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a b s t r a c t

Daptomycin is the first approved member of the new class cyclic lipopeptide antibiotic drugs, effective
against a broad spectrum of Gram-positive bacteria. Here we present an HPLC method with UV detection
capable to obtain pharmacokinetic data of daptomycin in human plasma, exemplarily shown in a critically
eywords:
aptomycin
PLC
V
tability

ill patient with acute renal failure undergoing extended daily dialysis. Sample preparation consists only
of protein precipitation with methanol. Chromatographic separation was achieved on a Zorbax Eclipse
XDB-C8 column and daptomycin was detected at 224 nm. The calibration function was linear over the
range from 3.5 to 350 �g/ml. The relative standard deviations were < 2% in the intra-day and < 6% in the
inter-day measurements. The accuracy was always better than 7%. Daptomycin was stable in aqueous
solutions for 2 months frozen at–20 ◦C. However, in plasma frozen at −20 ◦C a loss of 25% in 1 month was
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observed.

. Introduction

Daptomycin (Cubicin®, Novartis Pharma, Germany) is the first
pproved member of the new class of cyclic lipopeptide antibiotic
rugs with a broad spectrum of activity against Gram-positive bac-
eria [1,2]. The outcome of a therapy with daptomycin in clinical
ractice is comparable with standard antibiotic treatment [3]. How-
ver, daptomycin shows additional activity against multi-resistant
acterial strains like methicillin-resistant Staphylococcus aureus,
ancomycin-resistant enterococci or penicillin-resistant Strepto-
occus pneumoniae [4] and it is therefore a viable alternative for
he treatment of persisting infections [5]. Because of its efficacy
nd safety in a variety of infectious conditions, this is especially
rue in critical care settings [6]. However, emerging resistances have
een reported for daptomycin also [2]. The plasma half-life of dap-
omycin is relatively long with about 9 h and the excretion of the
rug occurs mainly via the kidneys, requiring a dose adjustment in
atients with chronic kidney disease stages 4 and 5, i.e. glomeru-
ar filtration rates of <30 ml/min [7]. Because of its high plasma
rotein binding of about 92% [8], extracorporeal clearance by dial-
sis eliminates only a small fraction (about 10–15%) of the drug,
epending on the dialysis method applied [7]. However, reports on
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he pharmacokinetics of daptomycin in patients with renal and/or
ulti-organ failure, as they are common in critical care settings,

re scarce [9]. To gain more insight in this important field, a sim-
le and reliable method for the determination of daptomycin in
uman plasma is required. Besides a microbiological assay [8],
ome chromatographic methods comprising HPLC with UV detec-
ion are reported in the literature [10–12]. These methods rely on
uite similar approaches, but unfortunately, in none of the pub-
ications the full validation data and detailed descriptions of the
nalytical procedures were provided. Here, we present for the first
ime a very easy, fully validated HPLC–UV method for the determi-
ation of daptomycin in human plasma, which requires only minor

aboratory efforts and leads to reliable, precise and accurate results.
pecial attention has been drawn on the stability of daptomycin
n the different stages of analysis and on minimizing laboratory

orkload.

. Materials and methods

.1. Instrumentation

The HPLC system consisted of an Agilent 1100 system (Wald-

ronn, Germany) comprising a binary pump, an autosampler, a
hermostated column compartment and a diode array UV–vis
etector. The analytical column was a Zorbax Eclipse XDB-C8
50 mm × 4.6 mm 5 �m particle size (Agilent Technologies, Böblin-
en, Germany), protected by a SecurityGuard system (Phenomenex,

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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schaffenburg, Germany) equipped with a 4 mm × 3 mm C8 filter
nsert.

.2. Chemicals

Pure daptomycin was purchased from Toronto Research
hemicals (North York, ON, Canada). Methanol, acetonitrile, triflu-
roacetic acid and triethylamine were of analytical grade or better.
ltra pure water was produced in our laboratory by a Barnstead
ASYpure UV-system (Werner, Leverkusen, Germany). Drug-free
uman plasma was obtained from the blood bank of the University
ospital Magdeburg (Germany).

