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Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the most commonly used method for sulfonamide deter-
mination. Its accuracy, however, can be affected by many factors. In this study, sulfadiazine (SDZ), sulfadimidine (SMZ), and
sulfadimethoxine (SDM) in milk were selected to investigate an accurate determination method and the potential influencing
factors in the use of ultrahigh-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). Milk samples
were extracted by 25mL perchloric acid solution (pH� 2) and cleaned up using HLB solid-phase extraction (SPE) cartridges. Four
kinds of filters, including PTFE, GHP, nylon, and glass fiber, were compared, and PTFE was selected since it had the best
recoveries of target sulfonamides (SAs). ,ree quantitative methods, including external standard (ES), matrix matching (MM),
and isotope dilution mass spectrometry (IDMS), were compared, among which IDMS exhibited the best accuracy. ,e matrix
effect under different mobile phase compositions and of different sample matrices were evaluated and discussed. Ion suppression
effects were observed during the determination of all SAs, which got stronger with the increase of the methanol composition
percent in the mobile phase. After correction by IDMS, the matrix effect could be neglected. Matrix spiked recoveries at three
spiked levels (1 μg/kg, 10 μg/kg, and 20 μg/kg) ranged from 96.8% to 103.8% by IDMS.,e expanded relative uncertainties were in
the range of 2.02% to 5.75%. ,e method exhibited wide application range, high accuracy, good stability, and high sensitivity.

1. Introduction

Sulfonamides (SAs) are a kind of generic, highly effective,
low-toxicity, and low-cost antibacterial agents [1].,e use of
SAs as antibacterial synergist can expand the scope and
enhance the activity of antibacterial. ,erefore, SAs are
widely used in milk production for the prevention and
treatment of bacterial diseases. However, due to the potential
toxicity, excessive intake of SAs may lead to human diseases,
such as urinary system damage, digestive disorders, vom-
iting diarrhea, hemolytic anemia, drug-resistant strains,
human immunity reduction, and tumor tendency [2, 3].

,erefore, many countries and regions have issued regu-
lations on maximum residue limits (MRL) for SAs in food and
feed. It is stipulated in the International Codex Alimentarius

Commission (CAC) that the total amount of SAs in food and
feed shall not exceed 100μg/kg [4]. ,e United Nations Food
and Agriculture Organization (FAO) stipulates a residue limit
for SAs in animal food at 100ng/mL [5]. According to the
European Union (EU) regulation, single SAs concentration in
milk and meat should not exceed 25μg/kg, and the total
amount should not exceed 100μg/kg [6]; China’s Ministry of
Agriculture and Rural Affairs stipulates that the total con-
centration of SAs in milk should be lower than 100ng/mL, and
the MRL of sulfamethazine is 25μg/L [7].

At present, the detectionmethods of SAs residues mainly
include microbial detection [8], fluorescence spectropho-
tometry [9], immunoassay [10], and high-performance
liquid chromatography coupled mass spectrometry (HPLC-
MS). However, the sensitivity and selectivity were limited.
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Liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS) [11, 12] is a highly sensitive, specific,
and reliable tool for contaminants detection in food and has
become the most universal approach for multianalyte
analysis. It is applied in an expanding field of food analysis,
particularly in multiresidue detection [13, 14]. However, the
complex food matrix (such as carbohydrates, proteins, or
fats) can induce ion suppression or enhancement of the
target analytes, which may hamper the accuracy of mass
spectrometric quantification [15–18]. Matrix effect (ME)
cannot be neglected in LC-MS/MS analysis, which makes the
extraction and clean-up processes challenging [19–22].
Strategies have been developed to minimize or eliminate the
MEs, such as improving chromatographic selectivity to
avoid coelution, mobile phase modifiers, dilution, and ef-
ficient clean-up [23–25]. Although these approaches were
claimed to be effective for chosen mode analytes, there are
inherent drawbacks for further extension [26, 27]. With
identical chemical and chromatographic properties com-
pared with the target compound, isotope labeled internal
standards can compensate for matrix effects. ,erefore, the
isotope dilution mass spectrometry (IDMS) method exhibits
high accuracy and repeatability for the quantitative analysis
of organic compounds in complex matrices, which could
overcome the difficulty in the correction of recovery and the
influence of inject volume, mobile phase, and instrument
fluctuation during the sample detection [28–34].

