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Abstract

Linezolid is a new, promising antibacterial agent to treat severe infections. A rapid HPLC assay using UV detection for the
determination in microdialysate and human plasma was developed. After sample preparation, using acetonitrile for plasma and
water for microdialysate, 20�l was injected and separated on a RP-18 column. Overall, the assay exhibited good precision and
accuracy. The diffusion properties of linezolid investigated in in vitro microdialysis experiments revealed a mean relative recovery
of 77.5% (CV: 5.4%; delivery and recovery experiments). Following characterization of linezolid in in vitro microdialysis, the
setting is suitable for application in clinical studies.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Microdialysis; Linezolid

1. Introduction

Linezolid (ZyvoxidTM) is the first member of a
novel class of antimicrobial agents, the oxazolidi-
nones, developed for the treatment of infectious
diseases caused by gram-positive pathogens, e.g.
methicillin-resistantStaphylococcus aureus(MRSA)
or vancomycin-resistantEnterococcusstrains (VRE)
[1]. Linezolid is considered to be a promising new
agent in the management of severe infections[2] due
to its innovative mode of action, i.e. preventing for-
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mation of the initiation complex of bacterial protein
biosynthesis[3].

Linezolid is rapidly and completely absorbed fol-
lowing oral administration (bioavailability∼ 100%)
with a plasma protein binding of approximately 31%.
The volume of distribution is about 40–50 l and cor-
responds to total body water. The drug is eliminated
via renal and non-renal routes with a terminal plasma
elimination half-life between 4.5 and 5.5 h[2]. For
effective treatment not only of infectious diseases, it
is extremely important to possess thorough knowl-
edge about drug concentrations at the site of action
[4]. However, currently pharmacokinetic data about
tissue distribution of linezolid in humans is not en-
tirely available. Tissue penetration following multiple
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oral doses into inflammatory exsudate was investi-
gated in healthy volunteers by means of skin blister
fluid sampling[5]. The data suggested that penetra-
tion of linezolid into inflammatory fluids is highly
variable between individuals. Other studies evaluated
the distribution of linezolid into tissues by use of
the biopsy method and measured concentrations in
homogenized samples from osteo-articular tissues[6]
as well as from bone, fat and skeletal muscle[7].
These studies investigated either patients suffering
from osteoarthritis[6] or the administration of line-
zolid as antibiotic prophylaxis during an orthopaedic
surgery[6,7]. Available information on tissue pene-
tration of linezolid is not yet complete, though it is
increasingly recognized that effective drug tissue con-
centrations are fundamental to microbiological and
clinical outcome. In order to extend the knowledge
about penetration of linezolid into tissues in severely
compromised patients, an innovative probe based
sampling technique, microdialysis, was employed.

Microdialysis is a highly attractive method used to
evaluate target site concentrations and minimizes the
sampling burden on a patient in comparison to conven-
tional tissue sampling methods. It is used to measure
unbound drug concentration in the interstitial space
fluid of several tissues, e.g. skeletal muscle or subcuta-
neous adipose tissue. The method has been described
in more detail previously[8–11].

In brief, a microdialysis probe is constantly per-
fused with a physiological solution (perfusate) at a
flow rate of 0.5–10�l/min. Unbound drug molecules
present in the medium around the microdialysis
probe, at a concentrationcmedium, are allowed to
diffuse from the interstitial space through a semiper-
meable membrane and into the fluid perfusing the
probe, achieving the concentrationcdialysate. For most
substances, the diffusion equilibrium between sur-
rounding medium and perfusion fluid is incomplete
and cmedium > cdialysate. The correlation factor be-
tween these two concentrations is termed relative
recovery (RR). Therefore, to obtain absolute intersti-
tial from dialysate concentrations, the microdialysis
probes have to be calibrated for in vivo recovery
rates according to, e.g. the retrodialysis method[11].
The principle behind this method is based on the as-
sumption that the diffusion process is quantitatively
equal in both directions through the semipermeable
membrane.

