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Abstract

Background: The class of antibiotics known as p-lactams are a commonly used due to their
effectiveness and safety. Therapeutic drug monitoring has been proposed but requires an accurate
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assay along with well-characterized preanalytic stability, as p-lactams are known to be relatively
unstable.

Methods: A high-throughput LC-MS/MS assay validation and stability study was performed
for cefepime, meropenem, and piperacillin and tazobactam in serum. Patient samples, standards,
and QCs were crashed with acetonitrile containing internal standard. Following centrifugation,
an aliquot of the supernatant was diluted with clinical laboratory reagent water and analyzed by
LC-MS/MS.

Results: The assay showed linearity between 0.5 and 60 pg/mL for each analyte. The intra- and
interassay reproducibility at 3 different concentrations (approximately 2, 25, and 40 pg/mL) was
<5% for each analyte. Accuracy studies for each analyte were compared using linear regression
and demonstrated: slope = 1.0 + 0.1; /2> 0.980; and y intercept 95% ClI that included zero.
Minimal ion suppression or enhancement was observed, and no significant carryover was observed
up to 500 pg/mL of each analyte. Stability studies demonstrated significant loss in serum for each
analyte at ambient and refrigerated temperatures (2-8 °C) and at —20 °C over days or weeks. In
contrast, when stored at —80 °C, no significant loss was observed.

Conclusions: The LC-MS/MS assay showed acceptable performance characteristics for
quantitation of p-lactams. With well-characterized stability, this assay can be used with residual
specimens for pharmacokinetic modeling, which may lead to individualized dosing and improved
patient care.

INTRODUCTION

Antipseudomonal B-lactams such as cefepime (FEP), meropenem (MEM), and piperacillin/
tazobactam (TZP) are the backbone of treatment protocols for infected patients who are
critically ill (1, 2). As hydrophilic small molecules with predominant renal elimination,
they exhibit wide intra- and interindividual pharmacokinetic (PK) variability (3). Estimates
suggest that the current “one size fits all” approach to p-lactam dosing in patients who

are critically ill may result in at least a 30-fold intraindividual variation in concentrations
observed (4), which makes the therapeutic response unpredictable. These drugs exhibit
time-dependent bacterial killing. Concentrations of p-lactam that are too low increase the
risk of clinical and microbiologic failure and the development of antibiotic resistance (4-7).
Concentrations of B-lactam that are too high increase the risk of dose-dependent adverse
effects, most notably, potentially irreversible neurotoxicity (8). Individualized p-lactam

PK models developed to optimize the prediction of drug concentrations from the start of
therapy and p-lactam therapeutic drug monitoring (TDM) to adjust doses in response to
observed drug levels may reduce this variability. Unfortunately, the lack of a commercially
available assay approved by the US Food and Drug Administration for monitoring p-lactam
concentrations hinders the ability of many healthcare organizations to test locally, to develop
individualized initial dosing models, and to subsequently adjust dosing if concentrations are
too high or too low during a course of treatment.

Recently, the use of scavenged samples for PK modeling has been suggested (9, 10).
This approach uses residual specimens collected for routine clinical care to build PK
models, especially in difficult-to-sample populations such as patients who are critically ill
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in the intensive care units (ICUs) where B-lactams are often utilized. However, previous
literature has raised significant concerns about concentration and temperature-dependent p-
lactam degradation over time in plasma (11-13). One study found, for example, significant
piperacillin degradation after 24 h at ambient temperature, which biased the clearance and
volume of distribution estimates in PK models by 30% (11). The purpose of this study was
to validate a rapid LC-MS/MS method for TDM of FEP, MEM, and TZP in serum and to
further characterize the stability of each drug at different concentrations (e.g., low, medium,
high), time intervals, and various storage conditions to facilitate the use of residual patient
samples for future development of potential dosing models.

MATERIALS AND METHODS

The chemicals used in this study were, at the minimum, HPLC grade. FEP, MEM, and
TZP were purchased from Sigma-Aldrich. Cefepime-d3, meropenem-d6, piperacillin-d5,
and tazobactam sodium salt-1°N3 were purchased from Toronto Research Chemicals Inc.

