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LC-MS/MS determination of colistin in Mueller–Hinton
broth for in vitro pharmacodynamic studies

Miao Zhao1, Yu-Ran Cao1, Bei-Ning Guo1, Xiao-Jie Wu1, Jian Li2 and Jing Zhang1

A rapid and simple method was developed and validated for the determination of colistin A and B in Mueller–Hinton broth

using LC-tandem MS. Both analyte and internal standard (IS) (polymyxin B1) were determined using ESI. The MS data were

obtained via the selected reaction monitoring in positive-ion mode. A linear regression (weighted 1/concentration) was used to

fit calibration curves over the concentration range of 0.0241–2.41 lg ml�1 for colistin A and 0.0439–4.39 lg ml�1 for colistin

B. No interference peaks were found in the blank Mueller–Hinton broth tested. Inter- and intraday precision and accuracy were

within 85–115% (coefficient of variation). Colistin was stable in the autosampler for at least 24 h at 4 1C and in Mueller–

Hinton broth for at least 120 h at 35 1C. This assay has been successfully used to determine colistin A and B in Mueller–Hinton

broth for in vitro pharmacodynamic model studies. Accurate determination of colistin in bacterial growth medium has a vital

role in the studies examining dosage regimen of and bacterial resistance to colistin.
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INTRODUCTION

Polymyxins are increasingly used as the only therapeutic option for
multidrug-resistant Gram-negative Pseudomonas aeruginosa, Acineto-
bacter baumannii and Klebsiella pneumoniae, which are resistant to all
other antibiotics.1 Colistin, also known as polymyxin E, is an
important member of the polymyxin class antibiotics. It was first
isolated in 1949 from Bacillus polymyxa var. colistinus and became
available for clinical use in 1959. The two major components are
colistin A (polymyxin E1) and colistin B (polymyxin E2), accounting
for more than 85% of total weight of the raw material.2 The two
substances differ in the length of fatty acid side chain by one
methylene group (Figure 1). Colistin methanesulfonate, an inactive
pro-drug of colistin,3 is used by intravenous administration in clinical
practice. It converts to partially sulfomethylated derivatives and
colistin base in aqueous solution. Colistin is responsible for the
antibacterial and toxic effects after the administration of colistin
methanesulfonate.1

Over the past decade, significant progress has been made in
understanding their chemistry, pharmacokinetics (PKs) and pharma-
codynamics (PDs). However, the rapid emergence of resistance to
colistin urges us to pursue rational approaches as soon as possible, to
maximize efficacy while minimizing the development of resistance.
Identification of the most predictive PK/PD index is essential for
optimizing dosing strategies of antibiotics in patients, and validated
in vitro PK/PD models, which can serve as key tools in optimizing the
regimen of antibiotics.4–6

Accurate simulation of antibiotic PKs in patients is a key
prerequisite to establish in vitro PK/PD models. This highlights

the importance of a robust analytical method for measurement of
its concentrations in bacterial culture media. Unfortunately, no such
robust method is available for colistin. A number of LC assays
with different detection methods, including fluorescence and tandem
MS (MS/MS), have been developed for quantification of colistin A
and B in animal plasma, urine, milk and tissues, fishery products,
and human plasma and urine,7–13 including one LC-tandem MS
(LC-MS/MS) assay for colistin measurement in bacterial culture
medium using just a simple precipitation step.14 However,
all the previous methods cannot be considered very satisfactory for
various reasons: (i) sample pretreatment was tedious or (ii) run
times were relatively long or very long or (iii) lack of application
in vitro PK/PD study on different bacteria. Above all, the absence
of matrix effect study in all methods is of major significance, as
solid-phase extraction (SPE) or protein precipitation is not
considered to provide clean extracts and interference from matrix
elements in MS/MS determination of colistin is very possible,
for the method described by Jansson et al.14 Another major
limitation is the absence of IS, as simple protein precipitation is
not sufficient for bacterial culture media when using MS/MS to
quantitate colistin. In addition, an IS should be used to overcome the
potential recovery and instrumental variations. The use of such a
precaution (netilmicin13 or polymyxin B1 as IS9) was not retained by
Jansson et al.14