.3. Patient samples

As part of a single shot prospective pharmacokinetic study sam-
les of a 44-year-old male critically ill patient with acute renal

ailure who received 6 mg/kg daptomycin during a 30 min infu-
ion were drawn into EDTA-plasma sampling tubes. Samples were
btained before infusion, after the end of the infusion and 0.5, 1,
, 4, 6, and 8 h thereafter. Eight hours after the end of the infusion
xtended daily dialysis with a GENIUS batch dialysis system using
1.3 m2 polysulfone dialyser (F 60 S, Fresenius Medical Care, Ger-
any) was performed. Samples were drawn at 0.5, 2, 4, 6 and 8 h

uring the dialysis, and afterwards at 0.5, 2.5, 7.5, 11.5, and 18.5 h.
nformed consent was obtained prior to the blood sampling.

.4. Calibration- and quality control samples

A daptomycin stock solution was prepared by dissolving
5 mg daptomycin in 10 ml water, leading to a concentration of
500 �g/ml. From this stock solution 100 �l were diluted by 900 �l
ater, resulting in a working solution with a concentration of

50 �g/ml. From the working solution 10, 20 and 40 �l and from
he stock solution 10, 20, 40 and 100 �l were added up with drug-
ree human plasma to 1000 �l to result in calibration samples with
oncentrations of 3.5, 7, 14, 35, 70, 140 and 350 �g/ml. In a similar
anner, pools of quality control samples at the levels of 3.5, 35 and

50 �g/ml were prepared and aliquots were stored at −20 ◦C until
sage.

.5. Sample preparation

To 100 �l of calibration-, quality control- or patient samples,
00 �l methanol was added and the samples were mixed for 5 s
n a vortex mixer. To complete protein precipitation, the samples
ere left at room temperature for 15 min. The samples were subse-

uently centrifuged at 9100 × g for 10 min and the clear supernatant
as transferred into vials for the HPLC-autosampler.

.6. Chromatography and detection

The mobile phase for the chromatographic separation of dapto-
ycin was mixed from buffer solution and acetonitrile. The buffer

olution consisted of 20 mM trifluoroacetic acid and 15 mM triethy-
amine, resulting in a pH of about 3.5. A shallow gradient starting at

0% acetonitrile, rising to 40% in 5 min, then constant until 11 min,
as applied. After 11 min, the column was flushed for 3 min with

00% acetonitrile. The flow rate was constant at 1 ml/min and the
olumn temperature was set to 30 ◦C. The injection volume was
0 �l. Detection took place at three different wavelengths: 224, 282
nd 370 nm. For quantification, peak areas of daptomycin at 224 nm
ere evaluated.
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.7. Extraction yield

For the determination of the extraction yield six plasma sam-
les from three different individual sources were spiked with
50 �g/ml daptomycin according to Section 2.4 and were extracted
ollowing the procedure described in Section 2.5. The mean peak
reas ± S.D. of these samples were compared to those of six samples
orresponding to 100% extraction yield, consisting of 350 �g/ml
aptomycin in water, prepared in the same way as plasma samples.

.8. Precision and accuracy

For the determination of the intra-day precision and accuracy,
uality control samples underwent 10 times in each of the three
oncentration levels the whole sample preparation process and
ere quantificated in a single analysis batch. For the inter-day pre-

ision and accuracy the three levels of quality control samples were
repared and quantificated on six different days. Mean measured
oncentration levels, R.S.D.s and deviations from estimated con-
entrations (accuracy) were given in Table 1.

.9. Stability of daptomycin

The stability of daptomycin in stock solutions was checked by
omparing a freshly prepared stock solution with one stored for
months at −20 ◦C. For this purpose, three samples each of the

ew and old stock solutions were diluted with water by a factor
f 10 and the samples were injected without further preparation
nto the HPLC system. Relative concentrations were computed by
omparing the mean of the peak areas of each stock solution.

The stability of daptomycin in plasma samples was tested by
epeated (n = 6) quantifications of quality control samples stored at
20 ◦C over a time range of 8 days. Stability over a longer time range
as tested by reanalyzing patient samples (n = 19) after a storage

ime of 1 month. The stability of daptomycin in plasma at room
emperature was tested by repeated processing and quantification
f quality control samples (n = 3) after 1, 3 and 7 h.

Stability of daptomycin in processed samples was evaluated by
repeated measurement of sets of quality control samples (n = 3).
he quantification results of the first injections were compared to
hose of a second injection after leaving the sample for 24 h in the
utosampler at room temperature.