Standard and Quality Control Samples

Standards (0.5, 5, 20, 40, and 60 pg/mL) and 3 levels of QC samples (2.5, 15, and 45 ug/mL)
were prepared in pooled blank normal human serum (Utak Laboratories Inc.), aliquoted, and
stored frozen (-80 °C).

Internal Standards

Cefepime-d3, meropenem-d6, piperacillin-d5, and tazobactam sodium salt-15N at 1 pg/mL
were prepared in 80% acetonitrile and 20% clinical laboratory reagent water (CLRW).

Patient Samples

Mayo Clinic Institutional Review Bboard approval was obtained (humber 18-004992).
Utilization reports were used to identify patients in the ICU who were treated with FEP,
MEM, or TZP. Human residual serum samples stored at 4 °C after routine work were pulled,
deidentified, and assigned a unique code by designated study staff. The samples were then
immediately stored at —80 °C until further use.

Sample Preparation

Serum samples, standards, and QC samples (50 uL) were precipitated with acetonitrile
(250 pL) containing isotopically labeled internal standards (cefepime-d3, meropenem-d6,
piperacillin-d5, and tazobactam sodium salt-1Ns). Following mixing and centrifugation
(2050 RCF/3000%g; 5 min), an aliquot (50 uL) of the supernatant was diluted with 800 uL
CLRW.

LC-MS/MS Analysis

Next, 10 uL was analyzed by LC-MS/MS with chromatographic separation achieved using
an Agilent Select Stream LC system equipped with an Agilent Eclipse Plus C18 (2.1 x

50 mm, 1.8 um) column heated to 30 °C. Compounds were eluted off the column using

a linear gradient. Mobile phase A was 10 mM ammonium formate in water with 0.1%
formic acid. Mobile phase B was 0.1% formic acid in acetonitrile. The total run time was
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9 min with a flow rate of 0.3 mL/min; the first 2-min mobile phase B was set at 2%,
followed by 10% mobile phase B for 3 min, and then 95% mobile phase B for 1 min,

after which it went back to 2% mobile phase B. Eluting compounds were detected using

an Agilent 6495 Mass Spectrometer operated in positive (electrospray ionization) ion mode
with dynamic multiple-reaction monitoring. The source parameters were as follows: gas
temperature, 180 °C; gas flow, 19 L/min; sheath gas temperature, 350 °C; sheath gas flow,
11 L/min; and capillary voltage, 3000 V. Each analyte of interest was identified by retention
time, and quadrupole 1/quadrupole 3 mass/charge (Q1/Q3 m/z) ion-pair ratios using Agilent
MassHunter software. The mass transitions for all drugs and internal standards are listed in
Supplemental Table 1.

Reproducibility

Linearity

Blank human serum pools were spiked with certified reference standards of each compound
at low, middle, and high concentrations (approximately 2, 25, and 40 pg/mL) and

were measured 20 times within 1 run for intra-assay precision and over 20 days for
interassay precision. The intraday and interday precision was expressed as the CV at each
concentration.

A minimum of 5 samples replicated over 5 days with concentrations spanning the linear
range were analyzed, with a new calibration curve established for each run. The highest and
lowest concentrations were within 10% of the upper limit of quantification (ULOQ) and
lower limit of quantification (LLOQ), respectively. Acceptable samples could be another lot
of calibrators run as patient samples, combined patient samples, spiked samples, or serially
diluted high patient samples.

Accuracy and Recovery Studies

Specificity

Accuracy was assessed based on comparison of at least 40 samples across the analytic
measuring range (AMR) assayed by an outside reference laboratory (ARUP; quantitative
bioassay) for MEM and piperacillin (data not shown) or by recovery studies and direct
comparison to the spiked value for all compounds. Studies were performed over a minimum
of 5 days, and linear regression analysis was performed.

