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Abstract

Polypeptide antibiotics abuse can lead to antibiotic residues in food products and have unwanted effects on human health.
A selective, accurate, and sensitive analytical method for the simultaneous determination of four polypeptide antibiotics
(gramicidin S, bacitracin, polymyxin B, and polymyxin E) in infant formula powder was developed using solid-phase
extraction (SPE) combined with high performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS).
The samples were extracted with acidified methanol, deproteinized with acetonitrile, and degreased with n-hexane before
SPE. After cleanup with 0.1% formic acid and methanol (3:1, v/v) in Oasis HLB cartridges, the extracts were analyzed by
HPLC-MS/MS with electrospray ionization (ESI) source and time-scheduled multiple reaction monitoring (MRM). Linearity
was assessed by using matrix-matched standard calibration and good determination coefficients (+* > 0.995) were obtained.
The average recoveries for blank sample at three spiked concentration levels were in the range of 82.8-101.2%. The limits
of detection (LODs) and limits of quantitation (LOQs) of all analytes were in the range of 5-15 pg kg~! and 20-50 pg kg~!,
respectively. The intra-day and inter-day precisions were lower than 10%. The results of method validation demonstrated
that the developed method is accurate and reliable, and it can be applied for screening and quantitation of target polypeptide
antibiotics in food.
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Introduction

Polypeptide antibiotics are members of a huge family of
antibiotics containing non-protein polypeptide chains.
Compared with traditional antibiotics, polypeptide antibi-
otics have different target sites and duration of action, and
they have a long history of use in human medicine for anti-
infective and antitumor purposes. The polypeptide antibiot-
ics gramicidin S, bacitracin, polymyxin B, and polymyxin E
are metabolites of Bacillus brevis, Bacillus subtilis, Bacillus
polymyxa, and Bacillus licheniformis [1]. Gramicidin S and
bacitracin have strong therapeutic activity against gram-pos-
itive cocci and bacilli [2, 3]. Polymyxin B and polymyxin
E have been used to treat severe infections of Pseudomonas
aeruginosa or other gram-negative bacilli. Since these drugs
have serious side effects, including fever, hemolysis, nephro-
toxicity, neurotoxicity, and cytotoxicity [4—6], they have
been replaced by other lower toxicity and better-tolerated
antibiotics. Hence, they are no longer used as a drug for
systemic treatment, only as a variety of topical therapeutic
administration, such as the treatment of the external auditory
canal, cornea, or skin infections [7].

However, these four polypeptide antibiotics are exten-
sively used as veterinary drugs for infectious disease in mod-
ern animal husbandry and may also be added into animal

@ Springer

feed to improve feed conversion efficiency and growth rate.
Polypeptide antibiotics abuse can lead to antibiotic residues
in food products and have unwanted effects on human health
[6]. Therefore, the application of polypeptide antibiotics in
veterinary practice is regulated by several regulatory agen-
cies. For example, Japan has established maximum residue
limits (MRLs) for bacitracin (400 pg kg~!) and polymyxin E
(10 pg kg™") in milk. The European Union (EU) has forbid-
den the use of bacitracin as an animal feed additives since
1999 and set MRLs for bacitracin (100 pug kg™') and poly-
myxin E (50 pg kg™') in milk [8, 9]. Taking the side effects
of these drug residue into account, an accurate and high-
throughput analytical method for determining polypeptide
antibiotic residues in food is critical and necessary.

Several techniques have been developed for the analysis
of polypeptide antibiotics, including immunoassay [10, 11],
fluorescence [12, 13], capillary electrophoresis [14—17], and
high performance liquid chromatography (HPLC) with vari-
ous detection systems [9, 18-20]. However, the processing
procedure of immunoassay methods for polypeptide anti-
biotics is cumbersome and capillary electrophoresis has
the drawback of poor reproducibility. HPLC methods need
time-consuming sample pretreatment including protein pre-
cipitation, solid-phase extraction (SPE), and derivatization.
Besides, these methods have the common disadvantage of
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low detection sensitivity. As a highly selective and sensitive
analytical method, high performance liquid chromatogra-
phy—tandem mass spectrometry (HPLC-MS/MS) has been
reported for the determination of polymyxin B and poly-
myxin E in food samples and biological matrices [21-25], as
well as bacitracin in rabbit serum and food matrices [26, 27].
However, no sensitive method for the simultaneous quantita-
tive analysis of gramicidin S, bacitracin, polymyxin B, and
polymyxin E in food products has been reported.

