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Abstract

Fosfomycin is an antibiotic with a broad spectrum of activity against many multidrug-resistant

bacterial strains. It is mainly excreted unchanged by the kidneys, and its half-life therefore depends

on kidney function which varies considerably among individuals, and within individuals over

time. Proper fosfomycin dosing thus depends on assaying blood concentration of the drug.

We developed and validated a simple, sensitive and specific chromatography assay, which was

coupled to electrospray ionization mass spectrometry for determination of fosfomycin. Separation

of fosfomycin was based on the method of the hydrophilic interaction liquid chromatography;

specifically, plasma and dialysate samples were acidified and the protein precipitated with ace-

tonitrile. The calibration curves showed excellent coefficients of determination (R2 > 0.999) over

the relevant concentration range of 25–700 μg/mL. Intraday precision was 1.1–1.2% and accuracy

was −5.9% to 0.9% for quality control samples. Interday precision was 2.9–3.4% and accuracy was

−3.7% to 5.5%. Extraction recovery was ≥87% and matrix effects ranged from 2.2% to 4.3%. After

laboratory validation, the method was successfully applied to clinical samples.

Introduction

Fosfomycin [(2R, 3S)-3-methyloxiran-2-yl-phosphonic acid] is a
broad-spectrum antibiotic with a unique mechanism of action.
Unrelated to other antibiotic drugs it inactivates the cytosolic N-
acetylglucosamine enolpyruvyl transferase, preventing the formation
of N-acetylmuramic acid, which is the initial step in the peptidoglycan
chain formation necessary for the synthesis of bacterial cell walls.
The drug is more effective than another antibiotics against many

multidrug-resistant gram negative and gram positive bacteria includ-
ing methicillin-resistant Staphylococcus aureus (MRSA), extended-
spectrum beta-lactamases-Enterobacteriaceae, and Pseudomonas
aeruginosa (1). It is thus a useful and important treatment option,
especially in critical care medicine.

A limitation of fosfomycin is that dose adjustment can be
challenging in patients with rapidly changing renal excretion rates.
Dosing can also be tricky in patients having hemodialysis or
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hemofiltration. Fosfomycin is highly soluble in water and can be
resolved and eliminated into dialysate and filtrate solutions. Individ-
ual monitoring of plasma concentrations to reduce underdosage
of fosfomycin would presumably increase therapeutic efficiency
and reduce the drug resistance. However, there is currently no
routine method for measuring blood and dialysate concentration
of fosfomycin.

The aim of our study was to develop a simple and sensitive
chromatographic method, which can be used for the determination
of fosfomycin in a biological matrix from patients treated with
fosfomycin. Fosfomycin is a small, highly hydrophilic and acidic
molecule with lack of UV/Vis absorption. Conventional approaches
to drug detection include gas chromatography (2–4), liquid chro-
matography with spectrometric or photometric detection (5,6), capil-
lary zone electrophoresis (7,8) and methods with previous derivatiza-
tion for prolonged retention on the separation column using reversed-
phase liquid chromatography with atmospheric pressure chemical
ionization mass spectrometry (9). However, all of these methods work
poorly with low sensitivity and detectability or tedious with time
consuming and expensive derivatization steps less appropriate for
the sample preparation of high number of clinical samples (2,3,5,9).
Currently, hydrophilic interaction liquid chromatography (HILIC)
is reported to be a suitable technique for the separation of high
hydrophilic and polar molecules (10–13). This separation technique
uses hydrophilic surface-modified columns necessary for the reten-
tion of polar molecules and can be combined for elution with highly
concentrated organic mobile phases. Because the organic content of
the mobile phase is high, the sample can be directly vaporized into
a mass spectrometry which speeds processing time of urgent clinical
samples.

Experimental

Reagents and chemicals

Fosfomycin was obtained from InfectoPharm (Heppenheim,
Germany), ammonium formate was obtained from Sigma–Aldrich
(Munich, Germany), and formic acid was obtained from Merck
(Darmstadt, Germany). Acetonitrile and water were provided by
VWR (Darmstadt, Germany). All chemicals used in the study were
analytical grade for mass spectrometry.

