PTS. Thus, the 100–2500 ng mL-1 range was selected to improve 
the sensitivity of the previous methods for PTSO and to propose a new 
method for PTS. 

Broiler feed samples were chosen as the experimental feedstuff ma
trix. Both PTSO and PTS were absorbed into the solid carrier sepiolite 
(from DMC Research Center SL) to ensure a homogeneous addition of 
the organosulfur compounds following the method used in the food 
industry. Then, the enriched sepiolite was incorporated into the feed
stuff to obtain the desired concentrations. A prior analysis was per
formed on the solid carrier spiked with the organosulfur compounds to 
confirm the initial concentrations of 13 μg PTSO g-1 and 30 μg PTS g-1. 

2.3. PTSO and PTS analysis 

2.3.1. Preliminary assay of extraction solvent 
In the first assay, pure DCM, MeOH, and ACN were tested to deter

mine the most suitable solvent to simultaneously extract both com
pounds (Abad et al., 2015, 2016). Broiler feed was spiked with a stock 
solution containing 2.5 mg L-1 of each PTSO and PTS. These tests 
showed that ACN yielded the highest recovery of 87%, versus 81% for 
DCM and 69% for MeOH. Thus, ACN was selected as the extraction 
solvent for further assays. 

2.3.2. Preliminary assay of extraction conditions 
For the preliminary assay a BBD was used to analyze the optimal 

extraction conditions testing 2 independent variables at 3 levels: sol
vent:sample ratios (X1) (5.0, 12.5, and 20.0) and stirring time (X2) (15, 
30, and 45 min). These levels were selected based on previous results 
obtained in our laboratory and the scientific literature (Ramirez et al., 
2017). The extraction yield of PTSO (Y1) and PTS (Y2) were the 
response variables. The BBD generated 7 experimental runs for the 
extraction conditions needed for the Response Surface Methodology 
(RSM) that were randomized and carried out in an unblocked design. A 
set of 3 replicates were forced at the center of the experimental design to 
adequately estimate the pure error sum of squares (Ferreira et al., 2007; 
Díez-Quijada Jiménez et al., 2020; Bodea et al., 2021). 

2.4. Experimental design for the optimization study and target optimal 
levels for the response parameters 

For the optimization study the independent variables were chosen 
based on the preliminary assay. The variation of solvent:sample ratios 
(X1) showed an influence on the yield of PTSO (Y2) and PTS (Y2) 
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modelled by a quadratic equation within the 5–20 interval, thus 
appropriate for RSM optimization procedure. The stirring time (X2) 
showed no influence upon extraction yield and was, therefore, elimi
nated as independent variable (data not shown). Thus, the second in
dependent variable was changed, and the temperature of evaporation 
(X3) was included instead, as most of the organic sulfur compounds of 
the genus Allium are thermolabile (Ilić et al., 2012; Yoo et al., 2014; 
Ramirez et al., 2017). The three chosen values were 20, 35, and 50 ◦C 
because the organic sulfur compounds seem to degrade when exposed to 
temperatures higher than 35 ◦C (Ilić et al., 2012; Yoo et al., 2014). Prior 
to performing the method validation, the stability of these compounds 
was checked in the resuspension solvent (100% MeOH) spiked into the 
matrix. The compounds proved to be stable for at least 6 h at 4 ◦C. So, the 
samples were extracted, injected, and analyzed by UPLC-MS/MS with
ing this period. 

Thus, another BBD with 7 experimental runs was performed with 
solvent/sample ratios (X1) and temperature of evaporation (X3) as in
dependent variables (Table 1). The experimental design was randomized 
and carried out in an unblocked design, with 3 replicates at the center, 
similar to the preliminary study. These experiments were carried out by 
spiking the feed samples at 500 μg g-1 of each compound. 

2.5. PTSO and PTS extraction protocol 

The optimization of the UPLC–MS/MS method for PTSO and PTS 
analysis was performed by acquiring mass spectra for the working so
lutions obtained as explained in section 2.2 and adjusting the mobile 
phase strength. Six calibration standards (100, 250, 500, 750, 1000, and 
2500 μg L-1) were prepared with both compounds, to obtain their 
calibration curves using 100% MeOH. Afterwards, matrix-matched 
calibration curves were prepared at the same concentrations from the 
broilers feed extracts, obtaining linear ranges of 100–2500 μg L-1. 

