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In this study, a rapid and simple analytical method was proposed, based on protein precipitation 
as sample preparation for simultaneous determination of tetracycline, oxytetracycline, penicillin G 
and ceftiofur in raw milk by ultra-performance liquid chromatography tandem mass spectrometry 
(UPLC-MS/MS). The method was applied to raw milk samples from dairy cows medicated with 
tetracycline for subclinical mastitis. Samples were collected from the adjacent teat to the teat 
treated with tetracycline of eight different cows at 24, 48, 72 and 96 h after treatment. The limits 
of quantification of the proposed method ranged between 1 and 5 ng g-1 and limits of detection 
ranged between 0.1 and 0.5 ng g-1. The recoveries ranged from 61 to 111% and the linear range 
was 1 to 2064 ng g-1 for tetracycline and oxytetracycline, and 5 to 2064 ng g-1 for penicillin G 
and ceftiofur. Approximately 75 and 63% of the treated animals revealed more tetracycline than 
legally recommended at 72 and 96 h since last treatment, respectively.
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Introduction

Brazil is one of the largest milk producers, ranking in 
the sixth position in 2015,1 behind the European Union, 
USA, China, Russia and India, the biggest milk-producing 
country.2 Milk is a complex food, containing high-quality 
proteins, amino acids, vitamins, minerals, and lipids, 
with unique health benefits.3 Consequently, milk and 
dairy products contribute substantially to our daily diet.4 
However, its composition has a dynamic nature, varying 
according to the stage of lactation, age, breed, nutrition, 
energy balance and udder health status.5 Consumers are 
extremely aware of the association between food and health, 
increasing the healthy food market as consequence.3

Bovine mastitis, an endemic disease,6 is one of the 
most costly and frequently occurring disease that affects 

dairy cattle,6-8 decreasing the milk quality. It is associated 
with the action of various bacteria,9 resulting in mammary 
glands inflammation.10 The usage of antimicrobial during 
the lactating period is common in the farmers.9 Among 
it, tetracycline is the most common antibiotic used to 
prevent and control mastitis, due to its low cost and broad 
spectrum of activity.11 However, the extensive and misuse 
of antibiotics by veterinarians and farmers in dairy cattle, 
contribute to the existence of marketed dairy products 
containing antibiotics. These products probably induce 
an antibiotic resistance in human beings, as well as the 
formation of antibiotic-resistant strains of bacteria.12

Thus, it is essential to monitor antibiotics residues in raw 
milk by selective, sensitive, precise and accurate analytical 
methods. Liquid chromatography (LC) is the most frequently 
used instrumental analytical technique for determination 
of antibiotic residues in milk samples.13 Many analytical 
methods use high-performance liquid chromatography 
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(HPLC) or ultra-performance liquid chromatography 
(UPLC), coupled with fluorescence,14,15 ultraviolet16,17 and 
diode array detection.18,19 However, LC-mass spectrometry 
(MS),18,20,21 based on triple quadrupole,22,23 ion trap,24 
and quadrupole-orbitrap25,26 systems have been replacing 
the aforementioned detection methods for unequivocal 
detections.13 Additionally, electrochemical methods,27 room 
temperature phosphorescence detection28 and capillary 
electrophoresis29 are also employed for such determinations.

Due to the low concentrations of antibiotics in milk, 
sample preparation methods are typically required for 
pre-concentration of the analytes and the elimination of 
interferents. These methods are QuEChERS (quick, easy, 
cheap, effective, rugged and safe),13 dispersive liquid-liquid 
microextraction,30,31 matrix solid-phase microextraction,32 
molecularly imprinted solid phase extraction,18,33 magnetic 
dispersive solid phase extraction,32 hollow fiber liquid phase 
microextraction,34 salting out supported liquid extraction,25 
and precipitation of proteins, followed by solid-phase 
extraction.35

Considering the monitoring of residual antibiotics in 
milk as essential for public health and studies regarding 
dairy cow management, this work developed and validated 
a direct and rapid analytical method for the simultaneous 
and routine determination of four antibiotics (tetracycline, 
oxytetracycline, penicillin G, and ceftiofur) in bovine 
raw milk by UPLC-MS/MS, requiring simply protein 
precipitation and centrifugation step for the sample 
preparation. Furthermore, the method was applied to real 
samples. Its validation was based on the Food and Drug 
Administration guideline36 and 2002/657/EC European 
Commission37 decision norms.