The aim of this study was to develop a new, highly sensi-
tive HPLC-MS/MS method for simultaneous determination
of four polypeptide antibiotics (gramicidin S, bacitracin, pol-
ymyxin B, and polymyxin E) in infant formula milk powder
samples. The HPLC-MS/MS conditions and cleanup pro-
cedure were optimized. The method was validated to dem-
onstrate the matrix effect, linearity, LODs, LOQs, recovery,
and precision. This method was also applied for the analysis
of commercial samples.

Materials and Methods
Reagents, Materials, and Standards

The standard of gramicidin S (purity 95%) was obtained
from BOC Sciences (NY, USA). Bacitracin (purity 78%),
polymyxin B (polymyxin B1 purity 86%), and polymyxin E
(polymyxin E1 purity 87%) were purchased from Dr. Ehren-
storfer GmbH (Augsburg, Germany). Methanol (MeOH),
acetonitrile (ACN), and n-hexane were obtained from
Sigma-Aldrich (St. Quentin Fallavier, France). Formic acid
(FA) was purchased from Baillingwei Company (Beijing,
China). Ultrapure water (resistivity 18.2 M) was prepared
using the Milli-Q water purification system (Millipore, Brus-
sels, Belgium). All solvents and reagents were of HPLC and
analytical grade. Formula infant milk powder was purchased
from local supermarkets.

Individual stock solution of gramicidin S was prepared
at a concentration of 1000 mg L~! in MeOH. Individual

stock standard solutions of bacitracin, polymyxin B,
and polymyxin E were prepared at a concentration of
1000 mg L™ in 0.1% FA. Then a mixed working standard
solution of the four analytes was prepared at different con-
centrations (1000, 500, 200, and 100 pg L'l) by combin-
ing suitable aliquots of stock solutions of each individual
standard and diluting them with appropriate volumes of
0.1% FA in MeOH (4:1, v/v). All of them were prepared
weekly and stored in screw-capped glass tubes at — 20 °C
in the dark.

HPLC-MS/MS Conditions

A 1260 HPLC (Agilent, CA, USA) integrated system
coupled to an AB 5500 (Applied Biosystems, USA) tri-
ple quadrupole mass spectrometer equipped with ESI
source was used. Data was acquired using the Analyst
1.6.1 software. Precursor and production ion selection
and optimization of collision energies were performed
manually by flow injection of analytical standards. The
analysis was carried out using a Poroshell 120 SB-C18
analytical column (2.7 pm, 4.6 X 150 mm, Agilent, CA,
USA) maintained at 30 °C. A binary gradient of mobile
phase A (0.1% FA in water) and B (0.1% FA in MeOH)
was delivered at a constant flow rate of 0.5 mL min~!. A
5-pL sample was injected. The following gradient elution
program was used: 0-2 min (20% B), 6-16 min (95% B),
19-20 min (20% B).

The mass spectrometer was operated in positive electro-
spray ionization mode (ESI+). Targets ions were examined
using multiple reaction monitoring (MRM) mode. The gen-
eral source settings in the positive ionization modes were
as follows: ion source gas 1 (GS1) 50 psi; ion source gas
2 (GS2) 45 psi; ion spray voltage (IS) 5000 V; ion source
temperature 450 °C; and curtain gas 0.2 MPa. The precursor
ions, product ions, decluster potential (DP), collision energy
(CE), and collision cell exit potential (CXP) values of all
analytes and other parameters are shown in Table 1.

