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Abstract 

The widespread use of sulfonamides can result in the residue of sulfonamides in the foods of animal origin that are 
the major concerns of consumers and regulatory bodies due to their adverse reaction such as the development 
of antibiotic resistance. A rapid and efficient multi‑residue analytical method was developed to screen and confirm 
31 sulfonamides in livestock samples in a single run, using ultra‑high‑performance liquid chromatography com‑
bined with comprehensive mass spectrometric approaches. In this study, a novel sample preparation procedure 
was used, based on a modified QuEChERS method (Quick, Easy, Cheap, Effective, Rugged, and Safe). The linearity, 
sensitivity, accuracy, and precision of the method were validated according to the Codex guidelines. The response 
of the detector was linear for each target compound over a wide concentration range, with a correlation coeffi‑
cient  (r2) greater than 0.98. The limit of detection (LOD) and limit of quantification (LOQ) ranged from 0.3 to 5 ng g−1 
and from 1 to 19 ng g−1 and the average recoveries (%) for three laboratories ranged from 85 to 109% with a CV (n = 5) 
below 22%. The applicability of this screening method was verified using real livestock samples. The proposed analyti‑
cal method achieves identification and quantification of target sulfonamides at trace levels in a short analysis time. 
None of the samples contained residues that exceeded the maximum residue limit (MRL).
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Introduction
Sulfonamides are added in products of animal origin to 
control and prevent diseases owing to their relatively 
low cost, low toxicity, and excellent antibacterial activity 
against common bacteria. Sulfonamides form one of the 
most widely administered classes of antibiotics [1]. They 

have a common structure of an unsubstituted amine on 
the benzene ring and a sulfonamide group parallel to the 
amine. The nitrogen of the sulfonyl amine group is des-
ignated as  N1, and the nitrogen in the para-amino group 
is denoted as  N4. Sulfonamides are N-substituted deriva-
tives of sulfanilamide that inhibit bacterial growth by 
acting as competitive inhibitors of p-aminobenzoic acid 
during the folate metabolic cycle [2]. This inhibition leads 
to reduced availability of the reduced folic acid, which is 
essential for nucleic acid-based systems [3].

The use of sulfonamides can lead to sulfonamide 
residues in foods of animal origin, causing adverse 
reactions such as thyroid follicular tumors and the 
development of antibiotic resistance. Such issues are 
major concerns among consumers and regulatory 
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bodies, increasing worries on food safety [4, 5]. The 
emergence of drug residues in animal-derived prod-
ucts have led governments in the United States, Euro-
pean Union, Japan, and other countries to establish 
surveillance programs [6]. The European Union set a 
maximum residue limit (MRL) of 100  μg   kg−1 for sul-
fonamides in food of animal origin such as meat, milk, 
and eggs [7]. The Codex Alimentarius Commission set 
MRL of 20 and 100  μg   kg−1 for sulfonamides in cat-
tle milk and animal origin (muscle, fat, kidney, and 
liver) products, respectively [8]. Korea set a MRL of 
100 μg  kg−1 as a total of sulfonamides in livestock prod-
ucts, whereas the same value was set as limit of quanti-
fication (LOQ) levels for eggs (Korea Food code, 2022).

Numerous analytical methods have been developed 
for the screening and quantification of sulfonamides 
in livestock products [9]. Such analytical methods are 
mainly based on microbiological assays [10], immu-
noassays [11], capillary electrophoresis [12], high per-
formance liquid chromatography with diode array 
detection (HPLC–DAD) [13], gas chromatography-
mass spectrometry (GC–MS) [14], liquid chromatogra-
phy-mass spectrometry (LC–MS) [15], and hydrophilic 
interaction chromatography-mass spectrometry [16]. 
A reported GC–MS method required chemical deri-
vatization of the polar sulfonamides owing to their low 
volatility and extensive cleanup to overcome matrix 
interference [17]. HPLC-based methods have received 
considerable attention as analytical methods: HPLC 
with photodiode array (PDA) detection has been used 
to measure several sulfonamide residues in foods of 
animal origin [18]. HPLC combined with ultraviolet 
detection (UV) is the most widely applied technique 
for analysis of sulfonamide residues [19]. A common 
problem arising in the extraction of sulfonamides from 
biological matrices is the presence of natural organic 
components in the sample, which reduce the extraction 
efficiency and interfere with detection. Sample prepa-
ration procedures such as solid-phase extraction (SPE), 
liquid–liquid extraction (LLE), and matrix solid-phase 
dispersion (MSPD) have been used for the extraction of 
sulfonamides from meat and milk [20, 21].

In this study, a rapid, sensitive, and reliable method 
was developed for the simultaneous determination of 
31 sulfonamides in livestock products. Ultra-high-per-
formance liquid chromatography was used with tandem 
mass spectrometry as a detector, equipped with electro-
spray ionization with a triple quadrupole analyzer. Sam-
ple preparation involved a modified QuEChER extraction 
method and dispersive-solid phase extraction (d-SPE) as 
well as cleanup with n-hexane saturated with acetonitrile. 
The developed method was validated based on the Codex 
guidelines (CAC/GL 71-2009) and tested on real samples 

to confirm the simultaneous determination of the target 
compounds.