Control broilers feed samples (1 g) supplied by DMC Research Center 
SL were homogenized and extracted with 19.5 mL ACN, followed by 
shaking in an orbital shaker (15 min), sonication (15 min), and centri
fugation (3700 rpm, 15 min, 20 ◦C). The extracts were evaporated to 
dryness in a rotary evaporator at 20 ◦C and resuspended in 1 mL 100% 
MeOH. Prior to UPLC-MS/MS analysis, the extracts were filtered 
through a syringe filter (0.22 μm). The extraction solvent:sample ratio 
and the temperature of evaporation were set according to the BBD in 
Table 1. 

2.6. Instrumentation and UPLC-MS/MS analysis 

Chromatographic separation was performed using a UPLC Acquity 
(Waters) coupled to a Xevo TQ-S micro (Waters) consisting of a triple 
quadrupole mass spectrometer equipped with an electrospray ion source 
operated in positive mode. The separation was performed on an Acquity 

UPLC BEH C18 1.7 μm (2.1 × 100 mm) column. The injection volume 
was 5 μL and the flow rate was 0.4 mL min− 1. Two different solvents 
were used as a mobile phase: solvent A (water with 0.1% formic acid) 
and solvent B (methanol with 0.1% formic acid). The following gradient 
was used: 0.0–0.5 min 10% B, 0.5–5.0 min from 10% to 100% B, 5.0–7.0 
min 100% B, then 10% B up to 10.0 min. Multiple Reaction Monitoring 
(MRM) was applied, where the parent and fragments ions were moni
tored at Q1 and Q3, respectively. 

The transitions employed for PTSO were 183.1/42.8, 183.16/76.9, 
and 183.1/140.9 and for PTS they were 167.1/72.8, 167.1/42.8, and 
167.1/124.9, choosing the first for quantitation and the others for 
confirmation (Fig. 1). For UPLC-ESI-MS/MS analyses, the mass spec
trometer was set to the following optimized tune parameters: capillary 
voltage: 2.40 kV, desolvation temperature: 500 ◦C, source desolvation 
gas flow: 650 L h− 1 and source cone gas flow: 50 L h− 1. 

2.7. Validation of the method 

The following parameters were studied to validate the method: 
selectivity, limits of detection and quantification, working range, true
ness, and precision, following different analytical guidelines (González 
and Herrador, 2007; Magnusson and Örnemark, 2014; AOAC, 2016). 

Then, 7.7 mg, 38.5 mg, and 77 mg of spiked sepiolite were added to 
1 g of broilers feed sample to obtain the three concentrations needed for 
validation: 100, 500, and 1000 ng g− 1 for PTSO and 500, 1150, and 
2300 ng g− 1 for PTS. 

Table 1 
The extraction yields of PTSO and PTS based on a Box–Behnken design for 
Response Surface Methodology (RSM).  

Sort 
order 

Independent Variables Response—Dependent Variables desir 

X1 

solvent: 
sample 
ratio (w/ 
v) 

X3 

temperature 
of 
evaporation 
(◦C) 

Y1 PTSO 
recovery yield 
(%) 

Y2 PTS 
recovery yield 
(%) 

exp pred 
* 

exp pred 
* 

1 5.00 20.00 70.23 69.29 68.61 67.33 0.00 
2 20.00 20.00 99.64 98.70 91.64 92.93 0.93 
3 5.00 50.00 82.89 81.95 40.83 42.12 0.09 
4 20.00 50.00 94.03 93.09 69.00 67.71 0.60 
5 12.50 35.00 89.87 85.76 99.08 90.14 0.67 
6 12.50 35.00 82.26 85.76 72.09 90.14 0.67 
7 12.50 35.00 81.41 85.76 99.24 90.14 0.67 
p-value ** 1.000 0.619   

Fig. 1. MRM chromatograms by UPLC–MS/MS of a) PTSO and b) PTS spiked in 
feed matrix; c) mass spectra of PTSO; d) mass spectra of PTS. 
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The extractions were performed for each concentration in triplicate 
per day, on 3 different days, covering the working range, following the 
protocol described in section 2.5. Finally, the results were compared 
with the respective tabulated reference values at each concentration 
level, according to AOAC (2016). The detection and quantification limits 
(LOD and LOQ) were obtained using the standard deviation (SD) of the 
response and the slope of the calibration curves, following the equation 
3xSD/slope and 10xSD/slope, for LOD and LOQ, respectively. The SD 
was calculated from the calibration curve using the residual standard 
deviation of the regression line (ICH Harmonised Tripartite Guideline, 
2005; Miller and Miller, 2000). 