LC/MS conditions

Analyses of the samples were conducted using an Agilent 1260 series
HPLC chromatograph (Santa Clara, USA), equipped with an auto-
sampler, a quaternary solvent delivery pump with a degasser and
a column compartment with temperature control. The chromato-
graphic separation was achieved on a 3.0 × 150 mm XBridge BEH
Amide XP 2.5 μm column protected by a 2.1 × 5 mm XBridge
BEH Amide XP 2.5 μm VanGuard Cartridge or a 2.1 × 150 mm
Atlantis HILIC 5 μm protected by a 2.1 × 5 mm Atlantis HILIC 5 μm
VanGuard Cartridge.

The mobile phase contained (A) 4 mM ammonium formate in
water pH = 5 and (B) acetonitrile 90% and water 10% in 4 mM
ammonium formate pH = 5. The linear gradient had the following
program: 0 min (0:100) → 4 min (45:55) → 9 min (45:55) → 10 min
(0:100) → 16 min (0:100). The flow rate was 0.35 mL/min and the
column temperature was 35◦C.

A 6130B quadrupole mass spectrometer (Agilent) was used for the
detection and quantification of all compounds. All data of fosfomycin
were acquired in negative single ion mode (SIM) by electrospray

ionization at m/z = −137. The spray chamber was set to the following
parameters: fragmentor at 75, capillary voltage at −3 kV, drying
gas flow at 12 L/min, nebulizer pressure at 35 psi, and drying gas
temperature at 350 C (Figure 1). The data acquisition was created
using OpenLab CDS C.01.05 (Agilent).

Standard solutions, calibration standards and quality

control (QC) samples

Fosfomycin standard solution was prepared at 10 mg/mL in water
and was diluted to provide calibration standards at 25, 50, 100, 150,
200, 300, 400, 500, 600 and 700 μg/mL. Batches of quality control
samples at 50 μg/mL (low quality control-LQC), 200 μg/mL (middle
quality control-MQC) and 500 μg/mL (high quality control-HQC)
were prepared and stored at −20◦C until analysis. All calibration
standards and quality controls were diluted in drug-free plasma.

Sample preparation

Three different plasma extraction protocols (PEP) were tested during
the development of the method based on the method of the plasma
protein precipitation: PEP 1: 10 μL plasma sample was added to
390 μL 90% acetonitrile, PEP 2: 10 μL plasma sample was added
to 10 μL water, 20 μL buffer (2% ammonium formate pH = 5) and
360 μL acetonitrile, PEP 3: 10 μL plasma sample was added to 10 μL
water; 20 μL buffer (2% ammonium formate pH = 5) and 360 μL
mobile phase B (pH = 5).

Validation

The method was validated with reference to European Medicines
Agency guidance’s for biological method validation (14). The
analytical performance parameters evaluated for samples included
selectivity, linearity (calibration curve), lower limit of quantification
(LLOQ), precision (intra and interassay) and accuracy. In order to
obtain a full validation, additional recovery and stability experiments
were conducted for human matrices.

Selectivity

Selectivity was evaluated by comparing the chromatograms of blank
human plasma (n = 6) with the corresponding plasma samples spiked
with fosfomycin.

Linearity and sensitivity

The linearity of the calibration range was proved by the analysis of
calibration standards. The calibration curves were generated by plot-
ting the peak area of fosfomycin against the nominal concentration of
fosfomycin. Curves were evaluated by polynomial regression analysis
with equal weights, slopes, intercepts and determination coefficients.
The LLOQ was defined as the lowest calibration standard of the
calibration curve that can be quantified with precision less than 20%
and accuracy within ±20% of the nominal concentration.

Accuracy and precision

Accuracy and precision were evaluated on QC samples at three
concentration levels LQC, MQC and HQC prepared in six replicates.
Intra- and interday-accuracy and precision were investigated on QC
samples on four analytical runs, on the same day and on three sepa-
rate days. Precision was expressed as the relative standard deviation
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Hydrophilic interaction liquid chromatography electrospray ionization mass spectrometry 167

Figure 1. Full-scan mass spectrum (A1) and singe ion mode mass spectrum (SIM) of fosfomycin at m/z = −137 (B1).