The top 25 prescribed drugs in the United States, common concomitant drugs, other
antibiotics, antifungals, aminoglycosides, and common drugs of abuse were tested at
supratherapeutic concentrations to assess their propensity to cause interferences that could
result in a false-positive or -negative result (Supplemental Table 2). Additional studies at
low, medium, and high concentrations of each analyte for hemolysis, icterus, and lipemia
were performed using pooled serum spike with 5 levels of hemoglobin (0, 100, 250, 500,
and 1000 mg/dL), intralipid (0, 50, 250, 500, and 1000 mg/dL), and bilirubin (0, 3, 15, 30,
and 60 mg/dL), respectively.
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Detection Limit

Twenty blank and LLOQ samples were run over a minimum of 10 days. The limit of
detection was defined as the lowest concentration tested that had a peak area that was greater
than or equal to the average of 20 blanks +3 SD.

lon Suppression and Enhancement

Stability

Carryover

Ten pools of random patient serum samples negative for any p-lactams were also compared
with neat (CLRW) matrix. Three levels throughout the AMR were spiked with each drug.
Samples 1-3 were low, approximately 10% ULOQ; samples 4-7 were mid, approximately
50% ULOQ; and samples 8-10 were high, approximately 80% ULOQ. The response of
each compound in neat (CLRW) vs matrix (pools) was then compared. The response of the
internal standard in neat vs matrix was also compared.

Analyte stability was determined by comparing the results of split pools freshly prepared
and stored under ambient (20-25 °C), refrigerated (2-8 °C), and frozen (at or below —20

°C, and at or below -70 °C) conditions on days 1, 3, 7, 14, 21, and 35 and compared with
day 0. The same pools were analyzed while undergoing at least 3 freeze/thaw cycles. Three
different levels were analyzed in triplicate for each condition per day. Extracted sample
stability was also determined by injecting a set of extracted samples and reinjecting the same
samples at least 1 day later on the same instrument and under the same conditions. Extracted
samples were stored at 2-8 °C.

To assess carryover, blank matrix was spiked at a level that was at least 5 times the AMR for
each analyte, followed by 5 serum blanks, and replicated over 5 days. Blanks following the
high sample must have calculated concentrations of <50% of the LLOQ.

Anticoagulant and Tube Study

Determination of the effect of different collection tubes and anticoagulants was also
conducted. Plasma(s)—-sodium heparin, lithium heparin, K, EDTA, sodium citrate, plasma
separator tubes, and serum separator tubes were compared against serum. Prepared pools
were spiked at 3 different concentrations, mixed well, and allowed to stand in the collection
tubes for at least 30 min at room temperature. Tubes were centrifuged before analyzing. The
content of each pool was analyzed in triplicate. The pools were then stored frozen (=70 °C
or greater) in the collection tubes until the next day, when each pool was reanalyzed.

RESULTS AND DISCUSSION

Similar to previous publications (11, 14-19), we validated a robust but simple and faster
method for the quantification of FEP, MEM, and TZP in serum using LC-MS/MS. With
multiplexing on the Select Stream, individual sample analysis could be completed within
3 min compared with previous methods, which ranged from 4 to 30 min (11, 14). The
validated analytic measurement range for each analyte was 0.5-60 pg/mL, covering the
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clinically relevant concentrations in serum for each analyte. The limit of detection was
<10% of the LLOQ for each analyte. The average (n = 5) linear regression of each analyte
demonstrated slope = 1.0 £ 0.1, /2> 0.990, and a y~intercept 95% ClI that included zero.
Intra- and interassay precision CVs were <5% across the analytic range for each analyte
(Table 1). A minimum of 40 patient or blinded samples were validated against an existing
reference assay or compared with a known spiked value. The results for each analyte were
compared using linear regression and demonstrated slope = 1.0 + 0.1, /2> 0.980, and a
y-intercept 95% CI that includes zero (Fig. 1).

