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Brief Communication
Clinical Chemistry

Widespread antimicrobial agent overuse leads to antibiotic re-
sistance [1]. Low rates of new antibiotic approval, especially for 
pediatric patients, necessitate better drug management. Me-
ropenem and linezolid are reserved for serious infections or 
cases where other antibiotics are ineffective. Additionally, me-
ropenem and linezolid are frequently used in combination thera-
pies for initially treating serious infections caused by multidrug 
resistant gram-positive and gram-negative pathogens [2]. They 
are also used to treat central-nervous system infections such as 
bacterial meningitis [3]. Meropenem and linezolid can cross the 

blood–brain barrier but are effective only when they reach a suf-
ficient level. However, the antibiotic structure, disease-specific 
factors, inflammation stage, and renal clearance can influence 
penetration across the blood–brain barrier [4]. 

Predicting antibiotic levels in the cerebrospinal fluid (CSF) 
based on plasma concentrations is challenging. Thus, a method 
for monitoring both blood and CSF antibiotic concentrations is 
needed for individualizing antimicrobial therapies, especially in 
critically ill patients. Commercial methods are unavailable for 
measuring antibiotic concentrations; thus, we developed a liquid 
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chromatography-tandem mass spectrometry (LC-MS/MS) 
method to simultaneously determine meropenem and linezolid 
in serum/plasma and CSF. We completely validated the method 
according to the Food and Drug Administration (FDA) and Euro-
pean Medicines Agency (EMA) Guidelines [5, 6]. Method valida-
tion covered aspects such as the specificity, accuracy, recovery, 
precision, limit of detection (LOD), lower limit of quantification 
(LLOQ), stability, carryover, and matrix effects.

We prepared calibrators by adding pure meropenem and line-
zolid to artificial serum/plasma, artificial CSF, native serum, na-
tive plasma EDTA, and native CSF. We mixed 50 µL of each cali-
brator sample with 5 µL internal standard (IS) mixture and 100 
µL precipitation agent (0.1% formic acid in acetonitrile). After 
centrifugation (5 mins/17,300 g, 4°C), we diluted each superna-
tant (1:1, v/v, 0.1% formic acid in water) and analyzed it via LC-
MS/MS. We prepared QC samples at three different concentra-
tions by spiking artificial serum/plasma or CSF with meropenem 
and linezolid. Details regarding calibrators, ISs, controls, and 
sample preparation are provided in Supplemental Data Table 
S1.

We analyzed meropenem and linezolid using 6460 Triple 
Quad LC-MS/MS instrument (Agilent Technologies, Santa Clara, 
CA, USA) connected to a 1260 Infinity II LC Instrument (Agilent 
Technologies) equipped with an Aquasil C18 column (100×3.0 
mm, 5 µL; Thermo Fisher Scientific, Waltham, MA, USA). We 
conducted MS in the multiple-reaction-monitoring mode with 
positive electrospray ionization. After optimization, we used the 
following ion pairs: m/z 384.16→141.1 for meropenem, m/z 
390.2→147.1 for ISMeropenem.D-6, m/z 338.15→296.1 for linezolid, 
and 341.01→297.2 for ISLinezolid.D-3. Chromatographic analysis 
was performed at 30°C using gradient elution with mobile 
phases A (0.1% formic acid in water) and B (0.1% formic acid in 
acetonitrile). The LC-MS/MS parameters are described in Sup-

plemental Data Table S2. We analyzed the data using Mass-
Hunter Workstation Software Quantitative Analysis v.B.09.00 
(Agilent Technologies) and Microsoft Office 365.

Representative LC-MS/MS chromatograms of meropenem 
and linezolid in plasma samples are presented in Fig. 1 showing 
respective retention times of 1.776 and 4.215 mins.