The disappearance rate of the drug added to the
perfusate (cperfusate) through the membrane is taken as
the in vivo recovery rate which can be calculated using
the following equation:

RR(%) =
(

1 − cdialysate

cperfusate

)
× 100 (1)

Previously reported bioanalytical methods for line-
zolid determine the concentration in plasma and/or
urine samples[12–16]. We here report the develop-
ment of a high-performance liquid chromatography
(HPLC) method for microdialysate and plasma. Al-
though the microdialysate matrix is not as complex as
plasma, the analytical challenge derives from the very
low sample volume of microdialysate, usually only a
few microliters. The assay was validated according to
an international FDA-guideline[17] in terms of sta-
bility, specificity, linearity, precision and accuracy for
both matrices. In addition, in vitro microdialysis ex-
periments were performed to explore the permeability
of the semipermeable membrane for linezolid. These
investigations are a prerequisite for the utilization of
the microdialysis technique for linezolid in human
pharmacokinetic studies.

2. Experimental

2.1. Chemicals

Linezolid standard (purity> 99.9%) was kindly
provided by Pharmacia (Kalamazoo, USA). The
following drugs were used for specificity evalua-
tion in their licensed form: cefotiam·2HCl (Takeda,
Aachen, Germany), dexamethasone-21-di-hydrogen
phosphate (Merck, Darmstadt, Germany), sodium
flucloxacillin (SmithKline Beecham, Munich, Ger-
many), potassium canrenoate and midazolam·HCl
(Hoffmann-La Roche, Grenzach-Wyhlen, Germany),
ketamine·HCl (Parke-Davis, Berlin, Germany), levo-
floxacin (Hoechst Marion Roussel, Frantfurt/M,
Germany), sodium phenytoin (Desitin, Hamburg, Ger-
many), physostigmine salicylate (Dr. Franz Koehler
Chemie, Alsbach-Haehnlein, Germany), procaine·HCl
(Jenapharm, Jena, Germany), promethazine·HCl
(Bayer Vital, Leverkusen, Germany), propranolol·HCl
(Isis Pharma, Zwickau, Germany), ranitidine·HCl (Ra-
tiopharm, Ulm, Germany), sodium rifampicin (Fatol,
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Schiffweiler, Germany) and ropivacaine·HCl (Astra
Zeneca, Wedel, Germany). Acetonitrile (ACN), HPLC
gradient grade, was purchased from Acros Organics
(Geel, Belgium), Ringer’s solution from Serumwerk
Bernburg (Bernburg, Germany), di-sodium hydrogen
phosphate anhydrous and sodium acetate anhydrous
from Merck (Darmstadt, Germany). Water for prepa-
ration of all solutions was obtained from a Milli-QTM

Plus water purification system (Millipore, Bedford,
MA, USA). The mobile phase was filtered through
0.22�m membrane filters (Sartorius, Goettingen,
Germany) and degassed prior to use in an ultrasonic
bath.

2.2. High performance liquid chromatography
(HPLC)

All HPLC experiments were performed on a Kon-
tron HPLC (Kontron Biotech, Neufahrn, Germany)
with UV detection at 251 nm.

Samples were separated on a Spherimage-80 ODS2
5�m column, 125 mm× 4 mm, with an integrated
pre-column (Knauer, Berlin, Germany) as station-
ary phase and 80/20 sodium acetate buffer (25 mM,
pH 5)/ACN (V/V) as mobile phase at a flow rate of
1 ml/min (isocratic).

2.3. Preparation of stock solution, calibration
samples and quality control samples

2.3.1. Stock solutions
Two stock solutions were prepared separately for

the purposes of calibration and quality control (QC).
For each solution, 7.5 mg linezolid was accurately
weighed and dissolved in water yielding concentra-
tions of 1.5 mg/ml each. One stock solution was di-
luted with water to obtain working solutions of 2, 5,
10, 50, 100 and 200�g/ml for plasma or 8, 15, 30,
60, 120 and 200�g/ml for microdialysate calibration
samples. Working solutions for QC samples were pre-
pared by diluting the second stock solution with water
to yield linezolid concentrations of 2, 5, 8, 20, 100 and
150�g/ml. Aliquots of stock and working solutions
were frozen at−70◦C.

2.3.2. Calibration samples
Plasma calibration samples were prepared prior to

each analytical run by mixing 10�l aqueous working

solution with 90�l empty human plasma to yield line-
zolid concentrations of 0.2, 0.5, 1, 5, 10 and 20�g/ml.