Absence of interference from the top 25 prescribed drugs, concomitant drugs, or common
drugs of abuse was observed such that no quantifiable peak was observed at the retention
time of the analytes or internal standards. Values of FEP, MEM, and TZP were also
unaffected in samples that were grossly lipemic, icteric, or hemolyzed with the average
percentage of difference from the nonhemolyzed, nonlipemic, or nonicteric samples being
<7% at low to high concentrations of the interferent (data not shown). Minimal ion
suppression or enhancement due to the matrix effect was also observed and was consistent
between the analyte and internal standard throughout the AMR. The average percentage of
ion suppression for FEP, MEM, and tazobactam was 1.4%, 7.4%, and 4.5%, respectively.
The average percentage of enhancement for piperacillin was 5.9%. No significant carryover
was seen following a sample containing 500 pg/mL of each analyte. In addition, sample
dilution effects were not observed. For all analytes, 2-, 10-, and 20-fold serum dilution
demonstrated average concentrations that were <4% of their nominal concentration, with
CVs <5% indicating high (toxic) concentrations of FEP, MEM, and TZP that can be
accurately measured.

The effect of different anticoagulants and separator gels (e.g., plasma separator tube and
serum separator tubes) were assessed and compared with spiked drug in regular serum tubes
at 3 different concentrations after 24 h. The average difference compared with the serum was
<10%, with no individual difference >20% for each tube and anticoagulant tested (data not
shown).

Application of the Assay

For potential opportunistic sampling for PK modeling, residual serum was validated in this
method, as it is frequently available. Patients who are commonly prescribed p-lactams and
are treated in the ICU have routinely drawn basic chemistry tests, which typically require
a serum sample. In addition, serum is the traditional sample most often collected for TDM.
Consequently, the preanalytic stability of each p-lactam was further characterized in serum
under ambient (20-25 °C), refrigerated (2-8 °C), and frozen (at or below —20 °C and at or
below -70 °C) conditions. p-Lactams are well known for their instability in serum samples
due to nonenzymatic hydrolyzation of the lactam ring. This is consistent with our own
observations, in which values for each analyte decreased significantly at ambient (20-25
°C), refrigerated (2-8 °C), and frozen (-20 °C) temperatures over a time period of 35 days
but were stable when stored at =70 °C or below with up to 3 freeze/thaw cycles (Figs. 2-5).
Benchtop stability at approximately 3, 15, and 45 pg/mL was also assessed and shown up
to 4 h at ambient conditions, with a mean difference <7% for each analyte. Refrigerated
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stability was also shown up to 24 h for all compounds, with an average difference <12% and
no individual difference >15%.

The combined validation data demonstrate a simple, rapid, and accurate LC-MS/MS assay
for the determination of FEP, MEM, and TZP concentrations in serum. With tight precision
characteristics (CV <5%) for all analytes, a clinically relevant measuring range, and good
accuracy, this assay can be used to further establish the relationship between the serum
concentrations and the clinical response to help clarify the role of TDM.

Clinical Significance of TDM for g-Lactams

The primary determinant of treatment success for p-lactams is the percentage of time

that the drug level exceeds the organism minimum inhibitory concentration during the
dosing interval, as they exhibit time-dependent bacterial killing. In critically ill patients
treated with p-lactams, it has been shown that drug concentrations can vary almost 500-fold
between patients (4, 20, 21), which likely contributes to noninferiority observed in studies
of prolonged infusions and loading doses rather than superiority. In sepsis, in which early
appropriate and adequate antibiotics determine patient survival, g-lactam levels fall below
targets as early as 90 min into the 6- to 12-h dosing interval, leading to considerable time
without sufficient drug at the site of action and the organism at sustained sublethal drug
levels (22). Patients with low B-lactam levels risk propagation of resistance and have a
1.5-fold higher risk of a negative clinical outcome, defined by clinical failure, antibiotic
escalation, antibiotic reinitiation, or death.

A chief contributor to inter- and intraindividual p-lactam—level variability in the ICU is
limitation of the existing approach to kidney function assessment (20, 23). Existing models
use serum creatinine to estimate kidney function and to determine clearance of FEP, MEM,
and TZP (24-26). Creatinine is an insensitive and nonspecific marker of kidney function

in the ICU given the many nonrenal factors that alter its production and elimination

(27). As the terminal byproduct of skeletal muscle catabolism, creatinine is affected by
deconditioning, altered muscle mass, and dietary changes that are incompletely accounted
for in creatinine clearance equations and common in the ICU. With routine creatinine-based
B-lactam dosing, 30%—-50% of patients in the ICU failed to achieve their target drug level
(22). As a result, accessibility to a rapid TDM assay could be used to verify that appropriate
therapeutic concentrations are achieved.