Table 1 Optimized HPLC-

Analytes
MS/MS parameters of four

RT (min) Ionization mode Precursor Productions (m/z) CE (eV) DP (V) CXP (V)

- . ion (m/z)
polypeptide antibiotics analytes
Gramicidin S 12.6 [M+2H]** 571.6 169.2% 43 121 15
197.2 35 127 15
Bacitracin 114 [M+2H]** 712.2 199.2% 50 132 20
227.3 43 119 20
Polymyxin B 10.7 [M+2H]** 602.7 233.3% 33 70 14
101.1 42 74 14
Polymyxin E  10.8 [M+2H]** 585.6 101.1% 35 112 10
202.2 32 120 10

4Quantitative ion
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Sample Preparation

All formula milk powder samples were collected from
supermarkets in Beijing, China. Typically, the milk powder
samples were dissolved in water at room temperature for
each experiment. For recovery and validation studies, the
homogenized blank sample was spiked with known variable
amounts of four mixed standard solutions.

Formula milk powder (1.00 g) was precisely weighed
and dissolved in Milli-Q water (10 mL). Then each sample
was transferred to 50-mL polypropylene centrifuge tubes.
For method development and validation, blank samples
were spiked with mixed standard solutions. Afterwards, the
mixture was vortexed for 1 min and left to stand at room
temperature for 10 min for equilibration. Then, 20 mL 0.1%
FA/MeOH (3:1, v/v) with 2 mL ACN was added into the
mixture and the tube was shaken and centrifuged for 10 min
at4 °C.

Next, the supernatant was transferred to another tube and
the residue was treated by following the extraction procedure
described above. After the supernatant of the second extrac-
tion was combined with the first extraction, 20 mL n-hexane
was added and the tube was vortexed for 1 min and then
centrifuged for 5 min at 4 °C. The supernatant was trans-
ferred to another tube. Then, 20 mL n-hexane was added into
the residue and the operation described above was repeated.
After centrifugation, the supernatant was collected again in
the same tube.

Solid-Phase Extraction

Initially, the Oasis HLB SPE cartridge (6 ml/500 mg) was
conditioned by passing 6 mL of MeOH followed by 6 mL of
Milli-Q water. Then the obtained sample extract was loaded.
The cartridge was washed with 15 mL Milli-Q water and
the analytes were eluted by adding 6 mL MeOH. Finally,
the eluate was evaporated to nearly dryness under a gentle
stream of nitrogen in a 40 °C water bath, and then recon-
stituted with 2 mL 0.1% FA/MeOH (4:1, v/v). The sample
extract was vortexed for 30 s, and then filtered through a
0.22-pm nylon membrane for HPLC-MS/MS analysis.

Results and Discussion
Optimization of MS Conditions

The optimum MS/MS parameters of the four analytes were
obtained by analyzing single standard solutions at a concen-
tration of 100 ng mL ™!, Precursor ions were selected in both
positive and negative mode. In agreement with a previous
report [28], the positive ion mode produced more abundant
m/z values in this work. This can be explained as follows:
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the analytes contain peptide bonds and the nitrogen atoms
of amino groups in peptide bonds add hydrogen ions very
easily; therefore, the positive ion mode was selected as the
ionization mode.

Full-scan mass spectral acquisitions were performed to
identify the precursors. In contrast to the formation of triply
charged ions in previous reports [25, 29, 30], it was noted
that the doubly charged peak of bacitracin ([M +2H]** at
miz 712.2) has the highest response (see Electronic Sup-
plementary Material Fig. S1a), which is in line with another
related report [30]. The possible reason for the phenome-
non is that the charged status of bacitracin was likely to
be affected by the type of mass analyzer, MS interface, ion
source design, or other objective reasons [31]. Similarly, the
doubly charged peak [M +2H]** (m/z 602.7) of polymyxin
B, [M +2H]** (m/z 585.6) of polymyxin E, and [M + 2H]**
(m/z 571.6) of gramicidin S (see Electronic Supplementary
Material Fig. S1) were observed to have the highest response
value in the full-scan mass spectra. The ring structure of
gramicidin S is centrosymmetrical, which may easily pro-
duce two identical structures and was attributed to the dou-
bly charged peak. Thus, the doubly charged ions of grami-
cidin S (m/z 571.6), bacitracin (m/z 712.2), polymyxin B
(m/z 602.7), and polymyxin E (m/z 585.6) were selected as
precursor ions.