An HPLC method was ever employed to measure colistin in
Mueller–Hinton broth.15 However, the HPLC method has a longer
run time (15min) and derivatization is labor-intensive and time-
consuming.
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In the present study, a simple, rapid, specific and reliable LC-MS-
MS method was developed and validated for measuring colistin A and
colistin B in the bacterial culture medium used in in vitro PK/PD
model studies, which provides a solid foundation for the research of
colistin resistance and dosage regimen.

RESULTS AND DISCUSSION

LC and MS
The primary amine groups of colistin led to considerable adsorption
to the stationary phase of the LC column and caused significant
peak tailing and obvious residue. A number of different types of
chromatographic columns were tested. Atlantics d C18 (3mm,
2.1� 50mm2) was finally selected for its good peak performance
and robustness when running a large number of samples from in vitro
PK/PD studies.
A gradient elution procedure (Supplementary Table 1) using a

mixture of 0.1% formic acid in water and 0.1% formic acid in
acetonitrile was used to gain a better peak performance. As colistin A,
colistin B and polymyxin B have similar chemical structures and
properties, it is not surprising that they have very similar retention
times, about 4.8–5.0min. Although overlapping of analytical peaks
occurred in the total ion current mode, individual polypeptides under
selected reaction monitoring experimental conditions did not impose
any interference with each other for confirmation and quantification
purposes.
Colistin A and B can form multiple charged ions in ionization

process. The most common were triply and doubly charged ions. In
this experiment, tuning solution (base, 0.829mgml�1) containing
colistin A and B was introduced into the electrospray source by direct
infusion (5mlmin�1) during the automatic tuning process. As the
triply charged ions had better ion response than doubly charged ions
in the experiment, the triply charged ions were used as the precursors
for establishing selected reaction monitoring analysis (Supplementary
Table 2). The main ions produced in MS and MS/MS were identified
in the positive ionization mode. All MS parameters were optimized to
achieve the highest sensitivity.

Sample preparation
The above LC-MS/MS conditions worked well for the standard
solutions, but additional clean-up procedures were required for
Mueller–Hinton broth samples. Jansson et al.14 have developed a
method for the detection of colistin in Mueller–Hinton broth.
However, when we tried to reproduce that in our laboratory, there
was significant endogenous interference observed for colistin A,
colistin B and the IS. Several conventional sample extraction methods

such as protein precipitation, liquid–liquid extraction and solid-phase
extraction techniques were also considered during the method
development. A number of reported methods for plasma or urine
samples were also carried out,9,10,12 but none could be applied to
Mueller–Hinton broth samples because of significant interference. It is
speculated that the physicochemical property of some medium
composition was so close to colistin that it could not be removed
by simple protein precipitation or one-step solid-phase extraction,
and the liquid–liquid extraction method was beyond consideration
for its low recovery (about 10%). Therefore, we developed an
improved clean-up program. Samples were directly subjected to
cleanup with solid-phase extraction, varieties of ingredients of the
medium, and microorganisms and their metabolites were cleaned by
three steps of washing program. Although the required sample
amount of this method was higher than that of the Jansson’s method
(50ml), it was not an issue for the in vitro PK/PD experiment.