.10. Statistical calculations

Statistical calculations were performed with the SPSS soft-
are package version 15.0. Regression analysis was performed

o evaluate the significance of the calibration parameters and
pearman-Rho correlation analysis to evaluate significant corre-
ations between daptomycin concentration vs. time in the stability
esting. Significance was assumed at p < 0.05.

. Results and discussion

.1. Sample preparation

The sample preparation procedure consisted only of protein
recipitation by the addition of methanol to the plasma samples
nd subsequent centrifugation. Despite this simple procedure, suf-

ciently clean extracts were received (see next paragraph). The
xtraction yield was found to be quasi-quantitative with a recov-
ry of 102.9 ± 1.3%, compared to aqueous samples in concentrations
esembling 100% extraction yield. Other protein precipitation pro-
edures such as the addition of perchloric acid or acetonitrile led
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Table 1
Intra- and inter-day precision and accuracy

Level Spike concentration (�g/ml) Found concentration (�g/ml) R.S.D. (%) Accuracy (%)

Intra-day (n = 10)
Low 3.5 3.45 1.15 −1.51
Medium 35 35.10 1.41 0.29
High 350 335.83 1.17 −4.05

I
.74
.22
.99
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shortest wavelength the absorption is most intensive, resulting
in lower relative standard deviation in the validation measure-
ments. Hence, only the absorption maximum at 224 nm was used
for quantification, whereas the other wavelengths were used as
peak identification qualifiers. Selectivity of the assay was proven by
nter-day (n = 6)
Low 3.5 3
Medium 35 35
High 350 359

o reduced recoveries, probably due to co-precipitation of protein
ound daptomycin.

In our procedure, no internal standard was added, because it
s not easy to find a molecule of similar molecular size, polarity
nd protein binding in comparison with daptomycin. Vancomycin
ould be a reasonable internal standard, albeit its less lipophilic
ehavior. However, we refrained from using it as I.S. because it is
uite possible that unknown patient samples contain vancomycin
s well as daptomycin, especially in patients with renal impairment.
he compound ethylparaben, which was used as I.S. in previously
eported methods for the determination of daptomycin [10–12], is,
n our opinion, not an optimal choice because it shares practically no
imilarities in terms of molecular structure and size, protein bind-
ng and polarity. Due to such dissimilarities between ethylparaben
nd daptomycin, ethylparaben cannot safely correct for possible
xtraction losses of daptomycin in the protein precipitation step
nd provides a false sense of security about the performance of
he sample preparation. The pipetting step required for the addi-
ion of the I.S. and the integration of its chromatographic peak are
oth additional sources of imprecision in the assay. Furthermore,
thylparaben is used in pharmaceutical preparations as a preser-
ative and it can therefore not be excluded that it is present in
nknown amounts in patient samples. Conclusively, ethylparaben
nly adds to the overall imprecision and inaccuracy of the proce-
ure. On the other hand, a sample preparation procedure as the
ne here described with nearly quantitative recovery and stabil-
ty between different individuals and the usage of modern HPLC
quipment with an automatic sample injection device leaves the
ddition of an I.S. redundant.

.2. Chromatography and detection

Under the described conditions, daptomycin resulted in a sharp
nd symmetrical peak at a retention time of 9.2 min, free from
nterferences by endogenous substances (see Fig. 1). This favor-
ble result was achieved by the presence of trifluoroacetic acid and
riethylamine to the mobile phase, which prevented second-order
nteractions with the stationary phase and therefore tailing of the
aptomycin peak. The injection of 50 �l of samples containing two-
hirds of methanol resulted in a slightly fronting peak shape, which
ould be refocused by the application of a shallow gradient pro-
le to the mobile phase. To our experience, it is very advisable to
ush the column with pure acetonitrile after each run to prevent
uildup of strongly retained substances on the column. Without
uch a flushing step, the daptomycin peak shape deteriorates after
few injections considerably. Applying such a flushing step and

xchange of the guard column every 70–100 sample injections, the

eparation quality of the analytical system remained constant over
any hundreds of injections.
Daptomycin features a very distinctive UV-absorption spec-