,e accuracy and reliability of the method are crucial in
veterinary drugs analysis. In this study, three kinds of SAs
with different polarities, SDZ (pKow� 0.34), SMZ
(pKow� −0.76), and SDM (pKow� −1.17) (pKow obtained
from KowWin software), were selected. ,e experimental
conditions were optimized and discussed thoroughly. ,e
extraction and clean-up methods were optimized. Four
kinds of filters were compared. ,ree quantitative methods,
external standard (ES), matrix matching (MM), and isotope
dilution mass spectrometry (IDMS), were compared. Matrix
effects were evaluated, and the potential influencing factors
were discussed. Moreover, the uncertainty of the method
was estimated. ,e developed method was validated for
accuracy and precision through the matrix spiked experi-
ment, intra-/interday variation, limits of detection (LOD),
limits of quantification (LOQ), linearity, and uncertainties.

2. Materials and Methods

2.1.Materials andReagents. ,e certified reference materials
(CRMs) of sulfadiazine (SDZ; GBW (E) 081146), sulfadi-
midine (SMZ; GBW (E) 081145), and sulfadimethoxine
(SDM; GBW (E) 061416) were obtained from the National
Institute of Metrology, China (Beijing, China). ,e isotope
standards (13C6-sulfadiazine, 13C6-sulfadimidine, and 13C6-
sulfadimethoxine) were purchased from TRC (Toronto,
Canada). Formic acid, methanol, and water (HPLC-MS
grade) were purchased from ,ermo Fisher Scientific
(Waltham, MA, USA). Perchloric acid (analytical grade) was
purchased from XiYa chemical reagents company (Shanxi,
China). Oasis® HLB SPE cartridges (6 cc, 150mg) were
purchased from Waters (Milford, MA, USA).

Stock solutions were made for individual sulfonamides
at the concentration of 1000 μg/kg in methanol and stored
away from light at 4°C. For linearity studies, the samples
were freshly prepared using appropriate dilution of the stock
solution with initial LC mobile phase (methanol-water; 15 :
85; v : v, containing 0.2% formic acid). Standard solutions of
three sulfonamides mixture were prepared in the range of 0.1
to 50 μg/kg with isotopic internal standards at 10 μg/kg.
Spiked milk samples were prepared at three concentrations
of 1, 10, and 20 μg/kg, respectively. All standard solutions
were stored in amber glass bottles at 4°C.

2.2. Milk Samples. Skim and whole-fat milk samples of Yili
(China), Arla (Germany), and LVLINB (Austria) were
purchased from supermarket. ,e nutrient contents of milk
are shown in Table S1.

2.3. Sample Preparation. A previously homogenized milk
sample (1.00 g) was weighed into a 50mL centrifuge tube.
10 ng internal standard (100 ng/g working solutions) was
added. ,en, 25mL perchloric acid solution (pH� 2) was
added to each tube, and the mixture of each tube was vortex-
mixed for 1min and then extracted by ultrasonic for 10min.

HLB solid-phase extraction cartridge (6 cc, 150mg) was
preconditioned with 5mL methanol and 5mL perchloric
acid solution (pH� 2) sequentially at a flow rate of 1mL/
min. ,e extraction solution was gradually loaded to the
HLB cartridge. ,en, the centrifuge tube was washed with
5mL perchloric acid solution and the wash solution was also
loaded to the cartridge. ,e cartridge was washed with 5mL
water and then dried under vacuum for 1min, and the SAs
were eluted with 3mL methanol at a flow rate of 1mL/min.
,e elution liquid was evaporated under a gentle nitrogen
stream at 40°C until the remaining amount was around
200 μL. ,e residual liquid was reconstituted with 1mL
methanol-water (15 : 85; v : v, containing 0.2% formic acid),
vortex-mixed for 1min, and filtered through a 0.22 μmPTFE
filter into a glass LC vial for LC-MS/MS analysis.