2.8. Application of the validated method to feed samples 

At the end of the validation assays, a set of 6 feed samples containing 
PTSO and PTS was analyzed in triplicate by the validated method. Four 
samples contained only PTSO (ruminants, broilers, lactating pigs, and 
hens (1) feed), and two samples contained both PTSO and PTS (hens (2) 
and fish feed). 

2.9. Statistical analyses and model fitting 

XLSTAT (version 2021.3.1) and Minitab® (version 19.2020.1) sta
tistical programs were used to create and analyze the Box–Behnken 
experimental design (BBD). Response Surface Methodology (RSM) was 
used on a BBD for the preliminary and optimization study. Two 
continuous explanatory variables (X1: solvent:sample ratio, X2: stirring 
time) each with 3 levels were chosen for the preliminary study, while in 
the optimization study only X1 was kept, and another continuous 
explanatory variable was introduced (X3: temperature of evaporation). 
The effect of the independent variables was modelled on the recovery 
yields of the 2 compounds (Y1: yield of PTSO and Y2: yield of PTS). The 
linear, interaction, and squared coefficients of the RSM were determined 
by least squares regression. The terms for the mathematical model were 
selected by a stepwise approach with an α ≤ 0.15 for a term to enter the 
model. Additional terms were added in the final step to maintain the 
hierarchical model because the method intended for a simultaneous 
extraction of the 2 compounds with interlinked subsequent steps. Two- 
dimensional response surface charts and desirability functions were 
developed after obtaining the model equations. The fitting of the model 
was performed by analysis of variance (ANOVA) and Mann–Whitney 
two-tailed test. The recovery yields were set to maximum for the opti
mization procedure. The statistical validation of the optimum extraction 
conditions was done by comparing the theoretical values with new 
experimental runs by an independent sample t-test and regression 
analysis. Precision and recovery for the validation of the extraction and 
quantification method were obtained by applying a one-way ANOVA; 
statistical significance was considered at p < 0.05. 

3. Results and discussion 

3.1. Optimization study 

The recovery yields of PTSO and PTS obtained with varying solvent: 
sample ratios and temperatures set for the rotary evaporator, as gener
ated by BBD, were analyzed by RSM. The experimental and the pre
dicted yields are presented in Table 1. The Mann–Whitney two-tailed 
test showed that the experimental and predicted values are statisti
cally similar at a significance level of α = 0.001. 

Where: exp—experimental values; pred—values predicted by the 
RSM model; desir—overall desirability (0 … 1); * the predicted value 
resulted from the model optimizing the extraction of PTSO and PTS; ** 
Mann–Whitney two-tailed test (α = 0.001) of the experimental data 
versus the values predicted by the model optimizing the PTSO and PTS 
yields. 

The model generated by RSM consisting of 2 polynomial equations 

was a good fit for the experimental recovery yields (Table 2). The lack- 
of-fit of the obtained model was not significant for either compound at 
levels higher than p = 0.619. 

Where: the explanatory variables were coef—coded coefficients. A 
stepwise selection of terms was used with α ≤ 0.15 for a hierarchical 
model; NA—not applicable, the parameter was removed from the 
model. 

The model equations within the interval (X1: 5 … 20 and X2: 20 … 
50 ◦C) in uncoded units for both compounds are presented in equations 
(1) and (2).  

Y1 = 47.000 + 2.773∙X1 + 0.625∙X3 - 0.040 X1∙X3                            (1)  

Y2 = 35.400 + 11.760∙X1 - 0.840∙X3 - 0.402∙X1
2                               (2) 

where: Y1: recovery yield of PTSO; Y2: recovery yield of PTS; X1: solvent: 
sample ratio; X3: extraction temperature (◦C). 

The RSM contour plots (Fig. 2) show the effect of the 2 continuous 
predictors (X1: solvent:sample ratio and X3: evaporation temperature) 
upon the recovery yield of each of the 2 compounds. The solvent:sample 
ratio seemed to positively influence the yields of both PTSO and PTS, 
with a greater impact on the latter (b1PTS > b1PTSO). But, while the effect 
appeared linear (p = 0.036) for PTSO, it was quadratic for PTS (p =
0.105, at a significance level of α = 0.15). This means that the negative 
coefficient (b11 = - 0.402) for the quadratic variable created a parabolic 
curve with one maximum, within the tested range. These tendencies 
were reported only in the present study, as it is the first time that PTSO 
and PTS are determined simultaneously and support the optimization 
procedure within the selected range. On the other side, the data show 
that the evaporation temperature affects differently the 2 compounds: it 
seemed to positively influence the recovery yield of PTSO (b3 = 0.625), 
while negatively affecting, and to a higher extent, the yield of PTS (b3 =
- 0.840). This might explain why the optimization of the simultaneous 
extraction was so tedious and difficult to accomplish. 

