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a  b  s  t  r  a  c  t

Neuroprotective  controlled  therapeutic  hypothermia  is the  standard  of care  for  newborns  suffering
perinatal  asphyxia.  Antibiotic  drugs,  such as amikacin,  gentamicin,  and  vancomycin  are  frequently
administered  during  controlled  hypothermia,  which  possibly  alters  their  pharmacokinetic  (PK)  and  phar-
macodynamic  (PD)  profiles.  In  order  to examine  this  effect  an LC–MS/MS  method  for  the  simultaneous
quantification  of  amikacin,  the  major  gentamicin  components  (gentamicin  C,  C1a  and  C2),  and  van-
comycin  in  plasma  was  developed.  In  25 �L plasma  proteins  were  precipitated  with  trichloroacetic  acid
(TCA)  and  detection  of  the  components  was achieved  using  ion-pair  reversed  phase  chromatography
coupled  with  electrospray  ionization  tandem  mass  spectrometry.  The  chromatographic  runtime  was
7.5 min  per sample.  Calibration  standards  were  prepared  over  a range  of  0.3–50  mg L−1 for  amikacin
and  gentamicin  and  1.0–100  mg  L−1 for vancomycin.  At  LLOQ  accuracy  was  between  103  and  120%  and
imprecision  was  less  than  19%.  For  concentrations  above  LLOQ  accuracy  ranged  from  98%  to  102%  and
imprecision  was  less  than  6%. Process  efficiency,  ionization  efficiency,  and recovery  were  acceptable.  Sam-
ples and  stock  solutions  were  stable during  the  time  periods  and  at  the  different  temperatures  examined.
The  applicability  of the method  was  shown  by analysing  plasma  samples  from  3 neonatal  patients.  The
developed  method  allows  accurate  and  precise  simultaneous  quantification  of  amikacin,  gentamicin,  and
vancomycin  in  a  small  volume  (25  �L) of plasma.
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1. Introduction

In 2008 controlled therapeutic hypothermia was introduced
in the Netherlands as the standard of neuroprotective care for
newborns suffering hypoxic ischaemic encephalopathy (HIE) fol-
lowing perinatal asphyxia. Recent randomized controlled trials and
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meta-analyses demonstrated that therapeutic hypothermia signif-
icantly improves the long term neurodevelopmental outcome in
these cases [1]. As part of the intensive care treatment, antibi-
otic drugs, such as amikacin, gentamicin, and vancomycin are
frequently administered. Although the action and metabolism of
these drugs have both been (extensively) investigated in neonates
[2,3] evidence is now emerging demonstrating possible effects
of hypothermia on the pharmacokinetics (PK) of commonly used
drugs [4–8]. In order to investigate the effects of hypothermia on
the PK profile of antiepileptic, sedative, analgesic, and antibiotic
drugs a multicentre observational cohort study (the PharmaCool
study (ZONMW grant number 11-32010-01; NTR number: NTR
TC 2529)) is currently being conducted in the Netherlands [9].
As the preservation of blood volume is essential in neonatal
intensive care patients the development of analytical methods
requiring only small blood volumes to measure the concentra-
tion of drugs is necessary. Furthermore, although gentamicin and
amikacin are clinically not co-administered, simultaneous analysis
of these antibiotics is required as all samples of the Pharmacool trial
are analysed centrally and the participating centres apply varying
antibiotic regimens. For the PharmaCool study such a method was
developed for the above mentioned antibiotic drugs and will be
presented here.

Sensitive and precise quantitation of aminoglycosides and van-
comycin in biological matrices is challenging due to their high
polarity and lack of any notable chromophores or fluorophores.
Furthermore, gentamicin consists of the gentamicin C-complex
(gentamicin C1, C1a, C2, C2a, and C2b) and minor co-produced
polar gentamicin components. The components of the gentamicin
C-complex differ by methylation and stereochemistry on the 6′-C
position [10]. The chemical structures are shown in Fig. 1. Although
gentamicin C2a and C2b have been considered as minor compo-
nents, they have been shown to take up a substantial proportion of
the gentamicin C-complex [11–13] and should therefore be taken
into account. The content of the components in gentamicin sul-
phate can vary and are defined by the United States Pharmacopeia;
the content of gentamicin C1 should be between 25% and 50%, the
content of gentamicin C1a between 10% and 35%, and the sum of
the contents of gentamicin C2a and gentamicin C2 between 25%
and 55%.