2.4. UHPLC-MS/MS Conditions. UHPLC-/MS/MS system,
which consisted of a LC30AD liquid chromatography
(Shimadzu Corp., Japan) and QTRAP 5500 mass spec-
trometry (SCIEX Corp., CA, America), was used for SAs
analysis. ,e separation of SAs was achieved on an Acquity
UPLC CSH™ C18 column (100× 3.0mm, 1.7 μm particle
size; Waters, USA). A gradient LC elution method was
employed by 0.2% formic acid aqueous solution as mobile
phase A and acetonitrile (containing 0.2% formic acid) as
mobile phase B. ,e gradient elution was carried out as
follows: 15% B maintained for 3min; increased to 35% B
linearly in 2min and then increased to 100% B in 4min and
maintained for 1min; changed to 15% B and maintained for
2min.,e injection volume was 5 μL.,e flow rate was set at
0.25mL/min, and the column temperature was set at 38°C.

,e QTRAP 5500 mass spectrometer equipped with an
electrospray ionization (ESI) source was performed in
positive ionization multiple-reaction monitoring (MRM)
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mode. ,e ion source temperature (TEM) was set at 600°C,
and ion spray voltage (IS) was set at 5.5 kV. Ion source gas 1
(GS1) and ion source gas 2 (GS2) were used as the drying
and nebulizer gases at a back pressure of 60 psi and 65 psi,
respectively. Curtain gas (CUR) was 25 psi. N2 was used for
all the gases. Parameters such as declustering potential (DP)
and collision energy (CE) for the analyte are shown in
Table S2.

2.5. Matrix Effect Estimation. ,e ME factors were inves-
tigated by comparing the signal intensity and spiked quality
of matrix-matched standard solution with that of the
standard solution at the same concentrations. If the peak
areas and mass obtained in neat solution standards were set
as A and m and the corresponding peak areas for standards
spiked after extraction into milk extracts as A′ and m′, the
ME factors can be calculated as follows [35]:

ME �
A′/m′
A/m

. (1)

ME factor <1 indicated ion suppression effect and ME
factor >1 indicated ion enhancement effect.

2.6. Validation of the Method. ,e LOD and LOQ were
defined as 3× signal-to-noise ratio (S/N) and 10× S/N, re-
spectively. To determine the linearity of the method, stan-
dard solutions of three sulfonamides mixture were prepared
at the concentration of 0.1, 0.5, 1, 10, 20, and 50 μg/kg with
isotopic internal standards at the concentration of 10 μg/kg.

To evaluate the recovery and precision, blank milk
samples were spiked with three sulfonamides mixture
standard solution at three concentrations of 1, 10, and 20 μg/
kg, respectively. ,e precision was evaluated as intraday and
interday by measuring the corresponding relative standard
deviations (RSDs) at two spiked concentrations (1 μg/kg and
20 μg/kg) on six sequential runs by analyzing six replicates.
Intraday precision (the so-called repeatability) was mea-
sured on a single day, whereas interday precision was
evaluated on six consequent days.

3. Results and Discussion

3.1. Optimization of UHPLC-MS/MS Conditions. Acquity
UPLC CSH™ C18 column (100× 3.0mm, 1.7 μm) and
XTerra MS C18 (100× 2.1mm, 3.5 μm) column were com-
pared under the same experimental condition. ,e results
showed that all compounds can be separated on both col-
umns, and the target compounds had shorter retention time
on XTerra MS C18 column. All the compounds had higher
signal-to-noise ratio values in the Acquity UPLC C18 CSH™
column. Finally, the Acquity UPLC CSH™ C18 column was
selected for the experiment.

Methanol and acetonitrile with different concentrations
of formic acid (0.1% and 0.2%) were compared, respectively.
For methanol and acetonitrile with the same formic acid
concentration (0.1% formic acid), the responses of SDZ and
SDM were about 20% and 5% higher by using methanol,
while the responses of SMZ were similar. ,e response of

SMZ was about 20% higher on using methanol with 0.2%
formic acid than that on using methanol with 0.1% formic
acid. Methanol containing 0.2% formic acid was selected for
the following experiments, as this condition provided the
highest response. ,e chromatography of 3 SAs is illustrated
in Figure S1.