Experimental

Chemicals and reagents

Tetracycline (purity ≥ 98%), oxytetracycline 
(purity ≥ 95%), penicillin G (purity ≥ 96%) and ceftiofur 
(purity ≥ 95%) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Formic acid (98%) was procured 
from Millipore-Sigma (Darmstadt, Germany). Methanol 
(HPLC-grade) and acetonitrile (HPLC-grade) were 
obtained from Panreac (Barcelona, Spain). Ultrapure 
water was supplied through a Milli-Q system (Millipore, 
Bedford, USA).

Instrumentation

Samples were injected into an Acquity UPLC® H-class 
system (Milford, MA, USA) coupled to a triple quadrupole 

Xevo TQDTM (Milford, MA, USA) mass spectrometer, 
equipped with a Waters ZsprayTM electrospray ionization 
(ESI) source (Milford, MA, USA). Mobile phases were 
composed of ultrapure water acidified with 0.1% formic 
acid (A) and methanol (B). MS was operated in positive 
ion mode using the following conditions: 3 kV capillary 
voltage; cone voltage depending on the molecule (Table 1); 
350 °C desolvation gas temperature, and 750 L h-1 
desolvation gas flow, at 3.5 mbar collision gas pressure. 
Antibiotics were separated on an Acquity UPLC® bridged 
ethane hybrid (BEH) C18 column (50 × 2.1 mm, 1.7 µm). 
The gradient program used a flow rate of 0.3 mL min-1, 
with 60A:40B from 0-0.3 min, 60A:40B to 5A:95B 
from 0.3-0.9 min, 5A:95B to 60A:40B from 0.9-2.5 min, 
giving a total run time of 2.5 min. The column was 
maintained at 40 °C, and the injection volume was 0.4 µL. 
Calibration curves were constructed using the best fit of 
three replicated determinations per concentration level, 
with nine concentration points. The data were processed 
using MassLynxTM 4.1 (Milford, MA, USA) software, and 
the results were expressed as ng mL-1. Figure 1 shows the 
multiple-reaction-monitoring (MRM) chromatograms 
obtained for the milk matrix spiked with antibiotics 
standards at the concentration of 10 ng g-1 and for the milk 
samples from the cow treated with tetracycline in T0 and 
in T4.

Selection of animals

The procedures involving animals were in accordance 
to the Ethical Principals in Animal Research (12/2017) 
and the Brazilian College of Animal Experimentation. It 
was also approved by the Ethics Committee of the State 
University of the North of Parana, Brazil.

Eight lactating cows with subclinical mastitis were 
selected. Before milking, the animals underwent the 
California mastitis test and somatic cell count38 to determine 
the real occurrence of it.

Table 1. UPLC-MS/MS parameters for the antibiotics

Antibiotic
Precursor 
ion (m/z)

Transition 
ion (m/z)

Cone 
energy / V

Collision 
energy / eV

Tetracycline 445.31 410.23 
154.15

28 
28

20 
28

Oxytetracycline 461.24 426.24 
201.17

28 
28

20 
36

Ceftiofur 524.12 241.13 
125.17

42 
42

18 
52

Penicillin G 335.25 176.15 
160.14

22 
22

12 
16
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Treatment

An intramammary infusion of 200 mg tetracycline, 
365 mg neomycin sulfate, 28 mg bacitracin, 10 mg 
prednisolone and 8 g vehicle were administrated. It was 
injected into only one mammary quarter of each animal, 
after antisepsis of the teat with 70% alcohol. Tetracycline 
was chosen based on its wide use for mastitis treatment and 
its efficacy against Staphylococcus spp.39 The withdrawal 
period of the drug recommended by the manufacturer is 
72 h after the last application.

Collection of milk samples

For detection of tetracycline residues, milk samples 
were collected from the adjacent teat to the teat treated 
with tetracycline. Before milking, it was cleaned with 
water and dried using a disposable paper towel. Samples 
were collected before the beginning of the tetracycline 
treatment, to confirm the absence of antimicrobial residues 
in the milk and at 24, 48, 72 and 96 h after treatment, with 
three replications, totaling 120 samples collected. After 
milking, 5% iodine solution was used to disinfect the teats. 
All samples were stored at –20 °C until analysis.