The preparation of microdialysate calibration sam-
ples was as follows: 5�l aqueous working solution
was diluted with Ringer’s solution to obtain final line-
zolid concentrations of 0.8, 1.5, 3, 6, 12 and 20�g/ml.

2.3.3. Quality control samples
Spiked matrix samples were prepared from aqueous

working solutions by dilution with either plasma or
Ringer’s solution. Plasma QC samples contained 0.2,
0.5, 10 and 15�g/ml and microdialysate QC samples
contained 0.8, 2, 10 and 15�g/ml linezolid, respec-
tively. QC samples at the lower limit of quantifica-
tion (LLOQ) were only used for pre-study validation.
Aliquots of QC samples for pre- and in-study valida-
tion were stored at−70◦C until analysis.

2.4. Sample preparation

Plasma samples were prepared by mixing a 50�l
aliquot with 200�l ACN. The mixtures were allowed
to rest at ambient temperature for 10 min and cen-
trifuged at 10,000× g for 5 min (Eppendorf Cen-
trifuge 5417 R, Eppendorf-Netheler-Hinz, Hamburg,
Germany). Two-hundred microliter of the supernatant
were evaporated to dryness by Speed-vacTM (Savant
Instruments, Inc., Farmingdale, USA) and redissolved
in 50�l 80/20 H2O/ACN (V/V). Twenty microliter
were injected into the HPLC system.

For microdialysate, a simple one-step dilution
preparation procedure was developed due to the lack
of proteins. To 10�l of microdialysate 30�l of wa-
ter was added. Ten microliter of probe calibration
solution or retrodialysis samples were diluted with
390�l water. Following dilution, a volume of 20�l
was injected into the HPLC system.

2.5. Stability

Linezolid stability was assessed in plasma and
microdialysate, reflecting situations likely to be en-
countered during actual sample collection, storage,
preparation and analysis[17]. Low and high QC
concentrations were investigated in triplicate under
three different conditions for both matrices. Three
sets of QC samples were assayed after one, two or
three freeze-thaw cycles and compared to freshly
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prepared QC samples, usingEq. (2) to determine
the freeze-thaw stability of linezolid in plasma and
microdialysate, respectively.

Stability(%) = 100× resultstored sample

resultfreshly prepared sample
(2)

To evaluate stability at room temperature, QC sam-
ples were thawed at ambient temperature and kept
under these conditions for 4 or 24 h. The data were
compared to results from freshly thawed QC samples
as described above.

To determine the stability of the drug in prepared
samples, two sets of QC samples were prepared as de-
scribed above. One set was stored in the sample tray
of the autosampler for 8 h. The other set was frozen
after preparation for at least 24 h. These results were
compared with those of QC samples measured imme-
diately after preparation usingEq. (2).

2.6. Specificity

In order to evaluate the specificity of the ana-
lytical method, linezolid-free matrices, plasma and
microdialysate from six different healthy human
sources were investigated for compounds influenc-
ing linezolid during analysis. In addition, to in-
vestigate interference of drugs commonly used in
patients, a broad variety of drugs that are possibly
co-administrated with linezolid were assayed in each
matrix. For this purpose, aqueous solutions were
diluted with either empty plasma or di-sodium hydro-
gen phosphate buffer pH 7.4, 0.1 M, 1+ 9 (V/V), to
yield final concentrations which were at least within
clinically relevant ranges: cefotiam·2HCl 50 mg/l,
dexamethasone-21-di-hydrogen phosphate 20 mg/l,
sodium flucloxacillin 10 mg/ml, potassium canrenoate
10 mg/ml, ketamine·HCl 0.1 mg/ml, levofloxacin
0.17 mg/ml, midazolam·HCl 0.8 mg/ml, sodium
phenytoin 40 mg/l, physostigmine salicylate 50 mg/l,
procaine·HCl 5 mg/ml, promethazine·HCl 2 mg/ml,
propranolol·HCl 100 mg/l, ranitidine·HCl 1 mg/ml,
sodium rifampicin 2 mg/ml and ropivacaine·HCl
67 mg/l. Samples were prepared and assayed as de-
scribed above.

