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Abstract: Fosfomycin-based combination therapy has emerged as an attractive option in our ar-
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mamentarium due to its synergistic activity against carbapenem-resistant Gram-negative bacteria
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(CRGNB). The ability to simultaneously measure fosfomycin and other antibiotic drug levels will
support in vitro and clinical investigations to develop rational antibiotic combination dosing regi-
mens against CRGNB infections. We developed an analytical assay to measure fosfomycin with nine
important antibiotics in human plasma and cation-adjusted Mueller—-Hinton II broth (CAMHB). We

Academic Editor: Federico Pea employed a liquid-chromatography tandem mass spectrometry method and validated the method

Received: 6 December 2021 based on accuracy, precision, matrix effect, limit-of-detection, limit-of-quantification, specificity, carry-
Accepted: 29 December 2021 over, and short-term and long-term stability on U.S. Food & Drug Administration (FDA) guidelines.
Published: 2 January 2022 Assay feasibility was assessed in a pilot clinical study in four patients on antibiotic combination

therapy. Simultaneous quantification of fosfomycin, levofloxacin, meropenem, doripenem, aztre-
Publisher’s Note: MDPI stays neutral erapy. S sq cation ot fo yem, levotio » Meropenem, dorpenem,

with regard to jurisdictional claims in onam, piperacillin/tazobactam, ceftolozane/tazobactam, ceftazidime/avibactam, cefepime, and

published maps and institutional affil- tigecycline in plasma and CAMHB were achieved within 4.5 min. Precision, accuracy, specificity,

iations. and carryover were within FDA guidelines. Fosfomycin combined with any of the nine antibiotics

were stable in plasma and CAMHB up to 4 weeks at —80 °C. The assay identified and quantified the

respective antibiotics administered in the four subjects. Our assay can be a valuable tool for in vitro
:)4

and clinical applications.

Copyright: © 2022 by the authors.
Licensee MDFI, Basel, Switzerland. Keywords: fosfomycin; LCMS/MS; antibiotics; plasma; TDM; validation

This article is an open access article

distributed under the terms and

conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Antibiotics 2022, 11, 54. https:/ /doi.org/10.3390/antibiotics11010054 https:/ /www.mdpi.com/journal/antibiotics


https://doi.org/10.3390/antibiotics11010054
https://doi.org/10.3390/antibiotics11010054
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://orcid.org/0000-0003-2416-300X
https://orcid.org/0000-0003-0610-687X
https://doi.org/10.3390/antibiotics11010054
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com/article/10.3390/antibiotics11010054?type=check_update&version=2

Antibiotics 2022, 11, 54

2 of 20

1. Introduction

Fosfomycin is an old broad-spectrum antibiotic with bactericidal activity against Gram-
positive and Gram-negative bacteria but has recently gained renewed interest in treating
multidrug-resistant (MDR) bacterial infections [1,2]. In addition, intravenous fosfomycin
has been increasingly used in combination with other antibiotics as last-line therapy for
carbapenem-resistant Gram-negative bacteria (CRGNB) infections due to increased rates of
resistance emergence, acquired resistance, and heteroresistance with fosfomycin monother-
apy [3-5]. Overall, antibiotic combination therapy is rapidly becoming a viable alternative
to alleviate the burden of lack of effective antibiotics remaining in our antibiotic arma-
mentarium. In addition, combination drug therapy allows repositioning or repurposing
of approved drugs to give clinicians alternate therapeutic solutions for multidrug-resistant
infections that would otherwise have been rendered untreatable if subjected to monother-
apy [6]. Notably, this also meant that drug assays that can simultaneously measure multiple
antibiotic classes in a single run are gaining traction as combination-based drug therapies grow
increasingly popular. Such multiplexed assays are necessary to optimize fosfomycin-based
combination dosing regimens for different CRGNB infections in various clinical scenarios [7].
Therefore, there is an emerging need for a fast, sensitive, and robust analytical method for
quantifying fosfomycin and other antibiotics in human biological samples and in vitro testing
medium (i.e., cation-adjusted Mueller Hinton II media) to facilitate clinical translation.