(RSD, %) and accuracy was reported as the relative error (RE, %).
RSD and RE value were determinate as:

RSD = standard deviation of mean measured concentration
mean measured concentration

×100%

RE =
(
measured concentration − nominal concentration

)

nominal concentration
× 100%

Recovery and matrix effect

The extraction recoveries were tested by comparing the peak area
of spiked and extracted plasma QC samples at three different con-
centration levels with the peak area of reference QC plasma samples
spiked after sample extraction with fosfomycin. The matrix effect was
evaluated by comparing the peak area of QC samples dissolved in
plasma with QC samples dissolved in mobile phase. QC samples at
following concentration levels 50, 200 and 500 μg/mL prepared in
six replicates were tested to evaluated recoveries and matrix effects.

Stability and carry over

Carry over was determined by analysis of nine blank samples after
the injection of high concentration calibration standard. To evaluate
the stability of fosfomycin, QC samples were spiked to obtain quality
controls at LQC, MQC and HQC. The QCs were tested under differ-

ent storage conditions: (i) short-term stability at room temperature
for 24 h, (ii) stability of processed samples stored in auto-sampler
at 8◦C for 48 h, (iii) long-term stability at −20◦C for 60 days and
(iv) three freeze–thaw cycles (−20◦C to room temperature as one
cycle). A freshly prepared calibration curve was used for each storage
condition.

Patient blood and dialysate measurements

With approval by the responsible ethics committee (Medical Cham-
ber—Ärztekammer des Saarlandes, Saarbrücken, Germany, Ref-No.
117/17) two patients were investigated for the determination of
fosfomycin. 6 gram of dry fosfomycin powder was reconstituted with
200 mL of sterile water and was given intravenously over a period
of 5 min at 8-hour intervals over three days. For the patient with
normal renal function arterial blood samples were collected at 0, 30,
60, 180 and 240 min after application at Day 1 and Day 3. For the
patient with hemodialysis arterial blood samples were collected at
0, 15, 30, 60, 90, 120, 180, 240, 300 and 360 min and dialysate
samples were collected at 60, 120, 240 and 360 min. The patient was
treated with continuous venovenous hemodialysis (multiFiltrate Ci-
Ca, Fresenius Medical Care, Bad Homburg, Germany) using polysul-
fone membrane hemofilters (Ultraflux AV 1000S; Fresenius Medical
Care). The dialysate solution was free of calcium and phosphate
(Ci-Ca Dialysate K4; Fresenius Medical Care) and had a potassium

D
ow

nloaded from
 https://academ

ic.oup.com
/chrom

sci/article/59/2/165/6030108 by C
olum

bia U
niversity user on 24 February 2021



168 Shopova et al.

Figure 2. Chromatogram of fosfomycin using either a (A1) XBridge Amide XP column and 4 mM ammonium formate buffer adjusted with formic acid at different

pH values or a (B1) Atlantis HILIC column and 4 mM ammonium formate buffer adjusted with formic acid at different pH values or a (A2) XBridge Amide XP

column and ammonium formate buffer pH 5.0 adjusted at different buffer concentrations or a (B2) Atlantis HILIC column and ammonium formate buffer pH 5.0

adjusted at different buffer concentrations; the injection volume was selected at 10 μL.

concentration of 4 mmol/L. Regional sodium citrate anticoagulation
used before and calcium chloride (Calciumchlorid 100 mL; Fresenius
Medical Care) to compensate for calcium losses after the hemofilter.
Blood flow was 100 mL/min with 2 L/h dialysate flow. The filtration
rates were between 100 and 200 mL/h depending on the volume
status of the patient.

The dialysate calibration curve of fosfomycin was prepared in
Sterofundin- solution (contains similar concentration of electrolyte
as the dialysate solution) and additional QC samples in Sterofundin
were spiked next to the dialysate samples to demonstrate the accuracy

and precision of the measurement. All collected blood samples neces-
sary for the pharmacokinetic study were spiked in ethylenediaminete-
traacetate (EDTA). All blood and dialysate samples were centrifuged
at 4000 g for 10 min at 4◦C. After centrifugation all samples were
stored at −20◦C until analysis.