Results of method validation
Under the above condition, the retention times of colistin A, colistin
B and the IS in Mueller–Hinton broth samples were very close, about
4.8–5.0min. There was no interference with the analyte and IS. The
representative chromatograms of blank Mueller–Hinton broth, spiked
Mueller–Hinton broth sample (LLOQ) with colistin A, colistin B and
the IS, and Mueller–Hinton broth samples from in vitro PK/PD
model are shown in Figure 2.
Calibration curves were linear in the range 0.0241–2.41mgml�1 for

colistin A and 0.0439–4.39mgml�1 for colistin B, with r240.99. The
LLOQ was 0.0241mgml�1 for colistin A and 0.0439mgml�1 for
colistin B; the typical chromatograms of LLOQ samples are shown in
Figure 2b.
The intraday precision ranged from 3.0 to 6.3% for colistin A and

from 3.4 to 6.9% for colistin B, whereas the interday precision for
colistin A and colistin B ranged from 2.9 to 6.6% and from 6.1 to
7.2%, respectively. The intraday accuracy ranged from 1.49 to 2.10%
for colistin A and from �6.51% to 2.24% for colistin B. Interday
accuracy ranged from �2.96% to 2.70% for colistin A and from
�5.88% to 3.32% for colistin B (Supplementary Table 3).
The recoveries were consistent. The absolute recovery at the three

concentration levels (±relative standard deviation) was 50.9±13.0,
55.9±4.07 and 51.9±5.48% for colistin A (n¼ 3) and 50.4±6.22,
52.9±5.13 and 48.8±5.79% for colistin B (n¼ 3). As described
above, there were severe interference peaks from Mueller–Hinton
broth for colistin A, colistin B and the IS using some reported
methods. This problem has been resolved successfully by our three-
step washing program. The only regret is the relatively low recovery of
this method, because part of the analyte could be washed away.
In terms of matrix factor, the average values of three concentrations

were in the range of 101�122%, 95.1–107%, 96.5–112% and
98.5–108% for colistin A in Mueller–Hinton broth without bacteria,
with ATCC 19606, ATCC 27853 and ATCC 700603, respectively.
The corresponding values for colistin B were 101.0–108, 98.2–104,
96.9–104 and 97.2–102% (Table 1). Our results show that the presence
of various microorganisms had little effect on the LC-MS/MS assay.
Stability assessments were carried out to demonstrate that colistin

was stable under typical sample storage and processing conditions
(Table 2). Colistin was stable for at least 6 h at room temperature in
MuellerHinton broth, and 24h in the matrix after preparation. In the
in vitro PK/PD model at 35 1C, it was stable for at least 120 h. It was
also stable after two freeze–thaw cycles from �40 1C to room
temperature and for 1-month storage at �40 1C. The stock solution
of colistin sulfate was stable for 4 months at �40 1C.

Figure 1 Chemical structure of colistin A and colistin B. Dab¼ L-a,

g-diaminobutyric acid. a and g indicate the respective -NH2 involved in

the peptide linkage. Polymyxin E1 (colistin A): FA¼ (þ )-6-methyloctanoate,

X¼ D-Leu; polymyxin E2 (colistin B): FA¼ (þ )-6-methylheptanoate,

X¼ D-Leu; polymyxin B1: FA¼ (þ )-6-methyloctanoate, X¼Phe.
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Application of the assay in in vitro PK/PD model studies
A steady-state colistin concentration 2.5mgml�1 was simulated in the
model to mimic the PK of formed colistin in critically ill patients with
infections caused by Gram-negative bacteria.16 The samples at
different time points were assayed by the above method, and the
average concentration at each point was plotted in Figure 3. Con-
centration trends of both colistin A and colistin B were similar to the
target values.

CONCLUSION

A simple LC-MS/MS method was developed and validated for
quantification of colistin in bacterial culture medium. This LC-MS/
MS method overcomes the challenges due to interferences from the
matrix in Mueller–Hinton broth. It is very sensitive, selective, accurate
and reproducible. Importantly, our assay has been successfully used in
the analysis of Mueller–Hinton broth samples from in vitro PK/PD
studies.

MATERIALS AND METHODS

Chemicals and reagents
Colistin sulfate and polymyxin B sulfate were purchased from Sigma

Chemicals (St Louis, MO, USA). Methanol, acetonitrile and formic acid

(HPLC grade) were obtained from Sigma-Aldrich Laborchemikalien GmbH

(Seelze, Germany). Mueller–Hinton broth was purchased from Difco BD

(Franklin Lakes, NJ, USA). Milli-Q water (Millipore, Billerica, MA, USA) was

used in all experiments.