Multiplexed assays are also highly enabling when applied to therapeutic drug monitor-
ing to report multiple drug levels with minimal turn-around time, especially when patients
may be on polypharmacy resulting from various illnesses. Furthermore, optimizing dose to
treat critically ill patients is challenging due to their severely altered and variable antibiotic
pharmacokinetics caused by altered fluid status, varying serum albumin concentrations
and renal and hepatic function, and microvascular failure [8]. Conventional strategies for
dosing with antibiotics in critically ill patients that rely on general product information
are less-prone to consistently achieve the pharmacokinetic/pharmacodynamic (PK/PD)
targets associated with maximum antibiotic activity, which in turn elevates the risk of
clinical failure or development of resistance, or both [8]. Therefore, antibiotic dosing in
the intensive care unit should take an individualized approach whereby clinicians con-
sider the antibiotic’s minimum inhibitory concentration for the infecting pathogen and
derive the dosing regimen that is likely to obtain the PK/PD target to ensure the highest
likelihood of success of positive clinical outcomes. Hence, an accurate and fast multiplex
drug assay is paramount in the continual efforts to finetune drug dosing, especially in
individualized treatments.

Over the past five years, mass spectrometry-based methods to measure fosfomycin in
various matrices such as plasma [9-11], plasma dried spots [12], growth media [13], and
urine [11,14,15] have been reported to support PK/PD optimization of fosfomycin therapy.
Interestingly, these methods solely measure fosfomycin. There are no available multiplex
antibiotic assays that measure fosfomycin in combination with other antibiotics, despite
recently reported multiplex assays for other various classes of antibiotics [16-18].

Our study aims to develop a liquid chromatography-tandem mass spectrometry
(LCMS/MS) method to measure fosfomycin and nine important antibiotics concurrently in
human plasma and cation-adjusted Mueller-Hinton II broth (CAMHB). The list of antibi-
otics to be measured with fosfomycin will cover a wide antibiotic class range, including
beta-lactams, fluoroquinolones, and glycylcyclines used to treat current MDR or CRGNB
infections in our local population in Singapore. For the assay optimization, an empha-
sis on a short runtime (<5 min) to potentially enable high throughput sampling under
routine clinical laboratory conditions, a unified sample preparation protocol for multiple
matrices (plasma and CAMHB), and an extensive concentration testing range for all antibi-
otics. Antibiotics included in our method (aztreonam, cefepime, ceftazidime-avibactam,
ceftolozane-tazobactam, doripenem, levofloxacin, meropenem, piperacillin-tazobactam,
and tigecycline) are commonly prescribed to infected critically ill patients who are at
risk with or have multidrug-resistant infections [19] or evaluated in PK/PD studies in
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combination with fosfomycin. After the method was established, we validated the assay
according to FDA guidelines [20]. In addition, we successfully applied the assay in a
prospective clinical study [21] to evaluate the clinical feasibility and utility of 3-lactam
TDM in critically-ill patients and report our findings in four subjects on fosfomycin-based
combination drug therapy.

2. Results
2.1. Assay Validation
2.1.1. Specificity, Selectivity, and Carryover

No interfering peaks or contamination of isotope variants of any compound were
observed at the indicated retention times for the ten antibiotics (twelve compounds) in
CAMHB and the six different non-spiked human plasma samples (Supplementary Materials
Figures S1-512). The multiple reaction monitoring (MRM) transitions (Supplementary
Materials Table S1) were selective and specific for all the compounds and their internal
standards in plasma and CAMHB. Most compounds exhibit no or minimal carryovers
[<5% of the lower limit-of-quantification (LLOQ)] except for piperacillin, levofloxacin, and
avibactam (>10% of LLOQ). All internal standards of any compound had no or minimal
carryover (<0.15%) as well. Therefore, the assay passed acceptance criteria since there was
no significant carryover present which was defined by having peak areas of the analyte
and internal standard in the blank sample to be less than 20% of the area of the LLOQ or
5% of the area of the internal standard, respectively (Table S2).