,e optimization of parameters can directly affect the
sensitivity and accuracy of mass spectrometry. To obtain
maximum sensitivity for the identification and detection of the
three sulfonamides, compound-dependent parameters such as
cone voltage and collision energy were optimized by direct
infusion of different standard solutions at 100μg/kg and at a
flow rate of 7μL/min using the built-in syringe pump directly
connected to the interface. Precursor ions and product ions
were determined, and the transition with the best sensitivity
was selected for quantification, whereas an additional transition
was acquired for confirmation (Table S2).

3.2. Optimization of Pretreatment Method. Based on the
national standard method (GB/T 22966-2008), the pre-
treatment method was improved and optimized. During the
experiment, it was found that the filter membrane had a
certain effect on the recovery rates of the analytes, so the
selection of filter membrane was mainly optimized. ,is has
rarely been discussed in previous studies.

Four kinds of filter membranes, including PTFE
(0.45 μm, 25mm), GHP (0.2 μm, 13mm), nylon (0.2 μm,
15mm), and glass fiber (1.0 μm, 15mm) filters, were chosen
to study the adsorption behavior by comparing the absolute
recoveries of standard solution. ,e recovery is shown in
Figure 1.

,e adsorption of target compounds through PTFE filter
was very low, and the recoveries ranged from 98.4% to
100.5%. It was obviously observed that the recovery of SMZ
was only 65.7% after filtering through GHP filter; the re-
coveries of SDZ and SDM were 94.9% and 97.2%, respec-
tively. Nylon filter had apparent adsorption for three SAs,
with the recoveries ranging from 72.1% to 89.6%, and glass
fiber filter recoveries were between 98.0% and 99.2%.
,erefore, the PTFE filter was selected in this study because
it has the lowest adsorption for the target compounds.

3.3. Comparison of Quantitation Methods. ,e choice of
quantitation method had a significant impact on the ac-
curacy of the results. For the three compounds, the quan-
titation methods were compared using the skimmed milk of
Yili under gradient elution conditions as shown in Figure 2.
,e recoveries by external standard method ranged from
17.8% to 61.2%, which were the lowest of all modes, and the
difference between target compounds was large.,e external
standard method was greatly affected by the matrix, having a
serious effect on the accuracy and reliability of the results.
Blank sample matrix was applied to compensate for matrix
effect by using a matrix matching method. Although the
recoveries of matrix matching method ranged from 80.9% to
95.2%, which were better than those of external standard
method, the recovery of individual target compound was still
unsatisfactory. Besides, the ME factors of different milk
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samples might be different, and it was very time-consuming
and difficult to obtain the same blank matrix samples. ,e
recoveries of IDMS method ranged from 99.7% to 100.7%.
Due to similar physical and chemical properties between the
isotope labeled internal standard and the target compound,
their behaviors in the process of pretreatment and instru-
mental analysis were basically consistent, which greatly
reduces the interference of the matrix effect. Moreover, the
quantitative analysis by IDMS method had the lowest de-
viation and the best stability among the three methods.

Recoveries of IDMS method were the best under the two
isocratic conditions and the gradient elution condition (as
shown in Figure S2). Besides, the results of IDMS were
similar under the three elution conditions while the re-
coveries varied by MM and ES, especially ES. ,e results
indicated that IDMS method had a higher accuracy and
better stability than MM and ES, leading to an extensive
range of application. It was one of the most commonly used
methods to detect trace components in complex matrix.

,e quantitation methods for six different milk samples
of skim and whole-fat milk purchased from local market
were also compared. ,e recoveries of six matrix samples
were analyzed by ES, MM, and IDMS, respectively. ,e
results are shown in Table S3. External standard and matrix
matching method were used to calculate the recovery, which
was very unstable and can be greatly affected by the matrix.
,e recovery rates of IDMS method ranged from 96.6% to
102.2%, which can effectively reduce the matrix effect,
exhibiting a high stability and wide applicability. ,e results
indicated that the IDMS method can provide a stable and
reliable method for the detection and analysis of SAs in milk.