We established dynamic and linear ranges for the calibration 
curves using nine standard solutions for meropenem and line-
zolid (50, 25, 10, 5, 2.5, 1.0, 0.5, 0.25, and 0.1 µg/mL) match-
ing the expected target range in patients treated with merope-
nem or linezolid. The standard meropenem and linezolid con-
centrations in the analyzed matrices (artificial serum/plasma 
and CSF, native serum, plasma EDTA, and CSF) were within ±  
15% of the calculated nominal value. We observed good linear 
relationships between the response values and meropenem 
and linezolid concentrations (correlation coefficients ≥0.99) be-
tween 0.1 and 50 µg/mL (Supplemental Data Fig. S1). The me-
ropenem and linezolid LOD in serum/plasma and CSF was 0.02 
µg/mL, whereas the LOQ was 0.07 µg/mL. Comparing blank 
plasma and CSF samples with spiked samples demonstrated 
highly specific detection. No significant interference occurred at 
the retention times of meropenem, linezolid, and their ISs (me-
ropenem-D6 and linezolid-D3). Analytes from the previous run 
did not remain in the LC-MS/MS system. The areas under the 
peaks for meropenem and linezolid in the blank samples did not 
exceed 20% of the corresponding areas for these analytes in the 
lowest calibrator-standard samples, which enabled injection of 
several samples without blank samples.

Accuracy and precision are essential metrics for assessing 
new analytical methods. Both the FDA and EMA recommend a 
relative standard deviation (RSD) of ≤15% as the acceptance 
criterion for accuracy and precision. The accuracy, presented as 
the percentage recovery at three different concentrations for 
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Fig. 1. Chromatogram of spiked plas-
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both serum/plasma and CSF samples, was within acceptable 
limits (≤15%). The RSD did not exceed 10% for intra-day preci-
sion or 12% for inter-day precision (Table 1).

The recoveries obtained for native serum and CSF samples 
spiked with different meropenem and linezolid quantities ranged 
from 85.9% to 107.2% with an RSD of <15%. Interfering sub-
stances in serum samples (such as lipids, hemoglobin, and bili-
rubin) did not impair recovery (Supplemental Data Tables S3 
and S4).

In contrast to linezolid, meropenem showed better stability in 
blood samples stored at approximately 4°C than at 22–25°C in-
dicating that blood samples should be analyzed immediately or 
stored as soon as possible at approximately 4°C (ice water) for 
up to 30 mins. Meropenem and linezolid were more stable in 
CSF than in blood, probably because of the lower protein con-
tent in the CSF; however, CSF samples should be analyzed 
within 60 mins after collection/drawing. Storing pooled plasma 
or serum samples at −80°C for 6 months did not cause signifi-
cant meropenem or linezolid degradation regardless of the con-
centration. Meropenem and linezolid were also stable for 30 
days in frozen pooled CSF samples. Samples prepared for LC-
MS/MS analysis were stable for 24 hrs at autosampler tempera-
ture (4°C), reflecting the good stability indicated by the RSD of 
<15%.

We applied the validated LC-MS/MS method to measure me-
ropenem and linezolid levels in serum samples from 100 chil-
dren (65 boys and 35 girls, aged 6 days–18 yrs old) after obtain-

ing informed consent from their parents. The method was vali-
dated in 2020; the samples were collected during 2021–2022 
and analyzed freshly or frozen up to 2 days. We treated 50 chil-
dren each with meropenem or linezolid and measured the CSF 
meropenem and linezolid concentrations of 10 children. The 
Bioethics Committee of Jagiellonian University, Krakow, Poland, 
approved this study (protocol number: 1072.6120.291.2019). 
We collected blood from patients 1 hr before and after each 
dose in steady state and collected CSF between doses. Supple-
mental Data Fig. S2 shows the CSF meropenem concentrations 
in two children treated with meropenem for Klebsiella pneu-
moniae infection.

Antibiotic penetration into the CSF shows high intra-variability. 
Meropenem CSF penetration was observed in 20% of children 
with normal or mildly infected meninges and in 39% of children 
with inflamed meninges [7]; for linezolid, these values were ap-
proximately 70% [8]. The plasma and CSF meropenem concen-
trations did not correlate well in two patients treated for neuroin-
fections because meropenem CSF penetration depends on the 
disease severity and degree of impairment of the blood–brain 
barrier.