Anticoagulants effects

Twenty blood samples were collected from the patient with normal
renal function at day one and day three and were spiked with EDTA
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Figure 3. Effect of the buffer concentration on the retention factor (A) peak width (B) symmetry factor (C) and theoretical plate number (D) for fosfomycin under

HILIC condition on a XBridge BEH Amide XP (triangle and gray bars) and an Atlantis HILIC (black circle and black bars); significant differences (P < 0.05) are

indicated as follows: asterisk indicates different conditions at the same column, hash indicates same conditions but at different columns (n = 6); the injection

volume was selected at 10 μL.

or citrate as anticoagulants to investigate the response of fosfomycin
in the mass spectrometer.

Statistical analysis

The separation selectivity for fosfomycin was evaluated on two differ-
ent on the surface-modified HILIC columns: XBridge BEH Amide XP
and Atlantis HILIC column. The statistical analysis was performed
with one-way ANOVA with Bonferroni post-hoc testing for each
chromatographic column under different separation conditions. We
then used two-factor ANOVA tests without replication to compare
the two chromatographic columns under each separation condition.
Separation conditions were different pH value and different molarity
of the mobile phase.

Results

Method development

Two different surface-modified HILIC stationary phases and eight
different mobile phases were tested to evaluate the best separa-
tion selectivity for fosfomycin. Figures 2–4 compare the XBridge
BEH Amide XP column to the Atlantis HILIC column. The chro-
matograms show that different pH values and buffer concentrations
of the mobile phase tested on the XBridge BEH Amide XP column
did not substantively change the chromatogram and the peak shape
for fosfomycin. Fosfomycin peaks from the XBridge BEH Amide XP
column were narrower with peak width of 0.16 than with the Atlantis

HILIC column with peak width of 0.30. The peaks obtained with
the XBridge BEH Amide XP column were symmetrical (symmetry
factors were close to 1) and were simple for integration under
all conditions.

The XBridge BEH Amide XP column was reproducible with a
buffer of just 4 mM at pH 5. We therefore used this buffer to separate
and extract fosfomycin reduce ammonium formate salt wastage.

We evaluated three PEP to investigate the best extraction rate
of fosfomycin. PEP 3 using acetonitrile as precipitating reagent at
pH levels ≤5 presented the highest extraction recovery and sta-
ble retention times in the chromatogram of fosfomycin in com-
parison to protocol 1 and 2, which used acetonitrile at pH levels
> 5 (Figure 5).

Method validation

For the following validation and patient measurements the
chromatographic parameters presented in Figure 6 were used and
were based on previous investigations mentioned in section method
development.

Selectivity

Blank EDTA plasma from six healthy volunteers was tested and
no interfering endogenous peaks were observed over the relevant
retention time which indicates that the assay is selective. The retention
time for fosfomycin was 8.4 min (Figure 7).
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Figure 4. Effect of pH value on the retention factor (A) peak width (B) symmetry factor (C) and theoretical plate number (D) for fosfomycin under HILIC condition

on a XBridge BEH Amide XP column (triangle and gray bars) and an Atlantis HILIC column (black circle and black bars); significant differences (P < 0.05) are

indicated as follows: asterisk indicates different conditions at the same column, hash indicates same conditions but at different columns (n = 6); the injection

volume was selected at 10 μL.

Figure 5. Fosfomycin peak area at 25 μg/mL using different plasma extraction

protocols using a XBridge Amide XP column. PEP 1: 10 μL plasma sample

was added to 390 μL 90% acetonitrile, PEP 2: 10 μL plasma sample was added

to 10 μL water, 20 μL buffer (2% ammonium formate pH = 5) and 360 μL

acetonitrile, PEP 3: 10 μL plasma sample was added to 10 μL water; 20 μL

buffer (2% ammonium formate pH = 5) and 360 μL mobile phase B pH = 5.

The injection volume was selected at 10 μL.

Linearity and sensitivity

The standard calibration curves for fosfomycin reveal excellent
response over the concentration range 0.25–700 μg/mL. A typical

equation for the calibration curve was y = 0.0007x + 7.6672,
R2 = 0.9997. The LLOQ was 0.25 μg/mL for fosfomycin in plasma.
The precision (RSD) and accuracy (RE) was for all calibration
standards ≤15%.