3.4. Estimation of Matrix Effects. Although some interfering
components can be eliminated during the extraction, clean-up,
and chromatographic separation process, analytical errors and
inaccurate results still existed due to the interfering substances
in complex matrix. ,e consequences of matrix effect were the
over- or underestimation of the actual concentration of ana-
lytes present in samples, affecting both trueness and precision
of the analytical method. ,e methods used to evaluate the
matrix effects in LC-MS/MS analysis included postcolumn

injection and postextraction addition [16–18, 36]. ,e method
of postextraction addition can quantify the matrix effect, and it
was widely used in the verification procedure.

First, the matrix effects of analytes in different milk
matrix samples were compared (Table 1). ,e results
showed that all compounds showed ion suppression effect
in different milk samples. ,e ME factors for SDZ, SMZ,
and SDM were in the following ranges: from 0.63 to 0.87;
from 0.64 to 0.73; and from 0.18 to 0.30, respectively. ,ere
was a little difference in the matrix effect of different brands
of skim-fat milk or whole-fat milk. However, the ME
factors of skim-fat milk samples were lower than those of
whole-fat milk, which indicated that the ion suppression
effects of skim-fat milk were greater. ,e reason was un-
clear, and it may be related to the composition content in
milk samples.

,e ME factors (Yili skim-fat milk) of the target analytes
at four liquid chromatography elution conditions were
calculated, respectively. As shown in Figure 3, theME factors
of three compounds were lower than 1 under different phase
compositions, which indicated ion suppression effect of
target compounds in all mobile phase conditions. ,e ion
suppression effects of SDZ and SMZ were lower under
gradient condition than isocratic, and the ME factors in
isocratic condition of 50% methanol were minimum. With
the increase of the methanol composition percent in the
mobile phase, the inhibitory effect got stronger, inferring
that coeluting components in thematrix (interferents) under
high methanol composition may get better atomization
effect and higher ionization efficiency. ,e enhancement of
the competitive ion lead to stronger ion suppression effect
on the target compounds. Moreover, there may be more
coeluting matrix with higher methanol composition.

After the correction by isotope labeled internal stan-
dards, the MEs for SDZ, SMZ and SDM were in the fol-
lowing ranges: from 0.937 to 1.001; from 0.973 to 0.999; from
1.006 to 1.021, respectively, indicating that IDMS could
compensate for matrix effect to a large content.

3.5. Uncertainty Evaluation. ,e uncertainty of the ID-
UHPLC-MS/MS analysis was evaluated by the combination
of individual uncertainty including purity of SAs CRMs
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Figure 2: ,e recoveries of compounds in different quantitative
modes with gradient elution.
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Figure 1: Absolute recoveries of filter after filtration of standard
solution (n� 3).
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(urel,p), balance weighing (urel,w; including weighing of
standards and standard solutions, isotope labeled standards
and standard solutions, and milk samples), and the method
precision (urel,rep; s/

�
n

√
).

,e uncertainty from balance weighing referred to
weights of CRMs of pure SAs and isotope labeled SAs,
solvents, standard solutions, milk samples, and isotope la-
beled SAs solutions. ,e uncertainty of balance was eval-
uated as rectangular distribution. ,e standard uncertainty
of balance weighting (ub) is the combination of repeatability
and weighting tolerance.,e sample weighing is obtained by
two times weighing operation, and each weight is an in-
dependent observation.

When a different candidate is weighed for the analysis (wi),
the relative uncertainty is determined by formula (2). ,e
uncertainty from balance weighing urel,w is calculated by
combining all uncertainties from weighing using formula (3):

urel,i �
ub

wi

, (2)

urel,i �

������

 u
2
rel,i



. (3)

,e uncertainty of method precision was in the range of
0.25%–2.46%. ,e combined relative standard uncertainty
(u) was calculated by formula (4). ,e expanded relative
uncertainties (U) with a coverage factor of 2 (k� 2) was
calculated by formula (5):

u �

�����������������

u
2
rel,p + u

2
rel,w + u

2
rel,rep



, (4)

U � 2 × u. (5)

,e individual uncertainty, relative uncertainties, and
expanded relative uncertainties of three spiked levels are
listed in Table 2. ,e relative uncertainties of three SAs were

in the range of 1.01% to 2.87%; the expanded relative un-
certainties were in the range of 2.02% to 5.75%.