rum with absorption maxima at 224, 264, 282 and 370 nm (see
ig. 2). It could be assumed that at the longest wavelengths the
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5.69 6.93
3.37 0.64
2.07 2.86

ost selective chromatograms could be recorded. However, it
as found that even at the shortest wavelength no interferences
ith the daptomycin peak appeared. On the other hand, at the
ig. 1. Typical chromatograms obtained from human plasma. The three chromato-
raphic traces in each chromatogram refer to 224, 282 and 370 nm, from top to
ottom. (A) Blank patient sample before the administration of daptomycin; (B) cal-

bration level 3.5 �g/ml daptomycin; (C) patient sample obtained 2 h after the end
f a 6 mg/kg daptomycin infusion containing 28.8 �g/ml daptomycin.
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ig. 2. UV-absorption spectrum and molecular structure of daptomycin. The max-
ma in the UV-spectrum are marked with their respective wavelengths.

he fact that in a large number of samples from different patients
he daptomycin peak always remained undisturbed and that its
V-spectrum always was in accordance to the reference spectrum.
uantification errors by carry-over effects were ruled out by the

act that the injection of a blank sample directly after the injection
f the highest calibration level (n = 3 different plasma sources used)
esulted in the non-detection of the daptomycin peak.

.3. Calibration

The calibration samples covered the concentration range from
.5 to 350 �g/ml. This range was sufficient to quantify clinical sam-
les from intensive care patients over a time course of more than
4 h after administration. The calibration function was linear with
n insignificant (p = 0.422) intercept of −0.468 ± 1.416. The slope
as calculated to 2.161 ± 0.010. Owing to the concentration depen-
ently increasing standard deviation (see Table 1), weighing of the
alibration levels with a factor of 1/concentration was applied. The
imit of quantification was set to the lower limit of the calibration
ange, i.e. 3.5 �g/ml. The limit of detection was found to be about
.5 �g/ml (S/N ratio 3).

.4. Precision and accuracy

In Table 1 the precision and accuracy data for the intra-day
nd inter-day validation measurements are summarized. These
easurements were accomplished using quality control samples,
hich were prepared prior to all measurements and were stored at
20 ◦C. As it can be seen, all parameters are satisfying the accep-

ance criteria for biochemical assays [13].

.5. Stability of daptomycin

Daptomycin is known to be susceptible to hydrolysis in alkaline
olutions [14]. Therefore, we investigated the stability of dapto-
ycin under various conditions.

Stock solutions of daptomycin in water were stored at −20 ◦C
ntil usage. After a storage time of 2 months, the concentration of
stock solution was compared with a freshly prepared one (n = 3).
he difference between these two stock solutions was found to be
.1%. Therefore, the stock solutions can be regarded as stable for at
east 2 months at −20 ◦C. The stability of the prepared samples in
he autosampler was investigated by comparing the results of the
mmediate determinations with measurements of the same sam-

les after 24 h at room temperature. Under these conditions, a loss

n daptomycin concentration of 2.2% was found. Hence, it is possible
o do overnight measurements without special precautions such as
ample cooling. However, in plasma the stability of daptomycin is
imited. Plasma samples left over a time period of 7 h at room tem-
ig. 3. Concentration–time curve of daptomycin in a critically ill patient with acute
enal failure. Infused dose was 6 mg/kg. The marks depict the beginning and end of
he 8 h extended daily dialysis.

erature showed no significant concentration loss. However, over
he course of 8 days, the concentrations of daptomycin in samples
rozen at −20 ◦C declined significantly (p < 0.05) for about 5%. A
onger storage time at −20 ◦C for 4 weeks resulted in an average
oss of 25% of the originally determined daptomycin concentration.
t is therefore very advisable to measure plasma samples as quickly
s possible to obtain reliable results.

.6. Clinical application of the method

The described method is currently used to obtain pharma-
okinetic data of daptomycin in critically ill patients with acute
enal failure undergoing various modes of renal replacement ther-
py including intermittent hemodialysis, extended daily dialysis
nd continuous venous hemofiltration. As an example, in Fig. 3
he time–concentration course of daptomycin after a single dose
f 6 mg/kg in a patient with acute renal failure is depicted. As
an be seen, after a dispersion phase directly after the infusion,
slow elimination phase follows. The elimination rate of dapto-
ycin is accelerated during the dialysis session, and slowed down

gain afterwards. Such a pharmacokinetic pattern demonstrated
he possibility of extracorporeal elimination of daptomycin during
xtended daily dialysis.