Precision and accuracy

The data for intra- and interday precision and accuracy for fos-
fomycin evaluated from QC samples are listed in Table I. The intra-
and interday-accuracy and precision were ≤ 5.9% for each QC level.

Recovery and matrix effect

The extraction recoveries from QC samples at low, medium and high
concentration were 95% ± 3.3%, 87% ±3.2% and 89% ± 2.9%.
The matrix effects were at three QC concentration levels 50, 200
and 500 μg/mL with ±3.3%, ± 2.2% and ± 4.3% from the nominal
concentrations.

Stability and carry over

No quantifiable carry over effects were observed when injecting
drug-free plasma immediately after the highest calibration standards.
The results from all stability tests demonstrated a good stability
of fosfomycin in plasma stored at room temperature for 24 h, at
−20◦C for 60 days, and during three freeze–thaw cycles (Table II).
Additionally, the processed plasma samples were stable in the auto-
sampler at 8◦C for 48 h. The method indicated to be applicable for
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Figure 6. Chromatographic, mass spectrometer and sample preparation

parameters used for the XBridge BEH Amid XP column validation and mea-

surements.

routine analysis. None of the QCs was determined with precision
(RSD) and accuracy (RE) ≥ 15% of the nominal concentration.

Patient measurements

EDTA-spiked blood samples presented in higher fosfomycin con-
centrations than citrate-spiked fosfomycin samples. The ionization
response of fosfomycin in the mass spectrometry is suppressed by
citrate salts during the two days of investigation at the same time
(0.5, 1, 3 and 4 h) after application of fosfomycin (Figure 8). In our
case EDTA blood was collected for the following validation of the
method and the patient measurement.

Figure 9 shows a concentration over time profile of fosfomycin
for the patient undergoing hemodialysis. The concentration of fos-
fomycin in the collected plasma sample is close to the concentration
levels in the dialysate samples. Fosfomycin can be excreted by the
body with the dialysate solution.

Discussion

We developed a simple method for separating fosfomycin from
plasma and dialysate using the technique of HILIC with a XBridge
BEH Amide XP HILIC column coupled directly to single quadrupole
mass spectrometry. The established method shows an excellent
degree of accuracy and precision without loss of separation efficiency

following the guidelines on bioanalytical method validation of the
European Medicines Agency (2011).

The use of our described sample preparation method allows the
simultaneous determination of fosfomycin from plasma and dialysate
samples. The pH range ≤ 5 of the precipitating agent was essential
for the high extraction rate of fosfomycin from the sample matrix,
where the acidic properties of fosfomycin for extraction at lower
pH level were accountable. The kind of anticoagulant used for the
blood samples should be considered before the beginning of the study,
because citrate minimized the signal of fosfomycin in comparison to
EDTA in the mass spectrometer. In addition, when a high number of
samples from the same patient was needed, our sample preparation
protocol was prepared to require only a small amount of plasma
or dialysate (10 μL), as opposed to other methods which require
plasma amounts greater than 100 μL (5–9,15) to detect fosfomycin.
This is relevant because most patients in critical care have limited
venous access. The sample extraction protocol is faster in comparison
to the previously established extraction methods for fosfomycin,
where time–cost derivatization steps taking at least 15 min only for
preparation of each sample to increase the sensitivity of the detection
(2–4,9). However, another plasma extraction method of Wijma et al.
(15) was simple to be carried out using an ultrafilter tube to separate
the free protein unbound fraction of a drug, but still expensive buying
the ultrafilter tube. In this case the authors investigated only the
unbound fraction of the drug. In comparison to this the bound and
the unbound fractions were investigated in our case. For critical care
patients the blood protein concentration can be different, which can
have impact on the concentration results of fosfomycin, which has
already been shown for other drugs (16). The separation time of
fosfomycin using the method of Wijma with a column similar to the
XBridge BEH Amide XP HILIC, is short using ultra performance
chromatography with 1.8 min in comparison to chromagraphic
separation by high-pressure chromatography with 8.5 min. However,
the equipment of ultra performance chromatography coupled to MS
is expensive and not common to many labs.