By using the RSM, a desirability function (equation (3)) was gener
ated that permitted determining the mathematical optimum of the 2 
independent variables, within the tested ranges. The optimization pro
cedure was run against the RSM model taken as a system of 2 equations 
with only one possible solution. By doing this, the values of the inde
pendent variables that jointly optimize the recovery yields of both 
compounds were determined.  

D = − 0.933 + 0.197∙X1 + 7.843∙10− 3∙X3 - 4.665 ∙10− 3∙X12 - 9.440 ∙10− 3 

∙X1∙X2                                                                                         (3) 

Thus, after the optimization analysis, the model suggested that the 
optimum solvent:sample ratio is 19.5 and the optimum evaporation 
temperature 20 ◦C, with a composite desirability D = 0.931. Although 
other authors have previously managed to extract PTSO using a solvent: 
sample ratio of around 10 (Abad et al., 2015, 2016), this study shows 
that a ratio of 19.5 is needed for the simultaneous extraction of PTSO 
and PTS. The desirability of each run in the BBD experimental design 

Table 2 
Model parameters (coded coefficients), p-values, and goodness of fit statistics 
obtained by Response Surface Methodology (RSM) for each of the 2 response 
variables (Yi).  

Coefficient Y1 PTSO recovery Y2 PTS recovery 

coef p coef p 

Intercept b0 85.76 0.000 90.14 0.001 
Linear b1 10.14 0.016 12.80 0.140 

b3 1.76 0.458 − 12.61 0.145 
interaction b13 − 4.57 0.115 NA NA 
Quadratic b11 NA NA − 22.62 0.105 

b33 NA NA NA NA 
R2 0.91 – 0.81 – 
Lack-of-fit – 0.602 – 0.884 
The model – 0.046 – 0.128  
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was also assessed by using equation (3) (Table 1). 
The new validation experimental results were within an error of 

prediction of 14.88% (Table 3). Additionally, a Mann–Whitney two- 
tailed test showed no significant difference between the values pre
dicted by the proposed model and new experimental data. Thus, the 
model was validated for both PTSO and PTS. 

3.2. Calibration characteristics 

3.2.1. Linearity 
Two 6-point calibration curves were obtained for PTSO and PTS by 

plotting the responses as a function of concentrations of the various 
standards obtained for both compounds spiked in broiler feed extracts. 
The linear range was between 100 and 2500 ng g− 1. The obtained 
regression equations were: y = 163.49x-2160.7 for PTSO (R2 = 0.9926, 
and y = 3177.8x+231716 for PTS (R2 = 0.9970) (Fig. 3). 

The corresponding Huber plots were obtained with these calibration 
points (Fig. 4), representing the relationship between the signal 
response/analyte concentrations against the analyte concentrations 
(Huber, 1998). The target line in Fig. 4 represents the median signal/ 
concentration calculated for all the assayed concentrations, and the two 
action lines represent 95 and 105% of this median value. The obtained 
values for all tested concentrations were within the median value ± 5% 
for both PTSO and PTS. Thus, the method demonstrates its linearity 
within the range 100–2500 ng g− 1 for both compounds. 

3.2.2. Limits of detection and quantification 
The values obtained for LOD and LOQ are shown in Table 3. Both 

values for PTSO (0.082 and 0.272 ng g− 1, respectively) were much lower 
than those reported by Abad et al. (2016) using UHPLC-MS/MS (130 and 
440 ng g− 1, respectively), and by Pastor-Belda et al. (2020) using GC-MS 

(6–100 and 20–340 ng g− 1, respectively, depending on the extraction 
technique). Moreover, the present study is the first of its kind because it 
shows the simultaneous detection and quantification by UPLC-MS/MS of 
individual PTSO and PTS compounds, with good sensitivity for PTS as 
well (LOD and LOQ of 0.095 and 0.317 ng g− 1, respectively). Thus, the 
current study builds upon the method proposed by Abad et al. (2016) by 
lowering the LOD and LOQ and manages to validate it for PTS as well. 