2.7. Accuracy and precision

Accuracy, or more precisely inaccuracy, was as-
sessed by calculating the mean percentage deviation

(RE) of measured concentration of QC samples from
their nominal concentration (cnom). For pre-study val-
idation, six QC samples per concentration and matrix
were analyzed for 3 days. Precision, or more precisely
imprecision, was evaluated using the coefficient of
variation (CV) of multiple determinations. For both
parameters, the within- and between-day results were
determined. In each instance, four concentrations cov-
ering the whole concentration range were investigated.

2.8. Linearity and determination of LLOQ

Linearity was evaluated using freshly prepared,
spiked matrix samples in a concentration range
from 0.2 to 20�g/ml for plasma samples and 0.8
to 20�g/ml for microdialysate samples, respectively
(n = 3). Each calibration curve consisted of six
calibrator concentrations.

2.8.1. LLOQ
Lower limit of quantification was assessed by

comparing the chromatograms of empty matrix with
those obtained from five spiked matrix samples at
each concentration. Linezolid working solution was
added to empty plasma yielding concentrations from
0.05 to 0.2�g/ml. Furthermore, linezolid was added
to Ringer’s solution to yield concentrations between
0.2 and 0.8�g/ml. The LLOQ for each matrix was
regarded as the lowest concentration within accept-
able ranges of accuracy and precision which could be
analysed.

2.9. Recovery of the analyte

Peak area data of six spiked matrix samples at three
concentrations were compared to the results of three
diluted aqueous solutions at the same nominal con-
centration, and the recovery calculated.

2.10. Microdialysis

The properties of linezolid in the microdialysis
probes were evaluated in vitro prior to the use of the
drug in human microdialysis.

2.10.1. Probes
For microdialysis investigations in vitro, commer-

cially available microdialysis probes (CMA60, CMA
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Microdialysis AB, Stockholm, Sweden) with a molec-
ular cut-off of 20 kDa, an outer diameter of 0.6 mm and
a membrane length of 30 mm were used. Probes were
perfused with Ringer’s solution at different flow rates
(see below) by use of a precision pump (CMA102,
CMA Microdialysis AB, Stockholm, Sweden).

2.10.2. Recovery experiments
Three microdialysis probes were placed in three

vials containing Ringer’s solution. Perfusion medium
consisted of linezolid in Ringer’s solution at a concen-
tration of 10�g/ml. Recovery was assessed perform-
ing the retrodialysis method described by Stahle et al.
[11], at flow rates of 0.8, 1.0, 1.5, 2.0 and 2.5�l/min,
to determine an optimal flow rate for subsequent in
vitro and in vivo experiments. Samples (n = 3) were
collected at intervals of 10 min for flow rates of 1.5,
2.0 and 2.5�l/min and every 20 min for flow rates
of 0.8 and 1.0�l/min, respectively. Relative recovery
was calculated usingEq. (1).

To investigate the effects of concentration on RR,
three probes were perfused with Ringer’s solution
containing linezolid concentrations of 5, 10, 20 or
50�g/ml at a flow rate of 1.5�l/min. The experi-
ment was performed in two different settings for two
possible directions of diffusion: (1) as delivery (retro-
dialysis) and (2) as recovery experiment (diffusion of
drug from the surrounding medium into the probe).
Samples (n = 3) were taken every 10 min.

As mentioned above, microdialysis probes have to
be calibrated in vivo. For this purpose, the retrodialysis
method is generally performed. Usually, the calibra-
tion procedure takes place prior to the administration
of the respective drug. However, for situations where
the drug has already been administered and steady
state is already present, microdialysis probe calibra-
tion is a challenging task. In order to make sure that
drug presence in tissue will not affect its diffusion out
of the probe during retrodialysis, drug concentration
in the perfusate (calibration solution) should substan-
tially exceed expected tissue concentrations.

In our in vitro experiments, a linezolid concen-
tration of 10�g/ml was chosen for the medium sur-
rounding the probe, to reflect maximum expected in
vivo conditions. Linezolid solutions of 50, 100, 150
and 200�g/ml were used as perfusate in order to
determine the most suitable concentration for the cal-
ibration solution. The concentration at which recov-

ery remains unchanged, despite increasing perfusate
concentration, determines the concentration where
linezolid will leave the probe unaffected. Dialysate
samples were collected in triplicate at intervals of
10 min. Samples were unstirred and used at room
temperature for all in vitro experiments.