Previous studies have proposed many simultaneous 
analytical methods for sulfonamides, but only up to 23 
sulfonamides were analyzed in livestock samples, and 
no analytical methods have analyzed sulfanilamide, suc-
cinylsulfathiazole, and phthalylsulfathiazole simultane-
ously [22, 23]. In order to manage as many sulfonamides 
as possible in accordance with the implementation of the 
Positive List System (PLS) by the Ministry of Food and 
Drug Safety (MFDS) of the Korea, an analytical method 
that can analyze 31 sulfonamides was developed. There-
fore, this is the first study to demonstrate the screening 
and confirmation of 31 sulfonamides including sulfanila-
mide, succinylsulfathiazole, and phthalylsulfathiazole, 
which have been difficult to analyze simultaneously in 
livestock products.

Materials and methods
Chemicals and reagents
High-purity (> 98%) sulfonamide standards such as suc-
cinylsulfathiazole, sulfabenzamide, sulfacetamide, sul-
fachlorpyrazine, sulfachlorpyridazine, sulfadiazine, 
sulfadoxine, sulfaguanidine, sulfalene, sulfamerazine, 
sulfameter, sulfamethazine, sulfamethoxazole, sulfameth-
oxypyridazine, sulfaperin, sulfaphenazole, sulfapyrazole, 
sulfathiazole, sulfatroxazole, and sulfisomidine were 
obtained from Dr. Ehrenstorfer (Augsburg, Germany). 
Sulfadimethoxine, sulfaethoxypyridazine, sulfamethizole, 
sulfamonomethoxine, sulfamoxol, sulfanilamide, sulfapy-
ridine, sulfaquinoxaline, sulfisoxazole, and phthalyl sul-
fathiazole were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Sulfanitran was purchased from Santa Cruz 
Biotechnology (Dallas, TX, USA).

HPLC-grade acetonitrile, methanol, n-hexane, and 
water were purchased from Merck (Darmstadt, Ger-
many). Formic acid (> 99%), acetic acid (> 99%), sodium 
chloride (NaCl), and sodium acetate (NaOAc) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Anhydrous sodium sulfate  (Na2SO4) and anhydrous mag-
nesium sulfate  (MgSO4) were supplied by JUNSEI Chem-
icals (Tokyo, Japan). Ammonium formate (> 98%) was 
supplied by Alfa Aesar (Ward Hill, MA). Primary second-
ary amine (PSA) was purchased from Agilent Technolo-
gies (CA, USA). C18 powder (particle size = 55–105 µm, 
pore size = 125  Å) was purchased from Waters (Mil-
ford, MA, USA). Nylon filters (diameter = 15  mm, pore 
size = 0.2 μm) were purchased from Teknokroma (Barce-
lona, Spain).

Standard solutions
Sulfonamide standards were accurately weighed and dis-
solved in methanol to prepare stock standard solutions 
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for each compound at a concentration of 1000 µg  mL−1. 
A working solution (16 µg  mL−1) containing 31 sulfona-
mides was prepared in acetonitrile by mixing the stock 
standard solutions. The stock and working solutions were 
stored in glass amber vials at −  20 ℃. Mixed standard 
solutions varying from 0.05 to 4 µg  mL−1 were diluted in 
ACN and were used to spike the livestock samples.

Sample collection
Livestock product samples were collected between July 
and November 2022. The collected samples comprised 
six different types of livestock products [beef (25), pork 
(54), chicken (25), eggs (13), and milk (12)] commercial-
ized in South Korea. Samples were randomly purchased 
from different markets in Seoul, Gyeonggi, Gangwon, 
Chungcheong, Jeolla, and Gyeongsang. All samples were 
ground using a food blender and were stored in plastic 
bags in a freezer (− 20 ℃) until analysis.

Sample preparation—method development
Each sample was extracted with 10  mL of (1) ACN, (2) 
0.1% Acetic acid in ACN, (3) 1% Acetic acid in ACN upon 
mixing in a shaker for 10 min and centrifuged at 4700 × g 
at 4 ℃ for 10 min. As a salt combination, (1) NaCl 1 g, (2) 
NaCl 1 g, MgSO4 2 g, (3) NaOAc 1 g, MgSO4 2 g, (4) NaCl 
1 g, Na2SO4 2 g were added and, after shaking for 10 min, 
the mix was centrifuged at 4700 × g at 4 ℃ for 10  min. 
the mixture stands for 30  min at -20 ℃. The superna-
tant resulting from any of the extraction procedures was 
transferred to 15 mL centrifuge tube containing (1) C18 
500 mg, (2) C18 300 mg, PSA 300 mg, (3) C18 300 mg, 
PSA 150 mg, (4) C18 150 mg, PSA 150 mg. The tube was 
shaken for 10 min and centrifuged at 4700 × g at 4 ℃ for 
10  min. and 10  mL of hexane saturated with ACN was 
added and mixed with the extracts. The 5 mL of super-
natants was transferred to a centrifuge tube. After that, 
evaporation and filtration steps were performed. The 
supernatant was concentrated at 40  ℃ by evaporation 
with a nitrogen stream to dryness, and the dried samples 
was reconstituted with (1) 50% MeOH (1:1, v/v), (2) 50% 
ACN (1:1, v/v), (3) 25  mM AF in water/ACN (3:1, v/v), 
and (4) 25  mM AF in water/MeOH (3:1, v/v) followed 
by filtration through a syringe filter of pore size 0.2 µm. 
Filtration with Nylone cartridge were compared to study 
filtration loss.