The suitable fragment ions of the precursor ion were
selected in the product ion scan mode. It is better to select
two ions that are sensitive in MRM mode for qualitative and
quantitative determination. Product ions of m/z 169.2, m/z
199.2, m/z 233.3, and m/z 101.1, which are relatively high
in kurtosis, were used as the quantitative ions for gramici-
din S, bacitracin, polymyxin B, and polymyxin E, respec-
tively. Collision energy (CE) was a critical parameter which
affected the sensitivity toward the target compounds. The
values were set from O to 180 eV during the optimization
process of CE in MRM mode. As shown in Table 1, CE
value of the highest abundance was selected for each target.
The optimized CE values of the four polypeptide antibiot-
ics were in the range of 32-50 eV. Moreover, in order to
eliminate the solvent ionic cluster effectively and enhance
the signal abundance, DP and CXP were optimized to obtain
more abundant m/z values.

Optimization of Chromatographic Conditions

In a preliminary study, the separation performance of three
columns, Agilent Poroshell 120 SB-C18 (150 mm X 4.6 mm,
2.7 pym), Agilent Extend-C18 (150 mm x 4.6 mm, 5 pm), and
Waters Atlantis T3 (150 mm X 4.6 mm, 5 pm), was evalu-
ated. The best separation effect and the highest response for
total analytes were observed with the Poroshell 120 SB-C18
column, which was therefore chosen as the HPLC column.
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In order to optimize the separation for the four target ana-
lytes, various types of mobile phases such as MeOH/water,
0.1% FA in water, and 0.1% FA in MeOH were tested. When
MeOH/water was used as the mobile phase, good peak shape
and response value were not obtained because the polypep-
tide antibiotics were unstable under neutral conditions [32].
So, the volatile organic acid formic acid was added as an
acidity regulator in this study to improve the separation
effect. When FA was added to the mobile phase (0.1% FA
in water/MeOH, 0.1% FA in water, or 0.1% FA in MeOH),
good response and peak shape were obtained in the chroma-
tographic traces for the test compound polymyxin E. This is
because FA not only provided an acidic environment but also
supplied the essential proton source to improve the ioniza-
tion efficiency. Compared with 0.1% FA in water/MeOH,
the mixture of 0.1% FA in water and 0.1% FA in MeOH as
mobile phases could produce better peak shape and reduce
the tailing factor from 1.6 to 1.1 (see Electronic Supplemen-
tary Material Fig. S2). Therefore, 0.1% FA in water (A) and
0.1% FA in MeOH (B) were chosen as the mobile phases.

Furthermore, several gradient profiles were optimized to
obtain better target separation and less analysis time. Param-
eters such as flow rate, injection volume, and temperature
were also optimized to a achieve better separation effect.
As shown in Fig. 1, the target compounds could be well
separated in less than 13 min, except polymyxin B and poly-
myxin E, which have nearly the same retention time (10.7
and 10.8 min, respectively) owing to their similar chemical
structure and properties. However, they can be distinguished
well under MRM scan mode in mass spectrometry.

Optimization of Sample Preparation

When using ESI-MS in the analysis of samples, the ion
suppression caused by matrix effects may reduce the signal
and increase detection limits. In this study, SPE was used
to purify the sample matrix. Three different SPE columns
(C18, Oasis MAX, and Oasis HLB) were investigated. Com-
pared with the average recoveries of the four analytes puri-
fied by C18 columns (73%) and Oasis MAX column (69%),
the Oasis HLB columns (6 ml/500 mg) provided the best
purification effect and had the highest average recoveries
(88%). The packing of Oasis HLB (hydrophilic-lipophilic
balance) is a reversed-phase adsorbent which is more suit-
able for retaining the polar compounds. So, the Oasis HLB
was chosen as the SPE column for sample purification.