2.11. Statistics

All statistical calculations were performed using
SPSSTM for Windows, version 7.5.1 (SPSS, Inc.,
Chicago, USA). The Student’st-test or the Welch test
were used to compare means. AP-value of <0.05
was considered statistically significant. If not stated
otherwise results are given as mean (CV, %).

3. Results and discussion

3.1. Stability

Evaluating the stability of linezolid in plasma after
one to three freeze-thaw cycles, 96.8% (2.5%) to 111%
(3.6%) was found on average compared to stored and
freshly prepared QC samples. This difference was not
statistically significant. In addition, no tendency to-
wards degradation or enrichment could be detected in
relation to the number of freeze-thaw cycles.

Storing plasma samples containing linezolid at
room temperature for 4 or 24 h did not affect drug
concentrations. Mean linezolid concentrations ranged
from 93.5% (3.0%) to 101% (6.5%). Linezolid was
also stable after sample preparation where one set of
QC samples was frozen after preparation for at least
24 h and another set was stored in the sample tray
of the autosampler for 8 h. QC samples exhibited no
significant difference in relation to the samples mea-
sured immediately after preparation. Average con-
centrations varied between 95.8% (7.3%) and 107%
(6.9%). The stability of linezolid in microdialysate
was comparable with its stability in plasma. After
storage under freeze-thaw conditions samples con-
tained between 90.4% (1.0%) and 106% (6.7%) of
linezolid on average. Storage of microdialysate sam-
ples at room temperature for 4 or 24 h yielded mean
concentrations between 102% (0.63%) and 111%
(3.3%). QC samples stored at ambient temperature or
in a freezer after sample preparation showed average
results between 97.2% (0.66%) and 104% (3.1%). No
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Fig. 1. Chromatograms of plasma. (A) Empty plasma; (B) plasma calibrator (0.501�g/ml); (C) plasma of a volunteer (5.6�g/ml). Arrows
indicate the signal of linezolid (5.0 min). A detector response of 100 mV corresponds to an absorbance of 0.1 AU.

tendency towards degradation or enrichment related
to the various storage conditions could be detected.
Thus, linezolid was considered to be stable in plasma
and microdialysate under the conditions investigated
in the present experiments.

3.2. Specificity

In all linezolid-free plasma and microdialysate
samples measured, no interference with the signal

Fig. 2. Chromatograms of microdialysate. (A) Empty microdialysate; (B) microdialysate calibrator (3.01�g/ml); (C) microdialysate of a
volunteer (6.7�g/ml). Arrows indicate the signal of linezolid (4.8 min). A detector response of 100 mV corresponds to an absorbance of
0.1 AU.

of the analyte could be detected (seeFigs. 1 and
2). Furthermore, no interactions with linezolid, elut-
ing at approximately 5 min, and matrix components
were observed. Cefotiam·2HCl (retention time:tR =
1.5 min) and sodium flucloxacillin (tR = 1.5 min),
sodium phenytoin (tR = 25.8 min), ranitidine·HCl
(tR = 32.7 min), sodium canrenoate (tR = 2.2 min)
and ropivacaine·HCl (tR = 6.6 min) were eluted
without interfering with the signal of linezolid. All
other substances tested were not detectable due to the
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Table 1
Within- and between-day imprecision (expressed as coefficient of
variation, CV, %) and inaccuracy (expressed as mean percentage
deviation, RE, %) of determined linezolid concentrations (�g/ml)
in plasma

cnom (�g/ml) c (�g/ml) (mean± S.D.) CV (%) RE (%)

Within-day variability (n = 6)
0.207 0.212± 0.0076 3.6 2.6
0.518 0.518± 0.025 4.9 −0.0064

10.3 10.34± 0.22 2.1 −0.028
15.5 15.49± 0.58 3.8 −0.27

Between-day variability (n = 18)
0.207 0.214± 0.013 6.1 3.4
0.518 0.521± 0.029 5.5 0.65

10.3 10.48± 0.39 3.7 1.3
15.5 15.11± 0.64 4.3 −2.7

sample preparation procedure, e.g. low recovery, or
the particular wavelength required for linezolid. In
conclusion, none of the possibly co-administered
drugs investigated showed any interference with the
signal of linezolid.