Preparation of standard curves

Matrix-matched calibration curves were obtained 
spiking the antibiotics standards in blank milk samples 
(commercial milk). The stock standard solutions of each 
antibiotic were prepared by dissolving 6.0 mg in aqueous 
methanol (50% v v-1) to obtain a final volume of 10.0 mL. 
A second dilution was carried out in milk to obtain the 
concentration levels for the construction of the calibration 
curve.

Method evaluation

The limit of detection (LOD) and limit of quantification 
(LOQ) of the proposed method were obtained through the 
signal-to-noise ratio (S/N) of 3 and 10, respectively, from 
the chromatograms of the spiked antibiotics standards in 
blank milk sample.

The accuracy was evaluated through recovery assays. 
Recovery was calculated spiking blank milk sample before 
and after the extraction procedure in the same concentration 
(10, 258 and 1032 ng g-1, with three replicates each). The 
precision was evaluated as the coefficient of variation (CV, 
in percentage) of spiked blank milk sample in antibiotics 

Figure 1. Multiple-reaction-monitoring chromatograms obtained from: (a-d) milk matrix spiked with antibiotics standards at the concentration of 10 ng g-1; 
(e, f) raw milk samples from the cows treated with tetracycline in T0 and in T4.
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concentrations of 10, 258 and 1032 ng g-1, in three replicates 
each.

Sample preparation

500.0 µL of homogenized raw milk sample were added 
in 1.5 mL polypropylene Eppendorf tube, followed by 
the addition of 1.0 mL of cold acetonitrile. The mixture 
was vortexed (Phox MX S1, Curitiba, Brazil) for 10 s 
and centrifuged at 3000 rpm for 5 min. 500.0 µL of the 
supernatant was transferred to a vial, 0.4 µL of this solution 
was injected into the UPLC-MS/MS system under multiple 
reaction monitoring (MRM) with conditions optimized for 
each compound.

Results and Discussion

Sample extraction

The proposed analytical method is of considerable 
relevance and provides several advantages: it eliminates 
high costs of sample preparation, once the protein 
precipitation does not require special apparatus, adsorbents, 
fibers, syringes or cartridges. It also demands little sample 
manipulation, reducing the risk of errors associated 
with quantification. Moreover, the great time-saving 
advantage of the developed method is further justified 
when it comes to quality control routine analyses, in 
which many samples are analyzed. The extraction method 

was developed maximizing the protein precipitation in 
milk and separation of components, resulting in a rapid 
extraction and reproducibility at LOD and LOQ. In contrast 
to other procedures current established,40 this study added 
cold acetonitrile to precipitate the proteins and separate 
some lipids. With this procedure, it is possible that other 
interferences may prejudice the extraction and molecule 
ionization while using MS.

Consequently, aiming to evaluate the extraction 
efficiency and the presence of possible interferences, 
it was used the post-column infusion of analyte as 
it is a fast and easy technique that can be used to 
qualitatively identify regions of ion suppression or 
enhancement.  In this technique, the sample is 
injected into the UPLC column using the LC-MS/MS  
method for the specific analyte, while a steady flow 
of that same analyte is infused into the effluent flow 
between the column and the mass spectrometer source. 
Additionally, a blank solution, such as water, buffer, or 
the initial mobile phase mixture, must also be injected 
to determine the baseline for the analysis. The regions 
of suppression or enhancement can be visualized in the 
resulting chromatograms. The degree effect depends 
on the concentration of the analyte being infused; if its 
concentration is too high, matrix effects could be masked. 
Any regions of enhancement or suppression must be 
compared with the retention time of the analyte41 by 
comparing the baseline obtained from the blank with each 
of the matrices tested (Figure 2).

Figure 2. Post infusion experiment. Chromatogram smooth: window size = 3; numbers of smooths = 2; Savitzky-Golay smoothing filter.
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As can be observed in this experiment, only at the 
beginning of each chromatogram there is an unidentified 
drop followed by a stabilization of the signal (Figure 2). 
Penicillin G displayed a 40% drop, confirming that the 
quantification of analytes eluting in the initial column 
volume is not recommended. Therefore, aiming for 
a better understanding of the interferences behavior 
distribution, MS profiles (Figure 3) were developed 
to prove how the protein precipitation could solve the 
interference problem in the antibiotics mass region studied 
(300-525 m/z).