In addition, UHPLC-MS/MS is a powerful analytical technique which 
provides shorter times of analysis, acquires a high degree of versatility, 
and it has the ability to easily separate a wide variety of chemical 
mixtures (Martín-García et al., 2020). Other chromatographic systems, 
such a GS-MS, need a prior sample pre-treatment (Talhaoui et al., 2015). 

3.2.3. Selectivity and matrix effects 
The proposed method determines PTSO and PTS by the optimization 

of MRM transitions characteristic of each compound, in adition to the 
corresponding area ratio between them, as it is described in section 2.6. 
In this way, PTSO and PTS can be determined without interferences from 
other components of similar behaviour in the feed matrix (feedstuff) 
where the analytes were spiked, as it can be seen in Fig. 1a and b. 
Following Barwick (2016), the method selectivity is considered 
appropriate. 

The matrix effect (ME) can be affected by multiple factors such as: 
the properties of the analytes,the matrix composition, and the amount of 
sample (Li et al., 2014). ME was calculated considering the solvent and 
matrix calibrations curves for each compound, as: 100 x [(slope 
matrix/slope solvent)-1], expressed in percentage. The values obtained 
were − 27.40 for PTSO and − 38.60 for PTS, showing in both cases a 
medium matrix effect (|20| < ME < |50|). Although no strong matrix 
effects were observed in the present study, the decreases in PTSO and 
PTS signals highlight the need to use matrix-matched calibration curves 

Fig. 2. Response Surface Methodology (RSM) contour plots of extraction parameters on the recovery yield of PTSO and PTS.  

Table 3 
Recovery estimations (experimental, predicted, and error (%)); within-day repeatability (Sw); between-day repeatability (SB); intermediate precision (SIP); and its 
relative standard deviation (%RSDIP) for PTSO and PTS. Limits of detection (LOD) and quantification (LOQ).   

Concentration level (ng 
g− 1) 

Validation parameters 

Exp Recovery 
(%) 

Pred Recovery 
(%) 

% Error of 
pred 

P 
value* 

SW SB SIP RSDIP 

(%) 
LOD (ng 
g− 1) 

LOQ (ng 
g− 1) 

PTSO 100 109.35 97.71 − 11.64 0.26 7.84 3.64 6.74 6.16 0.082 0.272 
500 105.83 97.71 − 8.12 34.41 46.05 38.68 7.31 
1000 107.65 97.71 − 9.94 44.82 92.92 64.94 6.03 

PTS 500 109.48 95.00 − 14.48 0.70 21.94 6.82 18.34 3.35 0.095 0.317 
1150 109.99 95.00 − 14.88 83.75 110.96 93.70 7.42 
2300 105.91 95.00 − 10.91 236.49 237.57 255.14 10.47 

Acceptable ranges for RSDAOAC (%): 15% for 100 ng g− 1, 11–15% for 500 ng g− 1 and 7.5–11% for 1000, 1150 and 2300 ng g− 1. Acceptable ranges for RecoveryAOAC 
(%): 80–110% for all concentration levels. Where: exp - experimental values; pred - values predicted by the RSM model, resulted from the model optimizing the 
extraction of PTSO and PTS; * - Mann–Whitney two-tailed test (α = 0.001) of the experimental data versus the values predicted by the model optimizing the PTSO and 
PTS extraction. 
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for quantification to obtain more accurate results. These signals sup
pressions were also reported by Abad et al. (2016) for PTSO by the 
significant ME reported in most of the matrices and concentrations 
tested, due to the alteration of ionization efficiency. 

3.3. Precision, trueness and recovery studies 

The measurement uncertainty assayed in the present study included 
repeatability and intermediate precision (Barwick, 2016). Repeatability 
expresses the precision evaluated under the same experimental condi
tions over a short time interval, and intermediate precision corre
sponding to the values obtained in different days, different analysts or 
equipment (inter-assay precision) (González et al., 2010). Moreover, 
trueness represents the closeness of agreement between a test result and 
the accepted reference value of the measured analyte, and it can be 
assessed by spiking and recovery (González et al., 2010; Magnusson and 
Örnemark, 2014). Table 3 shows the values obtained for repeatability 
(within-day repeatability, Sw, or between-day repeatability, SB), inter
mediate precision (SIP), and SIP relative standard deviations (%RSDIP). 