3.3. Accuracy and precision

The results for within- and between-day accuracy
and precision are listed inTables 1 and 2. CV and RE
data ranged between−2.7 and 6.1% under all circum-
stances investigated and thus met the acceptance cri-
teria for pre-study validation specified within the FDA
guideline[17].

Table 2
Within- and between-day imprecision (expressed as coefficient of
variation, CV, %) and inaccuracy (expressed as mean percentage
deviation, RE, %) of determined linezolid concentrations (�g/ml)
in microdialysate

cnom (�g/ml) c (�g/ml) (mean± S.D.) CV (%) RE (%)

Within-day variability (n = 6)
0.827 0.865± 0.042 4.8 4.6
2.07 2.08± 0.054 2.6 0.72

10.3 10.6± 0.22 2.1 2.1
15.5 15.6± 0.25 1.6 0.23

Between-day variability (n = 18)
0.827 0.864± 0.051 5.9 4.4
2.07 2.05± 0.087 4.2 −0.73

10.3 10.3± 0.48 4.7 −0.65
15.5 15.1± 0.61 4.0 −2.7

3.4. Linearity and determination of LLOQ

A linear regression analysis was performed (peak
area versus linezolid concentrations), to describe the
relationship between detector response and concentra-
tion using the reciprocals of squared concentrations
as weighting factor. Calibration curves for both matri-
ces showed good linearity across each concentration
range, with regression coefficients typically ranging
from 0.999 to 1. Details are listed inTable 3.

The validated concentration ranges were 0.2–20 and
0.8–20�g/ml for plasma and microdialysate, respec-
tively. For plasma samples containing potentially more
than 20�g/ml of linezolid, the final re-dissolving step
of the sample preparation procedure was modified: af-
ter evaporation, the residue was redissolved in 150�l
instead of 50�l 80/20 H2O/ACN (V/V) to yield con-
centrations within the validated range. Plasma samples
with a nominal linezolid concentration of 40.2�g/ml
resulted in a mean back-calculated concentration of
41.5�g/ml (3.8%), with an inaccuracy of 3.5% (n =
5). Microdialysate samples with a nominal linezolid
concentration of 40.2�g/ml were diluted with water
1 + 2 (V/V), and yielded an average back-calculated
concentration of 40.6�g/ml (1.8%), with a relative er-
ror of 1.0% (n = 5).

3.4.1. LLOQ
The lower limit of quantification was determined

to be 0.2�g/ml for plasma and 0.8�g/ml for micro-
dialysate. Concentrations of six back-calculated sam-
ples resulted in a CV of 3.6% (RE 2.6%) and 4.8%
(RE 4.6%) for plasma and microdialysate samples, re-
spectively. The LLOQ found in plasma conforms to
other LLOQs reported for linezolid in bioanalytical
assays[12,13,15,16]. In addition, the low plasma sam-
ple volume of only 50�l required for this assay is
highly advantageous in reducing the burden on the pa-
tient in clinical studies with frequent blood sampling.
The higher LLOQ for microdialysate resulted from the
very small sample volume available, i.e. 15�l.

3.5. Recovery of the analyte

Recovery of spiked plasma samples was complete
and ranged from 101.3 to 115.5%, with an average of
108.9% (3.2%). The comparison between peak area
data obtained from spiked microdialysate and aqueous
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Table 3
Regression parameters of the calibration curves of linezolid in plasma and microdialysate expressed as mean± S.D. (n = 3)

Slope (mV·min·ml/�g) Intercept (mV·min) R

Plasma 6.65± 0.14 −0.039± 0.028 0.9992± 9.0E−05
Microdialysate 1.93± 0.028 −0.25 ± 0.086 0.9996± 2.1E−04

solution produced a mean recovery of 100.5% (2.9%).
Values ranged from 96.1 to 107.0%.

3.6. Microdialysis recovery experiments

In Fig. 3, the relationship between RR of linezolid
and flow rate is depicted. In the delivery experiments,
reducing the flow rate from 2.5 to 1.0�l/min resulted
in an increase in RR from 70.8% (13.1%) to 93.4%
(1.3%). A decrease in the flow rate to 0.8�l/min
yielded an RR of 93.1% (2.9%) which did not signif-
icantly differ from RR at 1.0�l/min. However, both
flow rates require a longer sampling interval for suf-
ficient sample volume. Thus, in order to comprehen-
sively characterize the pharmacokinetic profile with
still adequate recovery, a flow rate of 1.5�l/min was
chosen for all following in vitro recovery experiments
and for clinical application.