LC-MS/MS

The conditions encountered to develop the quantification 
method for β-lactam and tetracycline antibiotics were 
designed to present the least possible running time with 
a lower amount of solvent in comparison to conventional 
methods.42,43 The addition of an ion modulator was also 
minimal; 0.1% of formic acid for better ionization in the 
positive mode, with a total run time of 2.5 min at a flow rate 
of 0.3 mL min-1. Injection volume is significant, once the 
amount of sample is directly linked to the chromatographic 
resolution between the different classes of antibiotics 
analyzed. Optimal injection volumes are directly related 
to the column cylinder volume and are dependent on the 

cross-sectional area and length of the column. It is possible 
to calculate the maximum injection volume for a given 
chromatographic column support, using the following 
formula:

Vmax = (πr2 × C)(0.01) (1)

where Vmax is the maximum volume for injection, r is 
the column radius, and C is the chromatographic column 
length (mm), which is associated to the Van Deemter 
equation.44 For Waters BEH column, the maximum 
injection volume is 1.8 µL when the formula is applied, 
although this work used a 4.3-fold lower (0.4 µL) injection 
volume, evidencing the high-resolution capacity between 
the various molecules and contributing to the method 
effectiveness in minimizing matrix interference. Dwell 
time is also essential and it was achieved according to the 
MassLynx 4.1 software manual. Hence, a specific dwell 
time was determined for each analyte, leading to extreme 
detection limits for the particular LC-MS/MS system. The 
contribution of other chromatographic parameters and 
the mass spectrometer were determinant to reach the best 
sensitivity for quantification of the antibiotics.

LC-MS/MS operated in MRM mode, which is the 
analytical method of choice to determine and quantify 
drugs and their metabolites in biological fluids and tissues. 
An LC-MS/MS method requires a robust MRM method; it 
is pivotal to determine whether the compound of interest 
will ionize, and if it does, understand the greatest condition 
to ionize and also obtain consistent m/z value (parent or 
daughter ion) that will offer substantial sensitivity and 
selectivity.45 Table 1 presents the parameters found for the 
method development using Acquity UPLC® H-class and 
MS Xevo TQDTM.

Validation procedure

Table 2 shows the calibration curve parameters 
and Table 3 shows the recovery (in percentage) and 
precision (CV, in percentage) of the proposed method for 
determination of tetracycline, oxytetracycline, ceftiofur 
and penicillin G in raw milk samples.

Figure 3. Blank milk mass spectrum.

Table 2. Calibration curve parameters of the proposed method for determination of tetracycline, oxytetracycline, ceftiofur and penicillin G in raw milk samples

Antibiotic Linear range / (ng g-1)
Calibration curve 

regression equation
r2 LOD / (ng g -1) LOQ / (ng g -1)

Tetracycline 1-2064 y = 25.10x + 71.49 0.99 0.1 1

Oxytetracycline 1-2064 y = 22.70x + 74.67 0.99 0.1 1

Ceftiofur 5-2064 y = 21.61x + 42.38 0.99 0.5 5

Penicillin G 5-2064 y = 10.10x + 59.31 0.99 0.5 5

r2: determination coefficient; LOD: limit of detection; LOQ: limit of quantification.
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The proposed technique presents excellent precision 
(Table 3), once the coefficient of variation (CV, in 
percentage) is less than 15%, and high linearity (r2 greater 
than 0.99) (Table 2) within the various investigated 
concentration ranges for tetracycline (1-2064 ng g-1) and 
β-lactams (5-2064 ng g-1). Also, low LOD and LOQ were 
achieved, important for the non-saturation of the column 
(i.e., extends its lifespan).

Antibiotics usage in food-producing animals is closely 
monitored due to the potential adverse effects in humans, 
as result, food produced by animals undergoes quantitative 
analysis for antibiotic residues. One of the major issues 
of LC-MS/MS analysis when handling complex samples, 
such as milk, is the matrix effect. Thus, testing milk for 
antibiotics traditionally involves sample clean-up steps 
to minimize matrix interference.30 The matrix effect test 
allowed determining the matrix interference in response to 
the variation of the interest compounds. The experiment was 
carried out firstly finding the mass spectrometer stabilization 

according to the constant signal of each antibiotic analyzed 
combined with blank. Hence, the analyte signal strength 
may increase or decrease according to the matrix effect in 
the specific retention time. Results obtained according to the 
post infusion experiment could confirm that in the retention 
times 0.62, 0.64, 1.11 and 1.89 min were not observed any 
interference in the analytes signal.