2.1.2. Calibration Curve, Accuracy, Precision LLOQ), and Limit of Detection (LOD)

A total of 8 calibrator levels and 3 (quality control) QC levels were validated across
the concentration range shown in Table 1. All compounds spiked in plasma and CAMHB
exhibited good linearity (r? > 0.999) across the tested concentration range based on linear
regression using 1/x weighting. As FDA does not provide any recommendations on
the selection of nominal concentrations for the QC levels, we have adapted our nominal
concentration for the low QC (LQC), medium QC (MQC), and high QC (HQC) based on
guidelines from the European Medicine Agency (EMA) [22]. LQC was set at 8.3x of LLOQ.
This selection accounts for situations in which the LLOQ may potentially fail. Considering
such a scenario, calibrator 2 will then be made the next LLOQ and the calibration should
still maintain 3 QCs. Hence, nominal concentration for LQC was set around the mid-
point between calibrators 2 and 3. MQC and HQC were set at 37.5% and 87.5% of the
full calibration range, respectively. LOD for all compounds in plasma and CAMHB are
summarized in Table S3. In addition, all stock solutions for the compounds were found to be
stable when kept at —80°C for 32 days (Table S4). Results for within-run and between-run
accuracy and precision for the compounds spiked in plasma and CAMHB were summarized
in Tables 2 and 3, respectively. All within-run, between-run mean accuracies and precision
for all compounds in plasma and CAMHB except tigecycline in plasma (84.0%) passed
acceptance criteria. The LLOQ was validated at calibrator level 1, while the upper-limit-of
quantification (ULOQ) was validated at calibrator level 8. All calibration curves require a
minimum of six non-zero calibrators to pass acceptance criteria [20].

Table 1. Nominal concentrations used in calibrators and QCs for all antibiotic compounds in plasma
and CAMHB.

Compound
CAZ FEP PIP ATM MEM DOR LVX CEFT TZB TGC AVI FOF
Concentration (mg/L)
1 (LLOQ) 0.6 0.3 0.6 0.6 0.6 0.3 0.06 0.6 0.15 0.15 0.15 3
2 1 0.5 1 1 1 0.5 0.1 1 0.25 0.25 0.25 5
3 10 5 10 10 10 5 1 10 2.5 2.5 25 50
4 50 25 50 50 50 25 5 50 125 125 125 250
5 100 50 100 100 100 50 10 100 25 25 25 500
6 200 100 200 200 200 100 20 200 50 50 50 1000
7 300 150 300 300 300 150 30 300 75 75 75 1500
8 (ULOQ) 400 200 400 400 400 200 40 400 100 100 100 2000
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Table 1. Cont.

Compound
CAZ FEP PIP ATM MEM DOR LVX CEFT TZB TGC AVI FOF
Concentration (mg/L)
LQC 5 2.5 5 5 5 2.5 0.5 5 1.25 125 125 25
MQC 150 75 150 150 150 75 15 150 37.5 37.5 37.5 750
HQC 350 175 350 350 350 175 35 350 87.5 87.5 87.5 1750

CAZ: ceftazidime, FEP: cefepime, PIP: piperacillin, ATM: aztreonam, MEM: meropenem, DOR: doripenem,
LVX: levofloxacin, CEFT: ceftolozane, TZB: tazobactam, TGC: tigecycline, AVI: avibactam, FOF: fos-
fomycin, LLOQ: lower limit-of-quantification, ULOQ: upper limit-of-quantification, LQC: low-quality control,
MQC: mid-quality control; HQC: high-quality control.

2.1.3. Matrix Factor (MF) and Internal Standard-Normalized Matrix Factor (IS-nMF)

Average MF across all compounds spiked in plasma ranged from 22.0%-224.5%
(Table S5). Ion suppression was observed for meropenem, doripenem, avibactam, cefepime,
and fosfomycin, while ion enhancement was observed in tigecycline and levofloxacin. Aver-
age MF across all compounds spiked in CAMHB ranged from 17.6%—-226.2% (Table S6). Ion
suppression in CAMHB was observed for meropenem, doripenem, levofloxacin, avibactam,
aztreonam, ceftolozane, tazobactam, and fosfomycin. Ion enhancement was observed for
tigecycline. The stable-isotope labeled IS effectively compensated for the matrix effect
demonstrated by IS-nMF, ranging between 89.3%-114.7% (Tables S5 and 56).

2.2. Stability Studies of Fosfomycin with Other Antibiotics

Antibiotic-spiked plasma/CAMHB samples kept under autosampler conditions for 7 h
were stable (86.5%—113.7%, Tables S7 and S8) except for piperacillin MQC, which narrowly
missed the cut-off (84.0%). However, all plasma and CAMHB samples were deemed stable
for up to 15 h (86.8%-114.1%, Tables S9 and S10).

In combination, fosfomycin spiked with the respective antibiotics were stable in
plasma at —30 °C and —80 °C for up to 4 weeks (86.1%-112.6%, Tables S11-514). However,
for CAMHB samples stored at —30 °C, instability was observed in doripenem (2 weeks)
and cefepime, piperacillin, aztreonam, meropenem, doripenem, and avibactam (4 weeks)
(60.1%-110.1%, Tables S15 and 516). In contrast, CAMHB samples stored up to 4 weeks
were stable for all tested antibiotics at —80°C (87.5-111.6%, Tables S17 and S18).