Instrumentation
The LC-MS/MS was performed using a Waters Alliance 2690 high-perfor-

mance liquid chromatography system (Milford, MA, USA) coupled to a TSQ

Quantum triple quadrupole mass spectrometer equipped with an electrospray

ionization (ESI) probe (Thermo Finnigan, San Jose, CA, USA). Data

acquisition and processing were performed by Xcalibur 2.0.7 software (Thermo

Finnigan, USA). Positive pressure-96 processor and Oasis HLB SPE C18

cartridges (30mg, 1ml) were obtained from Waters (Milford, MA, USA).

Chromatographic and mass spectrometric conditions
Chromatography was performed on an Atlantis column (50� 2.1mm2, i.d.

3mm; Waters) maintained at room temperature and the injection volume was

10ml. The mobile phase comprised a mixture of (A) 0.1% formic acid in water

and (B) 0.1% formic acid in acetonitrile, and was delivered at a flow rate of

0.20mlmin�1 under a gradient elution procedure. The gradient used was

0–0.5min, 5% B; 0.8–1.8min, 90% B; 1.8–2.8min, 5% B; 9min, stop. The

mass spectrometer was operated in the positive-ion mode. The optimized

conditions were nitrogen sheath and auxiliary gas at 40 and 12psi, respectively,

with a spray voltage of 4.0 kV and vaporizer temperature of 270 1C.

Quantification was performed using selected reaction monitoring of the

transitions of m/z 101.2 from triply charged precursors of colistin A (m/z

391.0); m/z 380.6 from triply charged precursors of colistin B (m/z 386.0); and

m/z 101.2 from triply charged precursors of the IS polymyxin B1 (m/z 402.0)

with a scan time of 0.2 s per transition. Argon gas was used as the collision gas

Table 1 Matrix factor of the assay

Concentration

spiked

(mgml�1)

Matrix factor

Samples with-

out bacteria

(mean±s.d.,

n¼6)

Samples with

ATCC 19606

(mean±s.d.,

n¼6)

Samples with

ATCC 27853

(mean±s.d.,

n¼6)

Samples with

ATCC 700603

(mean±s.d.,

n¼6)

Colistin A

0.072 122±8.3 104±4.0 112±8.7 108±11.0

0.483 105±5.8 95.1±3.5 96.5±3.6 98.5±4.5

1.93 102±2.6 107±10.5 97.1±5.1 99.2±5.2

Colistin B

0.132 108±7.8 102±3.9 104±15.0 102±15.9

0.878 102±2.9 98.2±6.2 96.9±7.3 101±5.9

3.51 101±2.8 104±14.1 99.7±11.5 97.2±8.1
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Figure 2 Representative chromatograms of colistin A, colistin B and

the IS (polymyxin B1) in Mueller–Hinton broth medium. (a) Blank

Mueller–Hinton broth sample; (b) spiked Mueller–Hinton broth sample at

the lower limit of quantification 0.024mg ml�1 for colistin A and

0.044mg ml�1 for colistin B; (c) a Mueller–Hinton broth sample collected at

5 h from an in vitro pharmacokinetic/pharmacodynamic (PK/PD) model

study after administration of a single dose of colistin.
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at a pressure of 1.5mTorr, and the optimized collision energies of 18, 11 and

18 eV were chosen for colistin A, colistin B and the IS, respectively.

Preparation of stock and standard solutions
Two stock solutions of colistin (0.829mgml�1, the concentration given as that

of the colistin base, i.e., without the sulfate moiety) were prepared independently

in Milli-Q water. One stock solution was used for the standards and the other

for the quality controls (QCs). The IS (polymyxin B sulfate) was weighed

separately and a solution (1mgml�1) was prepared using Milli-Q water.