In this work, water, MeOH, water/MeOH (1:1, v/v), and
different concentrations of formic acid (0.1% FA and 1%
FA in water, v/v) in MeOH (1:1, v/v) were investigated
in order to get the best solvent extraction efficiency of a
spiked blank sample (all of the extraction solvents are in
excess). As shown in Fig. 2, when using water or MeOH
alone as extraction solvent, water showed a relatively
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Fig. 1 Optimized chromatograms of extracted ion current for sample
spiked at 100 pg kg~ of four polypeptide antibiotics

better extraction effect than MeOH for all the targets
except gramicidin S, because bacitracin, polymyxin B,
and polymyxin E were readily soluble in water whereas
gramicidin S was readily soluble in MeOH. Since the aver-
age recoveries were below 75%, mixed extraction solvents
with/without acidified reagent (FA) were also investi-
gated. Results showed that the addition of FA could pro-
vide recoveries higher than 80%. Besides, the mixture of
0.1% FA/MeOH (1:1, v/v) showed better extraction effect
(average recoveries 96%) than 1% FA/MeOH (1:1, v/v).
A possible explanation was that polypeptide antibiotic
needs an appropriate pH environment; the lower pH value
of the extraction solvent was likely to cause degradation
of bacitracin and polymyxin E, which has been reported
elsewhere [21, 30].

The effect of different volume ratios of 0.1% FA/MeOH
(1:1, 2:1, 3:1, 4:1, v/v) on the extraction was studied. Fig-
ure 3 shows that when the volume ratio of 0.1% FA/MeOH
increased from 1:1 to 3:1, the recovery of analytes was
higher. Whereas when the volume ratio of 0.1% FA/MeOH
increased to 4:1, the recovery of polymyxin B was lower
than 70%. In order to ensure the best recoveries, 0.1% FA/
MeOH (3:1, v/v) was chosen as the extraction solvent.
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Fig. 2 Effect of different extrac-
tion solvents on the recoveries
of target analytes
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Additionally, the effect of volume of solvent on the recov-
eries of target compounds was also studied. The recoveries
of target compounds were higher with increasing solvent
volume (Fig. 4). When the volume of extraction solvent
increased to 15 mL, the recovery values began to stabilize.
In order to ensure the stability of target compound recover-
ies, 20 mL of extraction solvent was chosen as the optimal
volume of extraction solvent.
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Methods Validation

Matrix Effect

Suppression or enhancement of the target signal usually
occurs in MS/MS determination with electrospray ionization

as a result of the matrix effect (ME), especially in complex
matrices. Generally, it will produced a strong suppression
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Fig.4 Effect of different volumes of extraction solvent on the recov-
eries of target analytes

effect when the positive ion mode is used. In this study,
the matrix effect of the developed method was evaluated by
comparing the slopes of standard solution calibration plots
to the matrix-matched calibration plots. For this purpose, the
following equation was used [33]:

ME(% ) = (S,,/S, — 1) X 100,

where S, is the slope of calibration plot in matrix and S is
the slope of calibration plot in solvent. The values of ME
for gramicidin S, bacitracin, polymyxin B, and polymyxin
E were 9.4%, 46.9%, 88.4%, and 22.2%, respectively. Soft
matrix effects (ME > —20%, ME <20%) are negligible.
However, the matrix effects in milk powder samples for baci-
tracin and polymyxin E were medium (—50% < ME < —20%,
20% <ME < 50%) and that for polymyxin B was signifi-
cant (ME < —50%, ME > 50%) which resulted in signal

suppression in MS. Therefore, it is necessary to overcome
the influence of the matrix on the analytes. In this study it
can be solved by employing a matrix-matched calibration
standard. Thus, the blank matrix solution was used to dilute
the standard stock solution step by step and to establish a
calibration standard curve and external standard method for
accurate quantification of all the compounds.

Linearity, LODs, and LOQs

To evaluate the analytical features of the developed method,
the calibration curves of gramicidin S, bacitracin, polymyxin
B, and polymyxin E were evaluated using matrix-matched
samples spiked at three different concentration levels in the
range of 20-2000 pg kg~!. Three replicates for each con-
centration level were used. For all analytes in milk powder
matrices, the detector response was linear with a coefficient
of determination (+%) equal to or higher than 0.99. However,
the linear range was different: for gramicidin S, polymyxin
B, and polymyxin E, the linear range started at a concentra-
tion of 20 or 30 pg kg™! and the detector response was linear
up to 1000 pg kg~! (Table 2). Signals for bacitracin were
linear from 50 up to 2000 pg kg~".