CONCLUSION

This study reports on the development and validation of a rapid LC-MS/MS method for
TDM of FEP, TZP, and MEM in serum. With well-characterized preanalytic stability, the use
of residual serum samples for PK modeling can now be performed.

If using residual serum specimens for PK modeling, samples should be processed within 4
h if kept at ambient temperature and within 24 h if stored refrigerated. After processing,
long-term storage of samples should be kept frozen at =70 °C or below.
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Nonstandard Abbreviations:

FEP cefepime

MEM meropenem

TZP piperacillin/tazobactam

PK pharmacokinetics

TDM therapeutic drug monitoring

ICU intensive care unit

CLRW clinical laboratory reagent water

ULOQ upper limit of quantification

LLOQ lower limit of quantification

AMR analytic measuring range
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IMPACT STATEMENT

B-Lactam antibiotics exhibit time-dependent killing, and bacterial resistance is a concern.
In patients who are critically ill, in whom these medications are commonly used, altered
pharmacokinetics can result in insufficient serum concentrations at standard dosages.
This article describes well-characterized stability studies and a validated analytic (LC-
MS/MS) method for cefepime, meropenem, piperacillin, and tazobactam in serum.
Residual specimens can now be used for pharmacokinetic modeling, which may lead

to individualized dosing and improved patient care.
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Fig. 1.

Recovery studies for (A) FEP, (B) MEM, (C) piperacillin, and (D) tazobactam.
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Fig. 2.

Stgbility of FEP in triplicate at low (approximately 3 pg/mL), medium (approximately 15
pg/mL), and high (approximately 45 pg/mL) concentrations at ambient (A: 20-25 °C),
refrigerated (B: 2-8 °C), and rozen (C: at or below -20 °C; and D: at or below -70 °C)
conditions up to 35 days. Note: ambient conditions were only done up to 14 days.
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Fig. 3.

Stability of meropenem in triplicate at low (approximately 3 pg/mL), medium
(approximately 15 pg/mL), and high (approximately 45 pg/mL) concentrations at ambient
(A: 20-25 °C), refrigerated (B: 2-8 °C), and frozen (C: at or below -20 °C; and D: at or
below —70 °C) conditions up to 35 days. Note: ambient conditions were only done up to 14

days.
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Fig. 4.

Stgbility of piperacillin in triplicate at low (approximately 3 pg/mL), medium
(approximately 15 pg/mL), and high (approximately 45 pg/mL) concentrations at ambient
(A: 20-25 °C), refrigerated (B: 2-8 °C), and frozen (C: at or below -20 °C; and D: at or
below —70 °C) conditions up to 35 days. Note: ambient conditions were only done up to 14
days.
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Fig. 5.

Stability of tazobactam in triplicate at low (approximately 3 ug/mL), medium

(approximately 15 pg/mL), and high (approximately 45 pg/mL) concentrations at ambient
(A: 20-25 °C), refrigerated (B: 2-8 °C), and frozen (C: at or below -20 °C; and D: at or
below —70 °C) conditions up to 35 days. Note: ambient conditions were only done up to 14

days.
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Intra- and interday precision of FEP at different concentrations including LLOQ.

Table 1.

Intraday (n = 20)

Interday (n = 20)

Drug Concentration
FEP 0.47
2.45
24.09
43.06
MEM 0.45
2.33
23.08
37.86
Tazobactam 0.42
2.25
22.54
37.31
Piperacillin 0.43
231
22.81
39.66

CV (%)
4.0
4.7
3.0
22
2.9
44
20
19
2.8
4.0
0.9
13
3.2
49
20
33

Concentration

2.08
21.32
38.50

2.29
23.82
43.90

2.06
21.00
38.53

2.05
20.92
39.77

CV(%)

2.0
1.9
2.6

2.8
2.6
24

1.9
1.9
1.6

3.6
2.6
4.5

aThree different spiked QC levels were also tested.
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