Changing the concentration of the medium sur-
rounding or perfusing a probe did not affect the rela-
tive recovery. In delivery experiments RR was, on av-
erage, 78.2% (3.6%), ranging from 73.4 to 86.2% and
covering a concentration range from 5 to 50�g/ml of
linezolid. Results of the recovery experiments were
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Fig. 3. Dependence of relative recovery (RR, %) on flow rate (�l/min) of microdialysis perfusate (10�g/ml linezolid). The individual
results (n = 3) of three microdialysis probes are depicted as open squares, cycles, triangles, the line represents the overall mean.

comparable with a mean RR of 76.7% (7.9%), a
minimum at 62.6% and a maximum at 89.9%. No
statistically significant differences between the results
of the delivery and recovery experiment could be
detected. Linear regression between RR, achieved in
the delivery and recovery experiments, and concen-
tration of surrounding or perfusing medium, yielded a
regression line with a slope of 0.0459%·ml/�g (stan-
dard error (S.E.): 0.029%·ml/�g) and an intercept
of 76.6% (S.E.: 0.805%). The line was assumed to
run parallel to thex-axis because the 95%-confidence
interval of slope included zero (Fig. 4). It could be
concluded that RR was not influenced by the concen-
tration of linezolid used and that the diffusion process
is quantitatively equal in both directions through the
semipermeable membrane.

Performing the delivery experiment with probes
placed in a linezolid solution of 10�g/ml and dif-
ferent perfusate concentrations revealed an increase
in RR from 39.3% (28.5%) at a perfusate concentra-
tion of 50�g/ml, to 71.8% (8.0%) at 150�g/ml of
linezolid. The RR was 75.9% (6.1%) when perfus-
ing the probes with a solution containing 200�g/ml
of linezolid and did not differ significantly from the
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Fig. 4. Independence of relative recovery (RR, %) on concentration (�g/ml) of perfusion and surrounding medium, respectively, achieved
in recovery (n = 36, open cycles) and delivery (n = 44, open triangles) experiment. See text for details.

RR at 150�g/ml. These data indicate that no further
increase in recovery was observed when a perfusate
concentration of 200�g/ml was applied. Thus, it can
be concluded that linezolid molecules can leave the
probe unaffected by the drug molecules present in the
probe surrounding medium. Regarding tissue condi-
tions as described above, linezolid concentrations in
the interstitial fluid of 10�g/ml or less would not in-
terfere with probe calibration at steady state when us-
ing a perfusate concentration of at least 150�g/ml of
linezolid.

4. Conclusion

A rapid and reliable HPLC assay was established
and validated for the determination of linezolid con-
centrations in microdialysate and plasma. Our method
is characterized by simple preparation and uses com-
mon HPLC equipment. There is no need for an addi-
tional extraction column as described by Ehrlich et al.
[13]. Decreasing the plasma sampling volume from
300�l [12] to 50�l reduces the sampling burden on
study subjects. Compared with the method by Peng
et al. [14], solid phase extraction was replaced by a
less time-consuming method of sample preparation.
All parameters met the criteria set in international
guideline for bioanalytical methods. We have shown
that linezolid is stable in these two matrices under sev-
eral conditions investigated during sample collection,

preparation and determination. Accuracy and preci-
sion were good for both matrices and all conditions
investigated, with RE and CV values below |4.6%| and
6.1%, respectively. The lower limits of quantification
allow for the measurement of antibiotic concentrations
in small sample volumes (e.g. 15�l microdialysate)
in plasma and tissue down to the minimal inhibitory
concentration (MIC90) values reported for most rel-
evant gram-positive pathogens, including MRSA and
VRE [18].

In addition, in vitro microdialysis experiments re-
vealed that linezolid concentrations achieved in the
dialysate will be sufficient for in vivo investigation.
Based on these results, optimal conditions for the in
vivo microdialysis procedure were determined.

In conclusion, the bioanalytical method developed
is suitable for clinical application. Initial results de-
monstrate its proficiency with regard to use in human
samples.
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