Commercially available automated immunoassays (e.g.
enzyme multiplied immunoassay technique (Enzyme Multiplied
Immunoassay Technique (EMIT) and Fluorescence Polarization
Immunoassay (FPIA)) are widely used to quantify drugs in plasma
or serum for therapeutic drug monitoring [14,15]. Although
immunoassays allow easy and rapid analysis and offer adequate
accuracy and precision for TDM analysis they are less suitable
for pharmacokinetic studies in which high specificity, sensitivity,
accuracy, and precision are required over a wide concentra-
tion range. Furthermore, analysing metabolites and different
compounds (such as the components of the gentamicin complex)
individually is important as their PK/PD properties can differ. Chro-
matographic methods do meet the above mentioned requirements
for pharmacokinetic studies. Several HPLC methods have been
reported for measuring gentamicin [12,16–18], amikacin [19–23],
and vancomycin [24–31] in different matrices. In order to chro-
matographically separate the different gentamicin components by
HPLC, these methods require long chromatographic runtimes. Also,
because of the mentioned absence of any notable chromo- or fluo-
rophores, sample preparation mainly consisted of time consuming
extraction and derivatization steps using relatively high volumes of
sample (0.5–1 mL). Specifically in the neonatal patient population
small samples sizes are preferably used. Liquid chromatography
in combination with tandem mass spectrometry (LC–MS/MS) can
be used to determine these drugs in only small amounts of sample
with high precision, sensitivity, and selectivity without the need

for extraction and derivatization steps. Several LC–MS/MS methods
have been reported for the analysis of gentamicin, amikacin, or
vancomycin in animal tissue [32–38], animal plasma or serum
[35,38–40], in hospital waste water [41], in human serum or urine
[38,42,43], and in pharmaceutical preparations [44], however,
these methods use relatively large sample volumes or use com-
plicated extraction procedures. Furthermore, they did not include
the analysis of vancomycin in human blood samples. Also, to the
best of the author’s knowledge, no validated LC–MS/MS method
for the simultaneous quantification of amikacin, gentamicin, and
vancomycin in human plasma or serum have been reported.

The aim of the present study was  to develop and validate a
sensitive method for the quantification of the components of the
gentamicin C-complex, amikacin, and vancomycin with LC–MS/MS
using simple protein precipitation and ion pair chromatography
with perfluoropentanoic acid. The performance of the developed
LC–MS/MS method was  compared to Fluorescence Polarization
Immunoassay (FPIA) for gentamicin and vancomycin by analysing
clinical samples from adult patients. Finally, the applicability of the
method is shown by presenting the data of 3 patients participating
in the PharmaCool study.

2. Materials and methods

2.1. Reagents and chemicals

The reference standards amikacin, gentamicin sulphate (C1
26.4%, C1a 24.5%, sum C2 and C2a 42.5%), kanamycin B (internal
standard), and vancomycin, all USP/PhEur quality, were obtained
from Sigma–Aldrich (Steinheim, Germany). The reagents perfluo-
ropentanoic acid, trichloroacetic acid, formic acid, and ammonium
acetate, all of at least pro analysis quality, were also obtained from
Sigma–Aldrich. Acetonitril, used for HPLC, was obtained in HPLC
supra gradient quality from Biosolve (Lexington, MA,  USA). Water
was purified and deionized using an ELGA purelab Optron Q (Veo-
lia Water; Saint Maurice, France). Drug free, non sterile, K2 EDTA
human pooled plasma, used for preparation of the calibration and
QC samples, was  obtained from Equitech-Bio (Kerrville, TX, USA).

2.2. Instrumentation

The LC–MS setup comprised a Thermo Scientific Surveyor LC
(Waltham, MA,  USA) system coupled to a Maylab Mistraswitch col-
umn  oven (Spark Holland, Netherlands, Emmen), and a Thermo
Scientific TSQ Quantum Access MS  system with an ESI source.
The Xcalibur 2.0.7 SP1 (Thermo Scientific) software package was
used for controlling the LC–MS system and for data processing.
The immunoassays were performed using the FPIA Gentamicin
and Vancomycin II assays for the AxSYM Immunoassay Analyzer
(Abbott Laboratories, Chicago, IL, USA).

2.3. LC–MS/MS conditions

For chromatographic separation a ternary gradient was applied
using A: purified H2O, B: acetonitril 100%, and C: perfluoropen-
tanoic acid (200 mM)/ammonium acetate (130 mM)  in purified
H2O. As LC column a Thermo Scientific Hypurity Aquastar, 100 mm
in length and with a 2.1 mm  internal diameter and 5 �m particle
size was used. The chromatographic gradient profile: C was set
at 5% throughout the run; at the start of the gradient A was
set at 90% and B at 5%. A 5 min  linear gradient was applied to
95% B and 0% A. The gradient was  brought back to the starting
conditions in the next 0.1 min  and re-equilibrated for 2.4 min
giving a total chromatographic run time of 7.5 min. The flow
rate was  0.400 mL  min−1. To minimize carry-over effects, the LC
injection system was  rinsed with 20% formic acid in water after
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