As no pure colistin A and B reference standards were available, colistin A

and B had to be estimated. The percentage of colistin A and colistin B in the

reference substance were estimated using a reported method.2 The flow rate

was 1mlmin�1 and 20ml of colistin solution (base, 0.829mgml�1) was

injected (n¼ 6). The batch of colistin was estimated to contain 29.1±0.26% of

colistin A (±s.d.) and 53.0±0.29% of colistin B.

Blank Mueller–Hinton broth was spiked to prepare standard samples in the

range of 0.0241–2.41 and 0.0439–4.39mgml�1 for colistin A and B, respec-

tively, and QC samples for colistin A (0.0720, 0.483 and 1.93mgml�1) and for

colistin B (0.132, 0.878 and 3.51mgml�1). Stock solutions, medium standards

and QCs were stored at �40 1C. All dilution steps were carried out in 1.5 or

2ml polypropylene tubes (Watson, Tokyo, Japan).

Sample pretreatment
An aliquot (600ml) of Mueller–Hinton broth from the in vitro PK/PD model

was vortex-mixed with 30ml internal standard (10mgml�1 polymyxin B sulfate

in water) in a polypropylene tube. The mixture was directly loaded onto an

Oasis HLB SPE cartridge preconditioned with methanol (1ml) followed by

Milli-Q water (1ml) on a positive pressure-96 processor (Waters). The first

wash was conducted with 500ml 60% methanol, followed by 500ml of 70%
methanol and 500ml of 80% methanol. After eluting analytes with 2� of 300ml
methanol–water–formic acid (80/20/0.2 (v v�1)), the combined eluents were

injected directly into LC-MS/MS.

To ensure the samples injected into the LC-MS/MS contained no bacteria,

the Mueller–Hinton broth samples were first centrifuged (12 000 r.p.m. for

15min), and 100ml of the supernatant was injected into LC-MS/MS. Colonies

were counted after 48h of incubation at 35 1C. Results showed that no bacteria

Figure 3 Pharmacokinetic (PK) simulation of colistin A and B in the in vitro

PK model study (mean±s.d., n¼3).

Table 2 Stability of colistin A and colistin B in Mueller–Hinton broth

Concentration (mgml�1)

0.0720 0.483 1.93

Colistin A

Concentration

measured

Percent difference

vs time 0 a

Concentration

measured

Percent difference

vs time 0

Concentration

measured

Percent difference

vs time 0

Short-term stability (6h, room temperature) 0.070 0.9 0.479 �4.0 1.91 �5.2

After pretreatment stability (24h, 4 1C) 0.072 2.5 0.546 9.5 2.01 �0.3

Freeze–thaw stability (two cycles, �40 1C to

room temperature)

0.074 0.7 0.530 9.3 2.04 14.1

Stability in the in vitro PK/PD model

(120 h, 35 1C)

0.069 �5.9 0.498 2.6 1.89 5.2

Long-term stability (1 month, �40 1C) 0.077 6.4 0.467 �6.9 1.74 �14.1

Nominal concentration (mgml�1)

0.132 0.878 3.51

Colistin B

Concentration

measured

Percent difference

vs time 0

Concentration

measured

Percent difference

vs time 0

Concentration

measured

Percent difference

vs time 0

Short-term stability (6h, room temperature) 0.120 �7.3 0.914 �4.2 3.28 �6.9

After pretreatment stability (24h, 4 1C) 0.146 12.3 0.969 1.6 3.37 �4.5

Freeze–thaw stability (two cycles, �40 1C to

room temperature)

0.137 �5.3 0.965 10.6 3.61 5.0

Stability in the in vitro PK/PD model

(120 h, 35 1C)

0.135 �6.8 0.887 1.7 3.01 �12.4

Long-term stability (1 month,�40 1C) 0.150 4.3 0.938 �1.6 3.40 2.8

Abbreviations: PD, pharmacodynamic; PK, pharmacokinetic.
aAll the stability were assessed by comparison with the response of freshly prepared samples (marked as time 0).
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were detected on the Mueller–Hinton agar plates, which demonstrated that our

cleanup program was effective for the detection of colistin in Mueller–Hinton

broth, regardless of whether there are bacteria.