Limits of detection (LODs) of the instrumental method
were calculated by the injection of a series of diluted stand-
ard solutions until a signal-to-noise (S/N) ratio equal to or
slightly higher than 3 was reached. Limits of quantification
(LOQs) were determined by injecting a series of spiked sam-
ples until an S/N ratio equal to or higher than 10 was reached.
Under the optimum conditions of determination, the LODs
were 5 pg kg~! for gramicidin S, 15 pg kg~! for bacitra-
cin, 10 pg kg~! for polymyxin B, and 6.5 pg kg™! for poly-
myxin E, which were significantly lower than those obtained
with capillary chromatography [15] and LC-fluorimetric

Table 2 Validation data for the developed method for infant formula milk powder samples

Analyte Spiked level Linear range (pg/kg) —r° Average LOD (pgkg™) LOQ Intra-day preci- Inter-day preci-
(ng kg’l) recovery (ng kg’l) sion (%) (n=6) sion (%) (n=5)
(%)
Gramicidin S 20 20-1000 09994 914 5 20 5.9 9.8
40 101.2 4.8 7.3
80 85.6 7.1 53
50 50-2000 0.9958 94.5 15 50 35 8.7
Bacitracin 100 87.3 5.6 4.2
200 82.8 22 7.6
30 30-1000 0.9972 88.2 10 30 6.0 6.4
Polymyxin B 60 92.1 8.8 3.9
120 89.7 3.6 2.7
20 20-1000 0.9981 97.3 6.5 20 7.2 6.2
Polymyxin E 40 91.5 8.3 4.8
80 100.4 6.5 5.6
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detection [18] and also lower than the MRLs regulated in
Japan and EU [8]. The LOQs were 20 pg kg~! for gramicidin
S, 50 pg kg~! for bacitracin, 30 pg kg~! for polymyxin B,
and 20 pg kg™! for polymyxin E. The results indicated that
good sensitivity was obtained.

Recovery

The recovery studies were implemented by using blank
samples to assess the effectiveness of the extraction. The
blank infant formula milk powder samples were spiked with
working standard solutions at three concentration levels
(1xLOQ, 2xLOQ, and 4 X LOQ) for each target compound.
Six replicates were analyzed at each concentration level. The
recoveries of the four analytes at various spiked levels were
in the range of 82.8-101.2% (Table 2).

Precision

The precision was evaluated in terms of intra-day preci-
sion and inter-day precision, expressed as relative stand-
ard deviation (RSD). Intra-day precision was measured by
spiking blank sample with the low (1 X LOQ), intermediate
(2xLOQ), and high (4 X LOQ) levels of standards, using six
replicates for each concentration level in 1 day. To evaluate
inter-day precision, the same concentration levels were ana-
lyzed over 5 consecutive days. The RSD values of intra-day
precision ranged from 2.2% to 8.8% and the RSD values of
inter-day precision ranged from 2.7% to 9.8%, indicating the
stability of the developed method.

Application of the Developed and Validated
Methods

In order to estimate the reliability and practicality of the
developed HPLC-MS/MS method, 30 samples (including
stage 1, stage 2, stage 3, and stage 4) of formula infant milk
powder purchased from local supermarkets were analyzed
in this study. The sample matrix was extracted and analyzed
using the developed processing procedure. The spiked sam-
ples were also analyzed in the same process. The results
of the detection demonstrated that gramicidin S, bacitracin,
polymyxin B, and polymyxin E were detected at concentra-
tions below LODs in the real samples and have a recovery
higher than 80% in the spiked samples.

Conclusions

In this work, a multi-residue method for simultaneous
determination of gramicidin S, bacitracin, polymyxin
B, and polymyxin E in milk powder was developed. The
proposed detection method achieved superior sensitivity,
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selectivity, and accuracy through using the MRM mode.
Matrix-matched standard calibration was used to eliminate
matrix effects. The LOQs of the four target analytes were
20 pg kg™, 50 pg kg™!, 30 pg kg~!, and 20 pg kg~!, respec-
tively. The method was successfully applied to real samples
from local markets. The developed method is suitable for
monitoring the contamination of polypeptide antibiotics in
infant formula milk powder and is expected to be applied
to the detection of polypeptide antibiotics in other animal-
derived foods.
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