Sample preparation—final method
Livestock products (2.0 g) were placed in 50 mL polypro-
pylene centrifuge tubes and extracted with 10.0 mL of 1% 
acetic acid in ACN upon mixing in a shaker for 10 min 
and centrifuging at 4700 × g at 4  ℃ for 10  min. The 
extracts were transferred to tubes containing 2 g  Na2SO4 
and 1 g NaOAc. The mixture was mixed in a shaker for 

10 min and centrifuged at 4700 × g at 4 ℃ for 10 min. The 
supernatant was then transferred to a 50 mL centrifuge 
tube and kept at − 20 ℃ for 30  min to promote protein 
precipitation. After 30  min, the samples were immedi-
ately centrifuged at 4700 × g at 4 ℃ for 10 min and trans-
ferred to a 50 mL centrifuge tube containing 300 mg of 
C18 powder and 150 mg of PSA. Next, 10 mL of hexane 
saturated with ACN was added and the samples were 
mixed and centrifuged at 4700 × g at 4 ℃ for 10 min. The 
supernatant (5 mL) was transferred to a 15 mL centrifuge 
tube and evaporated under nitrogen stream to dryness 
at 40 ℃. The residues were reconstituted with 750 µL of 
25 mM ammonium formate in water (adjusted to pH 4.0 
with a small amount of formic acid) and 250  µL ACN. 
Finally, the extract was filtered through a 0.2  µm nylon 
syringe filter and injected to the LC–MS/MS instrument.

LC–MS/MS conditions
The liquid chromatography-electrospray tandem mass 
spectrometry (LC–ESI–MS/MS) setup consisted of a 
Shimadzu Nexera X2 system (Kyoto, Japan) connected 
to a Shimadzu LCMS-8060 (Kyoto, Japan). LC analysis 
was performed on a C18 column (100 mm × 2.1 mm, par-
ticle size = 2.0 μm; Shimadzu, Shim-pack, GIS) at 40 ℃. 
The flow rate was 0.3  mL   min−1 and the mobile phase 
consisted of (A) 0.1% formic acid in water/ACN (95/5, 
v/v) and (B) 0.1% formic acid in water/ACN (5/95, v/v). 
The injection volume was 5 µL and the gradient was set 
as: 0  min, 20% B; 0–5  min, linear increase to 35% (B); 
5–9 min, linear increase to 95% (B); 9–10 min, 95% (B); 
10–10.1  min, linear decrease to 20% (B); 10.1–12  min, 
20% (B).

The MS/MS detection system included an electro-
spray ionization (ESI) source. The ESI parameters in 
the positive or negative ion mode were as follows: posi-
tive interface voltage = 3.0  kV, negative interface volt-
age =  − 3.0 kV, interface temperature = 350 ℃, heat block 
temperature = 300  ℃, desolvation line (DL) tempera-
ture = 150 ℃, nebulizing gas flow = 3.0 L  min−1, and dry-
ing gas flow = 10  L   min−1. MS/MS was operated in the 
multiple reaction monitoring (MRM) mode to achieve 
highly sensitive and selective analysis for trace residues. 
The MS/MS parameters of the MRM method were opti-
mized for each compound using automated flow injec-
tion analysis of individual standard solutions. The Lab 
solutions (Ver. 5.99) software was used for instrument 
control and data processing. Table  1 lists the LC–ESI–
MS/MS parameters of sulfonamide analysis.

Method validation
The performance of the proposed method was validated 
according to the Codex guidelines (CAC/AL 71-2009), 
using livestock samples (beef, pork muscle, pork fat, 
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chicken, eggs, and milk) as the primary matrix. In case of 
pork, the fat content can be much higher depending on 
the meat. In particular, pork fat is separated and used for 
cooking, and is used for various purposes such as frying, 
stir-frying, and baking. Thus, validation was performed 
on pork muscle and fat, separately. The following param-
eters were evaluated for each sulfonamide: selectivity, 
linearity, accuracy, precision, limit of detection (LOD), 
and limit of quantification (LOQ). To test the selectiv-
ity of the method, blank livestock samples were analyzed 
and checked for interference at the retention times of the 
target compounds. Matrix-matched calibration curves 
were used to evaluate linearity. Calibration curves were 
prepared for each matrix at concentrations defined by the 