Too low of an antibiotic concentration may lead to treatment 
failure and resistant pathogens, whereas overdosing may cause 
neurological side effects or hemolytic diseases. The adminis-
tered dose of a drug might not be effective because pharmaco-
kinetic (PK) parameters differ among patients. Measuring 
plasma and CSF antibiotic concentrations in critically ill patients 

Table 1. Intra-day and inter-day precision

Compound Matrix Spiked concentration, µg/mL
Within-day (N=15) Between-day (N=15)

Mean±SD, µg/mL RSD, % Mean±SD, μg/mL RSD, %

Meropenem Plasma 0.5 0.52±0.04 8.5 0.49±0.05 9.1

3.75 3.85±0.34 8.7 3.67±0.22 5.9

30 30.38±2.86 9.4 30.57±3.15 10.3

Meropenem CSF 0.75 0.72±0.03 4.2 0.76±0.04 5.7

3.75 3.71±0.20 5.3 3.69±0.25 6.8

30 30.29±1.81 6.0 30.77±2.12 6.9

Linezolid Serum 0.5 0.48±0.04 8.3 0.51±0.06 11.6

3.75 3.64±0.27 7.5 3.74±0.26 7.1

30 29.48±1.68 5.7 31.10±2.70 8.7

Linezolid CSF 0.75 0.70±0.03 5.0 0.73±0.04 5.1

3.75 3.69±0.22 6.0 3.81±0.23 6.1

30 31.39±1.75 5.6 32.43±1.81 5.6

Abbreviations: RSD, relative standard deviation; CSF, cerebrospinal fluid.
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provides objective evidence for improving the treatment of bac-
terial infections, potentially lowering multidrug resistance and 
protecting patients from drug toxicity [1]. Exact antibiotic doses 
cannot be determined for individual patients without knowing 
the blood and/or CSF drug concentrations, estimating the mini-
mal inhibitory concentration, or assessing a patient’s condition 
[9, 10].

HPLC with ultraviolet detection [11, 12] or HPLC-MS can be 
used to measure antibiotic concentrations [13-15], although 
most methods are used to determine the plasma and serum 
concentration of one class of antibiotics, such as sulfonamides, 
β-lactams, and oxazolidinones. Only a few validated methods in-
volving LC-MS/MS or ultra-performance liquid chromatography 
(UPLC-MS/MS) have been described for meropenem and line-
zolid determinations [16-19], but these methods determine me-
ropenem and linezolid in either serum/plasma or CSF. To our 
knowledge, only Rehm, et al. [15] presented a method for quan-
tifying meropenem in both plasma and CSF. Sun, et al. [20] 
demonstrated a UPLC-MS/MS method for simultaneously deter-
mining meropenem and linezolid in plasma and CSF samples. 
However, these methods differ in terms of sample preparation, 
equipment, and analytical performance in terms of specificity, 
selectivity, accuracy, linearity range, precision, LOD, and LOQ.

Our validated LC-MS/MS method for simultaneously measur-
ing meropenem and linezolid in different matrices meets the ac-
ceptance criteria established by the FDA and EMA and is appro-
priate for determining their concentrations in serum/plasma 
and CSF samples. The main PK parameters can be calculated 
based on accurate meropenem and linezolid measurements, 
which helps clinicians prescribe the most appropriate treatment.

Our method is more suitable for pediatric patients unlike a 
previous method [20] because of the smaller sample volume re-
quired for analysis. Sample preparation was rapid and simple. 
This method can be used to conduct PK studies in children 
treated with meropenem or linezolid. In future, we intend to as-
sess whether this method is useful for determining meropenem 
and linezolid dry blood spots. Most laboratories use ready-to-use 
kits for analyte determinations that are based on the manufac-
turer’s validation data. As no commercial methods are available 
for determining antibiotic concentrations, we developed an LC-
MS/MS method for simultaneous meropenem and linezolid de-
terminations. A single LC-MS/MS method that can measure two 
or more antibiotics in different biological samples (serum/
plasma and CSF) would be useful in hospitals, involving one an-
alytical column, one calibration, the same reagents, and sam-
ples from patients receiving different antibiotics. Using one 

method involving only one complete validation process enables 
faster result reporting in routine practice.

SUPPLEMENTARY MATERIALS
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