The selected calibration range from 25 to 700 μg/mL and
the LLOQ with 25 μg/mL corresponds well with clinical plasma
concentrations expected by repeated dosage of fosfomycin during
several application days. Typically these concentrations exceed
>300 μg/mL (17). There are next to the method of Wijma et al. (15)
few published LC–MS/MS HILIC methods applied for separation
and detection of fosfomycin with plasma or urine concentration up
to 1,000 μg/mL (18,19). But these two techniques from Marten-
Lobenhoffer and Bode-Böger (18) and Parker et al. (19) have
some limitations. The interday-accuracy and precision was lower
in comparison to our approach. Additionally, the method of Marten-
Lobenhoffer and Bode-Böger (18) used two different calibration
curves for the ranges 15–150 μg/mL and 100–50 μg/mL to investigate
the patient samples. The need to analyze patient samples against two
calibration standards makes the methods less attractive for routine
analysis, where simplicity and speed are paramount. Our method
shows an excellent degree of reproducibility and accuracy with just
a single calibration curve. The use of an internal standard with
ethylphosphoric acid did not improve the accuracy of the method.
There were no significant differences of precision or accuracy with
or without internal standard when QCs of different plasma levels
were used. At this point further validation was carried out without
ethylphosphoric acid.

The results show that the broad-spectrum antibiotic fosfomycin
can be eliminated from the blood into the dialysate solution. The
described technique can be used for patients with hemodialysis,
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Figure 7. Typical chromatograms of for (A1) blank plasma, (B1) blank plasma spiked with fosfomycin and (C1) a plasma sample after venous administration of

fosfomycin. The injection volume was selected at 40 μL (n = 3; means ±SDs).

Table I. Precision (%, RSD) and accuracy (%, RE) for fosfomycin calculated from QC samples in plasma (n = 6) separated with a XBridge

Amide XP column

Intraday (n = 6) Interday (n = 18)

Nominal concentration (μg/mL) Measured (μg/mL) RSD (%) RE (%) Measured (μg/mL) RSD (%) RE (%)

50 49 ± 0.5 1.1 −1.7 52 ± 1.6 3.1 5.5
200 188 ± 2.3 1.2 −5.9 192 ± 6.6 3.4 −3.7
500 495 ± 6.1 1.2 −0.9 522 ± 15 2.9 4.5
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Table II. Stability of fosfomycin in human plasma (n = 6)

Sample condition Concentration (μg/mL) Measured (μg/mL) RSD (%) RE (%)

50 50 ± 0.4 0.8 0.4
Room temperature (24 h) 200 192 ± 2.9 1.5 −3.5

500 517 ± 5.8 1.1 3.4
50 53 ± 0.5 0.9 6.9

Free-thaw cycles 200 180 ± 1.2 0.6 −9.9
500 488 ± 3.3 0.7 −2.3
50 51 ± 0.6 1.2 2.2

Long-term (−20◦C for 60 days) 200 180 ± 2.4 1.3 −9.8
500 464 ± 9.0 1.9 −7.1
50 53 ± 0.6 1.1 7.5

In-autosampler (8◦C for 48 h) 200 177 ± 2.2 1.3 −11.0
500 498 ± 3.4 0.7 −0.3

Figure 8. Mass spectrometry response of fosfomycin from EDTA (gray bars) or citrated (black bars) blood samples collected from arterial access on Day 1 (A)

and Day 3 (B); the injection volume was selected at 40 μL (n = 3; means ±SDs).

Figure 9. Plasma concentration-time profiles of fosfomycin in patient under-

going hemodialysis receiving a 6 g fosfomycin dose every 8 h, for plasma

(black circle) and dialysate (square); the injection volume was selected at 40 μL

(n = 3; means ±SDs).

rapidly changing renal extraction rates, or when repeat fosfomycin
dosing is neccessary.

Conclusions

We developed a simple plasma and dialysate sample extraction
protocol for fosfomycin with high sensitivity and recovery after
preparation of the samples. Our sample preparation method coupled
to LC–MS permits accurate and precise determination of fosfomycin
concentrations in only 10 μL of plasma or dialysate.
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