3.6. Method Validation. Table S4 summarizes the calibration
equations, linearity, correlation coefficient, LOD, and LOQ
with the developed UHPLC-MS/MS method. All studied SAs
presented good linearity in a wide range of concentrations
from 0.1 μg/kg to 50 μg/kg. Correlation coefficients (R2) were
higher than 0.999, suggesting a good linearity of the method.
LOD and LOQ were estimated as 3× S/N and 10× S/N, re-
spectively. LOD ranged from 0.018 μg/kg to 0.075 μg/kg, while
LOQ ranged from 0.029 μg/kg to 0.166 μg/kg. ,e low LOQ
obtained by this method allowed the quantification at con-
centrations lower than the MRL stipulated in current legis-
lation. Recovery was evaluated at three spiked levels (1 μg/kg,
10 μg/kg, and 20 μg/kg), as shown in Table 3. Six replicates of

Table 1: ,e matrix effect factors of the target analytes in six milk samples (n� 3).

Yili Arla LVLINB
Skim Whole Skim Whole Skim Whole

SDZ 0.63 0.81 0.86 0.87 0.83 0.87
SMZ 0.64 0.73 0.67 0.66 0.68 0.70
SDM 0.20 0.24 0.18 0.25 0.18 0.30

Table 2: Estimated individual uncertainty, relative uncertainty (u),
and expanded relative uncertainty (U, k� 2) of three spiked levels
(%).

Spiked levels Uncertainty SDZ SMZ SDM

1 μg/kg (n� 6)

urel,p 2.01 1.00 1.01
urel,w 1.80 1.80 1.80
urel,rep 0.99 0.28 1.00

u 2.87 2.08 2.30
U 5.75 4.16 4.59

10 μg/kg (n� 6)

urel,p 2.01 1.00 1.01
urel,w 0.18 0.18 0.18
urel,rep 0.58 0.26 0.17

u 2.10 1.05 1.04
U 4.20 2.10 2.08

20 μg/kg (n� 6)

urel,p 2.01 1.00 1.01
urel,w 0.09 0.09 0.09
urel,rep 0.42 0.10 0.38

u 2.06 1.01 1.08
U 4.11 2.02 2.16
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Figure 3: ,e matrix effect factors of the target analytes with four kinds of mobile phase elution conditions (n� 3).
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spiked samples at the three concentration levels were pre-
pared. For all compounds, satisfactory recoveries (96.8%–
103.8%) were achieved. Intraday and interday precisions were
evaluated at 1μg/kg and 10 μg/kg spiked levels. For all ana-
lytes, the repeatability RSDs for intraday precision were
within the range of 0.25–2.69% and those of interday pre-
cision were less than 1.40%, indicating that the method was
accurate and precise.,e sensitivity and precision of the three
SAs in this method were better than the Ministry of Agri-
culture Announcement No.781-12-2006 standard [37].

4. Conclusions

An ID-UHPLC-MS/MS method has been developed and
validated for the accurate determination of sulfonamides in
milk. After solid-phase extraction and filtration, the sample
was analyzed by UHPLC-MS/MS system. ,e matrix effects
were evaluated and discussed. ,e results showed that there
were obvious differences in matrix effect with different
mobile phases and different milk matrices. IDMS was used
for the quantitation since it could effectively reduce the
influence of matrix and other factors. ,e optimized method
was fully validated through estimation of recovery, linearity,
LOD/LOQ, and intra-/interday reproducibility, exhibiting
good sensitivity, accuracy, and precision. ,e uncertainty
estimation indicated that the developed method has proper
metrological quality as reference method in not only daily
SAs determination but also value assignment of related
CRMs.
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