Three replicates of broilers feed extracts were spiked with standard so
lutions containing both PTSO (100, 500, and 1000 ng PTSO g− 1) and PTS 
(500, 1150, and 2300 ng PTS g− 1) at different concentrations on the 
same day and on three different days following the ICH guidelines (ICH 
Harmonised Tripartite Guideline, 2005). Afterwards, an ANOVA was 
performed for each validation standard according to González et al. 
(2010) and González and Herrador (2007). The relative standard de
viations (%RSDIP) obtained for each compound were compared with the 
expected RSD values obtained from the AOAC Peer Verified Methods 
Program (AOAC, 2016) depending on the assayed concentration level as 
follows: 15% for 100 ng g− 1; 11–15% for 500 ng g− 1; 11% for 1000 ng 
g− 1; and 7.3–11% for 1150 and 2300 ng g− 1. In all cases and at all 
assayed concentrations the % RSDIP values calculated for PTSO and PTS 
were lower or in the range specified by the AOAC expected values; thus, 
the proposed method can be considered as precise (Table 3). 

Trueness can be expressed as the bias or recovery obtained for each 
calibration standard assayed. The total recovery for each calibration 
standard is defined as the ratio between the observed estimation of each 
concentration, and the “true” value T, expressed as percentage or as 
fraction. The recoveries (%) computed for the three calibration stan
dards for each compound considered (100, 500 and 1000 ng g− 1 for 
PTSO, and 500, 1150 and 2300 ng g− 1 for PTS) are shown in Table 3. The 
recovery yields obtained in the present study (106–109% for PTSO and 
106–110% for PTS) agree with those proposed by AOAC (2016) and 
González and Herrador (2007), and in all cases they are within the range 
80–110% (Table 3). Thus, the method can be considered acceptable in 
terms of trueness and recoveries. These results are a bit higher than 
those obtained by Abad et al. (2016) for PTSO in broilers feed spiked at 
1000 ng g− 1 (94.6%). 

3.4. Application to different matrices 

The proposed method was applied to extract and quantify PTSO and/ 
or PTS in several feed samples provided by DMC Research Center SL, as 
explained in section 2.8, to ensure its applicability to different feed 
matrices,. The sensitivity obtained in this method, with adequate LOD 
and LOQ values, has allowed the quantification of these compounds in 
the tested matrices, showing the recoveries presented in Table 4. 

Fig. 3. Calibration curves for (a) PTSO and (b) PTS spiked in broilers feed extracts, with a linear range within 100 and 2500 ng g− 1.  

Fig. 4. Response linearity in broilers feed by the Huber plots for (a) PTSO and 
(b) PTS. 

Table 4 
Recovery study of real feed samples used in agri-food industry. Mean recoveries 
(%) for PTSO and PTS and their standard deviation (SD, %).  

Matrix 
(feed) 

PTSO Mean 
recovery (%) 

PTSO SD 
(%) 

PTS Mean 
recovery (%) 

PTS SD 
(%) 

Ruminants 100.21 2.85 – – 
Broilers 104.72 4.13 – – 
lactating 

pigs 
102.20 4.63 – – 

hens 1 101.46 0.51   
hens 2 87.45 4.48 100.06 1.39 
Fish 100.90 4.04 96.67 1.46  
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4. Conclusions 

This study presents for the first time a method for the simultaneous 
determination and quantification of PTSO and PTS in feed samples. The 
parameters of the extraction method were optimized by RSM using a 
Box–Behnken design. The method was validated using solid-liquid 
extraction and UPLC-MS/MS and showed adequate linearity and sensi
tivity, precision, and recovery yields. Additionally, the method was 
applied to real feed samples spiked by the agri-food industry success
fully. This suggests the possible application of the proposed method in 
the industry and monitoring programs of feed additives, to ensure safety 
and efficacy. 
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Córdoba, M., Vinãs, P., 2020. A rapid dispersive liquid-liquid microextraction of 
antimicrobial onion organosulfur compounds in animal feed coupled to gas 
chromatography-mass spectrometry. Anal. Methods 12, 2668–2673. https://doi.org/ 
10.1039/d0ay00632g. 
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Peinado, M.J., Ruiz, R., Echávarri, A., Rubio, L.A., 2012. Garlic derivative propyl 
propane thiosulfonate is effective against broiler enteropathogens in vivo. Poultry 
Sci. 91, 2148–2157. https://doi.org/10.3382/ps.2012-02280. 
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