response of each analyte. The linearity of the method was 
evaluated by calculating the regression line and expressed 
as the coefficient of correlation (r2). The accuracy and 
precision of the method were determined by repeatedly 
analyzing livestock samples spiked at concentrations of 
0.5 × MRL, 1 × MRL, 2 × MRL or 1 × LOQ, 2 × LOQ, and 
10 × LOQ, and by calculating the coefficient of variation 
(CV %) of five measurements per day for each concentra-
tion. The recovery was used to evaluate the accuracy of 
the method. The sensitivity of the method was evaluated 
by determining the LOD and LOQ values. The LOD of 
the method was calculated by multiplying the standard 
error of the intercept by 3.3 and dividing the resulting 
number by the slope of the calibration curve. The LOQ 

Table 1 LC–ESI–MS/MS parameters for 31 sulfonamides

* Quantification ions were underline

Compounds (abbreviation) Molecular 
weight (g/
mol)

Retention 
time (min)

Ionization mode Precursor 
ion (m/z)

Product ion (m/z) Collision energy (eV)

Sulfaguanidine (SGA) 214.2 1.08 Positive 215.2 92.2 156.1 108.2 19, 16, 22

Sulfisomidine (SSD) 278.3 1.09 Positive 279.3 124.3 186.2 92.2 24, 13, 10

Sulfanilamide (SNA) 172.2 1.23 Positive 173.3 93.2 65.3 156.2 19, 26, 29

Sulfacetamide (SAA) 214.2 1.70 Positive 215.3 156.1 92.2 65.2 17, 10, 26

Sulfadiazine (SDZ) 250.3 1.80 Positive 251.3 156.2 92.2 108.2 17, 18, 22

Sulfathiazole (STZ) 255.3 1.80 Positive 256.3 156.2 92.2 108.2 17, 10, 11

Succinylsulfathiazole (SSTZ) 355.4 1.97 Positive 356.3 256.2 192.2 108.2 13, 13, 23

Sulfapyridine (SPD) 249.3 1.97 Positive 250.3 156.2 92.2 108.2 11, 18, 11

Sulfamerazine (SMR) 264.3 2.24 Positive 265.2 156.2 92.2 108.2 17, 21, 21

Sulfamoxole (SMX) 267.3 2.24 Positive 268.3 156.1 92.3 108.2 17, 10, 21

Sulfamethizole (STZ) 270.3 2.62 Positive 271.2 156.2 92.2 108.3 29, 10, 20

Sulfamethoxypyridazine (SMPD) 280.3 2.64 Positive 281.3 156.2 92.2 108.2 17, 10, 20

Sulfaperin (SPR) 264.3 2.65 Positive 265.2 108.2 92.2 156.2 20, 29, 11

Sulfamethazine (SMZ) 278.3 2.75 Positive 279.2 186.2 124.2 92.2 13, 13, 18

Sulfameter (SMT) 280.3 2.85 Positive 281.3 156.1 92.3 108.2 11, 10, 11

Sulfamonomethoxine (SMMX) 280.3 3.29 Positive 281.3 156.1 92.2 108.2 17, 18, 29

Sulfalene (SFL) 280.3 3.50 Positive 281.3 156.2 92.3 108.2 18, 10, 21

Sulfachloropyridazine (SCPD) 284.0 3.70 Positive 285.1 156.2 92.2 108.2 29, 10, 21

Phthalylsulfathiazole (PSTZ) 403.4 3.80 Positive 404.1 256.1 156.1 149.1 18, 11, 16

Sulfadoxine (SDX) 310.3 4.07 Positive 311.2 156.1 92.1 108.2 16, 17, 22

Sulfamethoxazole (SMXZ) 253.3 4.07 Positive 254.3 156.1 92.2 65.2 17, 17, 12

Sulfaethoxypyridazine (SEPD) 294.3 4.07 Positive 295.3 156.2 92.2 108.2 17, 10, 21

Sulfatroxazole (STX) 267.3 4.27 Positive 268.2 92.2 156.1 108.2 10, 17, 24

Sulfisoxazole (SSZ) 267.3 4.55 Positive 268.3 156.2 113.3 92.2 16, 21, 18

Sulfabenzamide (SBZ) 276.3 5.32 Positive 277.3 156.1 92.2 108.2 11, 10, 21

Sulfachloropyrazine (SCP) 284.3 5.39 Positive 285.3 92.2 108.2 156.2 10, 20, 28

Sulfadimethoxine (SDM) 310.3 5.49 Positive 311.2 156.2 92.2 108.2 17, 10, 11

Sulfaquinoxaline (SQX) 300.3 5.52 Positive 301.2 156.2 108.2 92.2 16, 15, 18

Sulfaphenazole (SPZ) 314.3 5.76 Positive 315.3 158.2 160.2 131.2 17, 17, 25

Sulfapyrazole (SPY) 328.4 6.48 Positive 329.3 172.2 131.2 145.2 18, 14, 15

Sulfanitran (SNT) 335.3 7.22 Negative 334.3 136.2 270.2 137.2 13, 18, 29
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was calculated by multiplying the intercept by 10 and 
dividing the resulting value by the slope. The LOD and 
LOQ represent the minimum analyte concentrations that 
could be accurately identified and quantified, respec-
tively, using the proposed method.