Method validation
The LC-MS/MS method for the determination of colistin was validated with

reference to the Guidance for the Industry: Bioanalytical Method Validation.17

The selectivity of the medium was examined by comparing chromatograms

of the blank Mueller–Hinton broth spiked with colistin standards, and samples

from in vitro PK/PD model after the administration of colistin.

Two linear calibration curves were generated using the ratio of the intensities

of colistin A or B to polymyxin B1 vs concentration of colistin A or B.

Calibration curves were obtained by least-squares linear regression with a

weighting factor (1/x). Intra- and interday accuracy and precision were

determined by duplicate analysis of six sets of samples spiked with three

different concentrations of analyte, within a day and on six consecutive days.

Accuracy was expressed as a relative error of the measured concentration

over the targeted concentration (RE, %). Precision was expressed as the

relative standard deviation (%). The acceptance criteria for the intra- and

interday precision and accuracy were within 15% for QC samples at three

different levels.

The absolute recoveries of colistin A and colistin B in Mueller–Hinton broth

was determined by comparing the peak area of spiked Mueller–Hinton broth

samples with the samples prepared with mobile phase. Recovery was

determined at 0.0720, 0.483 and 1.93mgml�1 of colistin A and at 0.132,

0.878 and 3.51mgml�1 of colistin B in three replicates. As multidrug-resistant

Gram-negative bacteria P. aeruginosa, A. baumannii and K. pneumoniae were

examined in most in vitro PK/PD studies on colistin, the matrix effect of

Mueller–Hinton broth samples were assessed in the presence and absence of

different bacteria. The type strains P. aeruginosa ATCC 27853, A. baumannii

ATCC 19606 and K. pneumoniae 700603 (up to108CFUml�1) were used in

this experiment. To evaluate the matrix effect on the ionization of the analyte,

six blank Mueller–Hinton broth samples from six different batches of blank

Mueller–Hinton broth (with or without bacteria) were extracted and recon-

stituted with colistin in the mobile phase at three QC concentrations. The

corresponding peak areas (A) were then compared with those of the standard

samples in mobile phase (B). The ratio (A/B� 100%) is defined as the matrix

factor, indicating the magnitude of the matrix effect.

The stability of colistin under different conditions was assessed by using the

low-, medium- and high-level QC samples during all stages of this assay,

including the short-term stability, postpreparative stability at autosampler

(4 1C), freeze–thaw stability, long-term stability, 35 1C stability in Mueller–

Hinton broth and stock solution stability.

Application of the assay in in vitro PK/PD studies
As there is a lack of PK data of colistin in Chinese subjects, a one-compartment

PK/PD model was developed based on the recently published population PK

model.16 For colistin, a one-compartment model was sufficient to describe the

data, and the estimated half-life was 14.4 h. We constructed the in vitro PK/PD

infection model as described previously with modifications.18 For the

experiments, the entire system (except the computer-controlled peristaltic

pump) was placed in an incubator at 35 1C with 5% CO2. The central

compartment holds 200ml Mueller–Hinton broth. To simulate colistin PK

with this system; that is, to set the T1/2 as 14.4 h, the flow rate was

0.16mlmin�1. The drug was injected into the system through the dosing

port at the zero time point. The dose added to the central compartment was

0.600mg of colistin sulfate as a 0.5ml solution, which is equivalent to

2.5mgml�1 colistin base, to mimic the PK of formed colistin in critically ill

patients with infections caused by Gram-negative bacteria. After dosing, a

700ml sample was obtained from the central compartment to determine

concentration of colistin A and colistin B at the following time points: 1, 2, 4,

6, 8, 10, 12, 16, 20 and 24 h.
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