No interferences were observed in the analytical signal 
for all antibiotics analyzed. Moreover, the easy sample 
preparation approach is considered to be effective for the 
elimination of matrix interference and ionization inhibitors, 
using ESI in positive mode.

LC-MS combines high selectivity and chromatography 
efficiency. Sensitivity is a prime advantage of MS, 
allowing the mass spectra achievement of trace level 
compounds (either one or both low sample amount and 
low concentration) in the timeframe of chromatographic 
elution times.46 Thus, this method confers high sensitivity, 
high selectivity, and good applicability. Besides, this 
new developed method shows new trends in analytical 
development when compared to other methods, mainly 
related to its simple sample preparation, since only protein 
precipitation and centrifugation steps are used, and no 
additional clean-up steps are required.

Method applicability to real samples

The analytical method proposed was used to evaluate 
the presence of tetracycline in raw milk of animals with 
subclinical mastitis. The study intended to verify if 
tetracycline has permeability between the treated teat and 
the adjacent teat on the same side, as well as to quantify 
its residue in raw milk. The manufacturer of the drug 
recommends discarding the milk in the first 3 days after 
the end of the treatment, so the sample evaluation was 
performed for 4 days after the treatment.

According to Table 4, tetracycline concentrations are 
higher than maximum residue limit (MRL) in the milk 

Table 3. Recovery and precision of the proposed method for determination 
of tetracycline, oxytetracycline, ceftiofur and penicillin G in raw milk 
samples

Antibiotic
Spiked 

concentration / 
(ng g-1)

Precision 
(CV) / %

Recovery / %

Tetracycline

10 11.7 61

258 11.1 63

1032 1.6 69

Oxytetracycline

10 12.7 72

258 10.3 73

1032 1.3 73

Ceftiofur

10 6.6 88

258 5.0 111

1032 1.6 91

Penicillin G

10 3.0 61

258 5.4 66

1032 1.0 67

CV: coefficient of variation.

Table 4. Tetracycline concentration in milk collected from the adjacent teat to the treated teat

Cows treated (n) T0 / (ng g-1) T1 / (ng g-1) T2 / (ng g-1) T3 / (ng g-1) T4 / (ng g-1)

1 ≤ LOD 8643 1493 282 105

2 ≤ LOD 6265 2271 902 372

3 ≤ LOD 6848 1764 1397 161

4 ≤ LOD 4729 894 229 108

5 ≤ LOD 3192 295 176 112

6 ≤ LOD 2795 1128 88 12

7 ≤ LOD 979 198 88 15

8 ≤ LOD 279 195 138 13

T0: before treatment; T1, T2, T3, and T4: treatment at 24, 48, 72 and 96 h after last application of tetracycline, respectively. Maximum residue limits 
(MRL) of tetracycline established by European Union:47 100 ng g−1.
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from all animals on the first and second day after treatment; 
only in two animals on the third day the allowed limit was 
reached, but there is variation according to each animal. 
However, it was possible to determine that the tetracycline 
concentration in milk from the adjacent teat to the treated 
with tetracycline before the fourth day of treatment is higher 
than the maximum residue limits (MRLs) recommended by 
European Union (EU)47 for antibiotics in animal products, 
such as milk. Table 4 reveals that 37.5% of the animals 
showed residues of tetracycline antibiotics below the MRL in 
T4. Therefore, it is evident in this work that the consumption 
of milk from the adjacent teat to the treated with tetracycline, 
when the animal develops subclinical mastitis, is limited to 
at least 4 days of milk discharge.

Conclusions

The LC-ESI-MS/MS method developed to monitor 
the presence of particular antibiotics in milk demonstrated 
simplicity and high precision. Besides, the rapid sample 
preparation avoided extensive steps, proving to be easy 
and requiring only small amounts of sample and solvent, 
which is a great cost-benefit. Moreover, the proposed 
method was validated based on the European Union and 
FDA regulations criteria. Finally, the method was applied 
to determine tetracycline residue in real milk samples of 
cows with clinical mastitis. Tetracycline residues were 
present even after 96 h of the treatment, evidencing that 
these milks should not be mixed with residue-free-milk for 
posterior commerce.
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