To evaluate the ruggedness of the method, an inter-lab-
oratory study was conducted using six livestock materi-
als (beef, pork muscle, pork fat, chicken, egg, and milk), 
processed in three laboratories in Korea. Each sample 
was prepared and analyzed following our developed 
procedure at each of the three participating laboratories 
using individual LC–ESI–MS/MS systems. The accuracy 
and precision of five replicate measurements per labora-
tory were expressed as the recovery (%) and coefficient of 
variation (CV, %).

Matrix effects
LC–MS/MS techniques allow the matrix components 
present in the sample to interfere with analytes in the ion 
source, thereby increasing or decreasing analyte ioniza-
tion [24]. Matrix effects occur when the ionization of an 
analyte in a mass spectrometer source is suppressed or 
enhanced (less frequently) by co-eluting materials. The 
main sources of matrix effects in samples of animal ori-
gin are endogenous components such as lipids, peptides, 
and metabolites with chemical structures similar to the 
target compound [25, 26]. A suppression or enhance-
ment of the measured response can be observed, which 
adversely affects quantification because of the variability 
in the effect between samples. The matrix effects of each 
compound were calculated using Eq. (1).

Results and discussion
Optimization of LC–MS/MS conditions
Detection of veterinary drug residues in food, requires 
powerful tools such as advanced techniques for screen-
ing and confirming antibiotic residues combined with 
LC–MS/MS in multiple reaction monitoring (MRM) 
mode. In this study, such techniques were used owing 
to their high sensitivity and selectivity. The instrument 
parameter settings were optimized using individual 
standard solutions. The ionization mode (positive/nega-
tive ion) and precursor ions were selected according to 
the chemical ionization characteristics of sulfonamides. 
The results indicate a considerably higher [M +  H]+ abun-
dance for most sulfonamides in the positive-ion mode 
than in negative-ion mode. Unlike other sulfonamides, 
sulfanitran (SNT) was more sensitive in negative mode 
than in positive mode. This was attributed to the acidity 

(1)

Matrix effects(%) =
(

slope of matrix matched curve
slope of standard solvent curve

− 1
)
× 100

of the nitro group making sulfanitran (SNT) more prone 
to form [M-H]− in the negative mode [27]. From these 
experiments, breakdown curves were recorded under dif-
ferent collision energy conditions to select the main char-
acteristic fragments for quantification and confirmation. 
Typical sulfonamide MS/MS fragment patterns, such as 
m/z 156, 108, and 92 corresponding to [M + H-RNH2]+, 
[M + H-RNH2-SO]+, and [M + H-RNH2-SO2]+ were 
observed in this experiment, respectively. The mass of 
fragmentations of sulfonamides are based on the cleav-
age of bridge bond (-SO2-) following the loss of sulfonyl 
group that successively result in the formation of char-
acteristic fragment ions mainly including p-sulfonaniline 
with m/z 156 and aniline structure m/z 92 [23].

Four solvent mixtures were assessed for reconstitu-
tion of the final extract prior to LC–MS/MS injection: 
(1) 50% MeOH (1:1, v/v), (2) 50% ACN (1:1, v/v), (3) 
25 mM AF in water/ACN (3:1, v/v), and (4) 25 mM AF 
in water/MeOH (3:1, v/v). The retention times, shapes, 
and responses of the peaks were compared to determine 
the optimal solvent. Solvent mixture (3) yielded the high-
est response and best peak shape for most sulfonamides, 
with sulfanilamide (SNA) presenting an approximately 
sixfold higher response in this solvent than in the other 
solvents. Sulfaguanidine (SGA), sulfamethoxypyridazine 
(SMPD), and sulfameter (SMT) exhibited incomplete 
separation peaks in the solvent mixture (1).