. Conclusion

The here presented method for the determination of dapto-
ycin is precise, reliable and occupies only very little laboratory
orkforce. It is capable to measure pharmacokinetic pattern of dap-

omycin over a time course of more than 30 h. It is currently used to
onitor critically ill patients who undergo various modes of renal

eplacement therapy.
The full validation of the method with focus on the stability of

aptomycin in the different stages of the analytical process revealed
hat daptomycin is not stable in plasma samples over prolonged
ime courses. A loss of about 25% in 1 month can be estimated in
lasma samples stored at −20 ◦C. Therefore, it is very advisable to
nalyze plasma samples as quickly as possible to get reliable results.

eferences

[1] J.N. Steenbergen, J. Alder, G.M. Thorne, F.P. Tally, J. Antimicrob. Chemother. 55
(2005) 283.

[2] R. Sauermann, M. Rothenburger, W. Graninger, C. Joukhadar, Pharmacology 81

(2008) 79.

[3] V.G. Fowler Jr., H.W. Boucher, G.R. Corey, E. Abrutyn, A.W. Karchmer, M.E. Rupp,
D.P. Levine, H.F. Chambers, F.P. Tally, G.A. Vigliani, C.H. Cabell, A.S. Link, I.
DeMeyer, S.G. Filler, M. Zervos, P. Cook, J. Parsonnet, J.M. Bernstein, C.S. Price,
G.N. Forrest, G. Fatkenheuer, M. Gareca, S.J. Rehm, H.R. Brodt, A. Tice, S.E. Cos-
grove, N. Engl. J. Med. 355 (2006) 653.



5 . Chrom

[

[11] B.H. Dvorchik, D. Brazier, M.F. DeBruin, R.D. Arbeit, Antimicrob. Agents
Chemother. 47 (2003) 1318.
50 J. Martens-Lobenhoffer et al. / J

[4] D.M. Shoemaker, J. Simou, W.E. Roland, Ther. Clin. Risk Manage. 2 (2006) 169.
[5] D.M. Anastasiou, M. Morgan, P.J. Ruane, J.N. Steenbergen, B.D. Katz, J.D. Alder,

G.M. Thorne, Diagn. Microbiol. Infect. Dis. 61 (2008) 339.
[6] J. Alder, Crit. Care Clin. 24 (2008) 349.

[7] B. Dvorchik, R.D. Arbeit, J. Chung, S. Liu, W. Knebel, H. Kastrissios, Antimicrob.

Agents Chemother. 48 (2004) 2799.
[8] J.R. Woodworth, E.H. Nyhart Jr., G.L. Brier, J.D. Wolny, H.R. Black, Antimicrob.

Agents Chemother. 36 (1992) 318.
[9] O. Burkhardt, C. Joukhadar, F. Traunmuller, J. Hadem, T. Welte, J.T. Kielstein, J

Antimicrob. Chemother. 61 (2008) 224.

[

[
[

atogr. B 875 (2008) 546–550

10] C.A. DeRyke, C. Sutherland, B. Zhang, D.P. Nicolau, J.L. Kuti, Antimicrob. Agents
Chemother. 50 (2006) 3529.
12] M.J. Rybak, E.M. Bailey, K.C. Lamp, G.W. Kaatz, Antimicrob. Agents Chemother.
36 (1992) 1109.

13] W. Lindner, I.W. Wainer, J. Chromatogr. B 707 (1998) 1.
14] W. Muangsiri, L.E. Kirsch, J. Pharm. Sci. 90 (2001) 1066.


	Validated high performance liquid chromatography-UV detection method for the determination of daptomycin in human plasma
	Introduction
	Materials and methods
	Instrumentation
	Chemicals
	Patient samples
	Calibration- and quality control samples
	Sample preparation
	Chromatography and detection
	Extraction yield
	Precision and accuracy
	Stability of daptomycin
	Statistical calculations

	Results and discussion
	Sample preparation
	Chromatography and detection
	Calibration
	Precision and accuracy
	Stability of daptomycin
	Clinical application of the method

	Conclusion
	References