Although complete separation is unnecessary for MS/
MS detection when using the MRM mode, it considerably 
improves detectability and reduces the ion suppression 
effect, which is the primary reason for performing these 
experiments. The optimal separation of the components 
is highly dependent on the columns and solvent systems 
used. Separation was performed using reversed-phase 
chromatography on a C18 column. To obtain optimal 
separation conditions, three C18 columns (X-select HSS, 
Acquity BEH, and Shim-pack GIS) were assessed for their 
separation efficiency and retention times. The Shim-GIS 
column provided a better peak shape with higher inten-
sity than the other columns. As the effect of the mobile 
phase composition on the ionization efficiency for LC–
MS/MS analysis was significant, four mobile phase com-
binations were tested: (1) 0.1% formic acid in water/ACN 
(95:5, v/v) and 0.1% formic acid in water/ACN (5:95, 
v/v); (2) 0.1% acetic acid in water and 0.1% acetic acid in 
ACN; and (3) 20 mM ammonium formate in water and 
20  mM ammonium formate in water/ACN (90:10, v/v). 
Mobile phase (1) provided well-resolved peaks. In mass 
spectrometry, working under acidic conditions (addition 
of small amounts of acid) is essential for facilitating chro-
matographic separation and enhancing ionization. Four 
pairs of isobaric compounds were separated and deter-
mined independently: sulfamethoxypyridazine (SMPD) 
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and sulfameter (SMT), sulfamonomethoxine (SMMX) 
and sulfalene (SFL), sulfamerazine (SMR) and sulfaperin 
(SPR), and sulfatroxazole (STX) and sulfisoxazole (SSZ). 
In summary, sulfonamides were separated on a Shim-
pack GIS column with reconstitution of 25  mM AF in 
ACN/water (3:1, v/v) under mobile phase of (A) 0.1% 
formic acid in water/ACN (95:5, v/v) and (B) 0.1% formic 
acid in water/ACN (5:95, v/v). As a result of these optimi-
zation, Complete separation of 31 sulfonamides was pos-
sible within 12 min which is satisfactory results. Figure 1 
shows the representative ion chromatograms of the tar-
get compounds analyzed by injecting 0.1 µg g−1 of each 
standard solution.

Optimization of sample preparation
Many studies have reported modified QuEChERS meth-
ods for quantifying veterinary drugs in livestock prod-
ucts. In this study, the developed method was evaluated 
using pork samples, prior to the optimization of the 
QuEChERS procedure. However, relatively low extrac-
tion recoveries of the target sulfonamides were obtained 

from the pork samples using previously reported QuECh-
ERS methods. Thus, further research on the different 
combinations of extraction and clean-up procedures was 
conducted.

Extraction step
Sulfonamides, which are amphoteric compounds, are 
readily extracted by organic solvents when present in 
their molecular form. They exhibit good solubility in 
polar solvents and are not very soluble in non-polar sol-
vents. Therefore, extraction is generally performed using 
acetonitrile, chloroform, methylene chloride, acetone, 
or ethyl acetate [3]. The addition of salt during solvent 
extraction can increase the solubility of insoluble analytes 
and the degree of ionization of weakly ionized analytes in 
the solution [28].

Considering the large physicochemical differences 
among the monitored veterinary drugs and the unknown 
influence of complex matrices, several different extrac-
tion conditions were designed to investigate the influence 
of extraction solvents and salt combinations (Fig. 2): (1) 

Fig. 1 Representative chromatograms of 31 sulfonamide standard solutions (0.1 µg g−1) in MRM mode; (1) Sulfaguanidine, (2) sulfisomidine, (3) 
sulfanilamide, (4) sulfacetamide, (5) sulfadiazine, (6) sulfathiazole, (7) succinylsulfathiazole, (8) sulfapyridine, (9) sulfamerazine, (10) sulfamoxole, 
(11) sulfamethizole, (12) sulfamethoxypyridazine, (13) sulfaperin, (14) sulfamethazine, (15) sulfameter, (16) sulfamonomethoxine, (17) sulfalene, 
(18) sulfachloropyridazine, (19) phthalylsulfathiazole, (20) sulfadozine, (21) sulfamethoxazole, (22) sulfaethoxypyridazine, (23) sulfatroxazole, (24) 
sulfisoxazole, (25) sulfabenzamide, (26) sulfachloropyrazine, (27) sulfadimethoxine, (28) sulfaquinoxaline, (29) sulfaphenazole, (30) sulfapyrazole, (31) 
sulfanitran
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ACN/NaCl 1 g, (2) ACN/NaCl 1 g,  MgSO4 2 g, (3) ACN/
NaOAc 1 g,  MgSO4 2 g, (4) 0.1% AA in ACN/NaOAc 1 g, 
 MgSO4 2  g, (5) 1% AA in ACN/NaCl 1  g,  Na2SO4 2  g, 
and (6) 0.1% AA in ACN/NaOAc 1  g,  Na2SO4 2  g. The 
extraction conditions were mainly evaluated based on the 
recoveries of the selected sulfonamides. Conditions (1–4) 
exhibited no peaks and low reproducibility for phthalyl-
sulfathiazole (PSTZ) and succinylsulfathiazole (SSTZ), 
whereas condition (5) exhibited high recoveries for all 
sulfonamides. The addition of sodium acetate (NaOAc) 

and sodium sulfate  (Na2SO4) afforded acceptable recov-
eries. Initially,  MgSO4 was adopted because of its capacity 
to bind large amounts of water. However, the experimen-
tal results indicated that  Na2SO4 was superior to  MgSO4. 
Thus,  MgSO4 was replaced with  Na2SO4. NaOAc and 
ACN were used in the salt-out solvent extraction of sul-
fonamides from livestock products.

Considering the amphoteric properties of sulfona-
mides, the extraction efficiency can also be affected by 
the pH of the extraction solvent [29]. When sulfonamides 

Fig. 2 Comparison of extraction solvents and salt combination in pork samples at 0.1 μg  kg−1. (1) ACN/NaCl 1 g, (2) ACN/NaCl 1 g,  MgSO4 2 g, 
(3) ACN/NaOAc 1 g,  MgSO4 2 g, (4) 0.1% acetic acid in ACN/NaCl 1 g,  MgSO4 2 g, (5) 1% acetic acid in ACN/NaCl 1 g,  Na2SO4 2 g, (6) 1% acetic acid 
in ACN/NaOAc 1 g,  Na2SO4 2 g 

Fig. 3 Comparison of cleanup in pork samples at 0.1 μg  kg−1. (1) C18 500 mg, (2) C18 300 mg PSA 300 mg, (3) C18 300 mg PSA 150 mg, and (4) C18 
150 mg PSA 150 mg
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are extracted under basic conditions, the extraction effi-
ciency is lower than that of extraction processes using 
acidic or neutral conditions, because of the increased 
H + dissociation of secondary amino groups [3]. The 
addition of acetic acid to ACN was examined to effi-
ciently target the analytes. Various amounts of acetic acid 
(0, 0.1, 1, and 2%, v/v) were added to ACN to evaluate 
the effect on extraction recovery. The highest recoveries 
were obtained when 1% acetic acid was added to ACN 
for extraction. The extraction efficiency was investigated 
using ACN and a mixture of ACN:MeOH (3:1, v/v) under 
the same conditions, using 1% acetic acid. The addition 
of methanol to the extraction solution was also evalu-
ated in another study, revealing that the extraction capac-
ity increased in the presence of this solvent. However, in 
this study, the addition of methanol increased the matrix 
interference. Given the overall results, the optimum 
extraction solvents consisted of 1% acetic acid in ACN 
(v/v) and a combination of 2 g  Na2SO4 and 1 g NaOAc.

Cleanup step
Animal-derived matrix compositions are typically richer 
than those of plant-derived samples such as fruits and 
vegetables. Therefore, the removal of interfering compo-
nents in the d-SPE clean-up step is more important when 
quantifying target analytes in animal products. In this 
clean-up step, C18 and appropriate d-SPE sorbents were 
applied to remove unwanted matrix components and 
improve extraction recovery. In this study, four d-SPE 
sorbents were tested for removing interfering hydro-
phobic components and/or fats/lipids from animal tis-
sues (Fig. 3). C18 sorbents are commonly used to remove 
hydrophobic matrix components from various sample 
matrices. PSA is usually employed to effectively remove 
matrix components with polar functional groups, such as 
fatty acids and sugars from samples [30].

Among the four candidates for d-SPE cleanup, the 
addition of a C18 (500  mg) sorbent offered not accept-
able recoveries for the target sulfonamides, whereas the 
PSA sorbent (150 mg) significantly improved the extrac-
tion recovery. The combination of other d-SPE sorb-
ents was also investigated, however, no improvement in 
extraction recovery was observed. For subsequent inves-
tigations, 300 mg of C18 and 150 mg of PSA were used 
to perform d-SPE cleanup. In addition, the cooling step 
and the addition of n-hexane saturated with ACN were 
used to promote protein precipitation and remove unde-
sirable components in extracts; protein precipitation is 
needed to extract target compounds and eliminate all 
major matrix effects. A small proportion of protein was 
removed owing to the colloidal properties of the sample 
extracts [31].

Method validation
The selectivity of the method was tested by analyz-
ing blank livestock samples. The absence of any chro-
matographic peaks at the retention times of the target 
sulfonamides indicated that matrix compounds produc-
ing a false-positive signal were not present in the blank 
samples. A calibration curve was generated for all sul-
fonamide standards using matrix-matched calibrations 
at six concentrations (blank, 0.0125, 0.25, 0.5, 1, 2, and 
4 × MRL; blank, 5, 10, 20, 40, 1, and 2  ng  g−1 or blank, 
2.5, 5, 10, 20, 50, and 100 ng g−1). The results exhibited 
excellent linear relationships and a favorable coefficient 
of determination  (r2 > 0.98). The recovery and CV of the 
proposed method were evaluated by assessing the agree-
ment between the three measured and known concentra-
tions (0.5, 1, and 2 × MRL; 10, 20, and 1 ng g−1, and 5, 10, 
and 50  ng g−1) for all matrices. Additional file 1: Tables 
S2 and S3 list the average recoveries and CV of the for-
tified samples from six different matrices. The validated 
results (n = 5) indicated positive recoveries of sulfona-
mides ranging from 70 to 110% for all matrices. The 
precision of the method was analyzed by calculating the 
CV of repeated measurements (n = 5). The CV range of 
all sulfonamides was below 15%, indicating the favora-
ble repeatability of the recovery test. The LOD range of 
sulfonamides was 0.3–4 ng g−1, whereas the LOQ range 
was 1–19  ng  g−1. The achieved LOQs were approxi-
mately 1/50 × MRLs, demonstrating the high sensitivity 
of the method. As a result of the inter-laboratory valida-
tion, the average recoveries between the three laborato-
ries ranged from 85 to 109% and CV was also below 22%. 
All the optimized results satisfied the criteria described 
in the Codex guidelines. Comparing the performance of 
the proposed method in this paper with other papers, it 
showed similar and lower LOD and LOQ compared to 
the previous paper, despite being able to analyze a large 
number of sulfonamides in various livestock matrix types 
[2, 23, 32–35].

Evaluation of matrix effects
Although LC–MS/MS analyses exhibit many advan-
tages, the matrix effects observed when ESI sources are 
used can suppress or enhance the MS signals and cause 
errors during quantification, which is a major draw-
back. The extracts of livestock matrices typically contain 
considerable amounts of organic components, such as 
proteins and lipids. Such compounds increase the vis-
cosity of the sample and the superficial tension of the 
droplets generated in the ESI source, thereby hinder-
ing the evaporation efficiency of the target analytes. To 
overcome this issue, matrix-matched standards are used 
instead of solvent standards, but are not always suc-
cessful. This can affect the ionization efficiency of the 
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Fig. 4 LC–ESI–MS/MS chromatograms of a sulfadimethoxine‑positive chicken sample. a Blank chicken sample, b reagent standard chromatogram 
at MRL, c matrix‑matched standard chromatogram at MRL, and d positive chicken sample
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analytes due to ionization suppression or enhancement. 
The matrix effect can be negative or positive and Addi-
tional file 1: Table S4 presents the matrix effects grouped 
into the following categories: high signal suppression 
(ME <  − 50%), moderate signal suppression (ME <  − 50 
to − 10%), no matrix effect (ME <  − 10 to 10%), moder-
ate signal enhancement (ME < 10 to 50%), and high sig-
nal enhancement (ME > 50%) [26, 36]. The overall ME (%) 
was observed in a range of − 71 to 69% in six livestock 
products. No matrix effects were observed for 14 com-
pounds (45%) in pork fat, 10 compounds (32%) in milk, 
9 compounds (29%) in pork muscle, 7 compounds (23%) 
in chicken and eggs, and 5 compounds (16%) in beef. 
In beef, 7 compounds (23%) were observed for moder-
ate signal enhancement and 17 compounds (48%) for 
moderate signal suppression. In pork muscle, moder-
ate signal enhancement was observed for 8 compounds 
(26%), whereas 11 compounds (35%) showed moder-
ate signal suppression, and 3 compounds (9%) showed 
high signal enhancement (2 compounds) or suppression 
(1 compound). In chickens, moderate signal enhance-
ment was observed for 9 compounds (29%), whereas 12 
compounds (39%) showed moderate signal suppression, 
2 compounds (6%) showed high signal enhancement, 
and 1 compound (3%) showed high signal suppression. 
In eggs, 21 compounds (68%) showed moderate signal 
suppression and no moderate signal enhancement was 
observed. High signal enhancement was observed for 1 
compound, and high signal suppression was observed 
for 2 compounds. In milk, moderate signal enhancement 
was observed for 6 compounds (19%), whereas 12 com-
pounds (39%) showed moderate signal suppression. Only 
1 compound showed high signal enhancement, whereas 
2 compounds (6%) showed high signal suppression. In 
pork fat, moderate signal enhancement was observed 
for 6 compounds (19%), whereas 8 compounds (26%) 
showed moderate signal suppression, 2 compounds (6%) 
exhibited high signal suppression, and only 1 compound 
showed high signal enhancement. These results indicate 
that sulfonamides in livestock product samples exhibit 
matrix interference due to co-eluting materials. There-
fore, matrix-matched standard curves should be used for 
residue analysis. Considering these matrix effect results, 
an internal standard is not necessary because matrix-
matched calibration samples can be used to efficiently 
compensate for the differences in recovery across multi-
ple matrices.

Application to real samples
The developed method was applied for the determina-
tion of sulfonamides in 129 livestock product samples 
(beef, pork, chicken, eggs, and milk) obtained from six 
regions in South Korea. To ensure the quality of the 

results when the proposed method was applied, inter-
nal quality control was performed for every batch of 
samples. The retention times, quantification and con-
firmation transitions, and relative ion intensities of the 
detected ions in the real samples were compared with 
those of the corresponding calibration standards in 
the same batch, to identify the detected analytes using 
the criteria established by the MFDS. Only one sam-
ple tested positive for sulfadimethoxine; however, its 
concentration was below the LOQ (Fig.  4). According 
to previous studies, sulfadimethoxine is sulfonamide 
antibiotic used primarily to treat coccidiosis in poultry 
[35, 37, 38]. In food samples, the target analytes tend 
to bind more strongly to the matrix in incurred sam-
ples than in spiked samples. Unfortunately, there is the 
absence of repeated analysis in incurred samples that 
resulted in the extraction efficiency of the developed 
method. Furthermore, investigation of the incurred 
samples must be considered to evaluate the extraction 
efficiency of the developed method.
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