2.3. Application to a Pilot Clinical Feasibility Study and a Case-Series

The antibiotic combination regimens and basic demographics for each patient are
presented in Table 4. Mean total plasma concentrations of fosfomycin and respective
antibiotics measured in each patient are presented in Figure 1. Plasma samples ob-
tained from four patients were measured in triplicates and the mean concentration was
derived ranging from 11.3-746.9 mg/L for fosfomycin. Mean levofloxacin concentra-
tions ranged from 6.9-16.2 mg/L in Patient 001 and 004. Mean piperacillin and tazobac-
tam concentrations ranged from 192.4-641.9 mg/L and 20.9-58.3 mg/L, respectively, in
Patient 001. Mean aztreonam, cefepime, and meropenem concentrations ranged from
8.8-86.2mg/L, 21.6-157.5 mg/L, and 6.7-23.0 mg/L in Patient 002, 003, and 004, respec-
tively. For all patient samples measuring fosfomycin, aztreonam, cefepime, levofloxacin,
piperacillin, and tazobactam, the results were within 3.9%, 4.8%, 8.1%, 2.1%, 4.6, and
6.2% precision, respectively.

Plasma quality control samples tested within batches of these study samples were
prepared at the following concentrations of fosfomycin: (25, 750 and 80 mg/L), aztreonam:
(5,150 and 350 mg/L), cefepime: (2.5, 75 and 175 mg/L), levofloxacin: (0.5, 15 and 35 mg/L),
piperacillin: (5, 150 and 175 mg/L) and tazobactam: (1.25, 37.5 and 87.5 mg/L). For
all plasma quality control samples, fosfomycin was within 1.9% precision and 98-107%
accuracy, aztreonam was within 6.2% precision and 99-105% accuracy, cefepime was within
7.6% precision and 100-103% accuracy, levofloxacin was within 2.5% precision and 99-103%
accuracy, piperacillin was within 1.8% precision, and 92-103% accuracy and tazobactam
was within 5.6% precision and 98-111% accuracy (See Table 5).
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Table 2. Within- and between-run accuracies of 12 compounds in plasma for LLOQ, ULOQ, LQC, MQC and HQC.
Compound
Accuracy CAZ FEP PIP ATM MEM DOR LVX CEFT TZB TGC AVI FOF
(%)
PLASMA
Within-run
LLOQ 94.5 (6.1) 93.4 (4.8) 108.7 (2.3) 104.2 (3.7) 108.4 (10.1) 105.4 (5.4) 114.8 (2.2) 105.1 (12.4) 106.2 (4.9) 116.5 (4.2) 99.6 (2.0) 106.2 (3.9)
ULOQ 96.8 (2.9) 98.8 (2.6) 102.6 (0.5) 101.1 (4.3) 101.3 (4.1) 104.4 (2.5) 104.0 (1.0) 103.0 (2.9) 102.7 (1.5) 102.4 (2.9) 101.2 (0.5) 102.3 (0.8)
LQC 96.2 (3.8) 101.2 (2.7) 101.0 (3.2) 100.7 (5.0) 96.5 (4.4) 98.4 (2.8) 88.9 (0.5) 94.4 (6.4) 94.6 (4.4) 84.02 (4.8) 96.8 (1.0) 95.2 (2.3)
MQC 101.1 (3.6) 103.0 (3.3) 97.9 (0.7) 100.6 (2.6) 103.5 (4.4) 97.5 (3.8 97.3 (0.3) 98.1 (4.1) 100.9 (2.7) 96.0 (2.5) 99.7 (0.5) 98.7 (0.9)
HQC 99.0 (3.9) 97.7 (0.6) 103.8 (0.7) 101.5 (3.0) 108.7 (3.6) 100.9 (2.3) 102.6 (0.8) 98.0 (2.4) 104.2 (2.3) 108.0 (2.4) 100.5 (0.5) 102.3 (1.1)
12 value 0.9988453 0.9995205 0.9991706 0.9998476 0.9995018 0.998757 0.9986312 0.9994118 0.9994067 0.9985256 0.9998819 0.9996225
gradient y=079169x  y=11.0991x  y=021593x y=0398052x y=045178x y=129971x  y=022326x y=2.03945x y=104784x y=193816x y=1.17966x y=0.82013x
y-intercept —0.000575 0.021203 —0.001160 —0.001583 —0.002272 —0.005883 —0.001841 —0.000458 —0.004811 —0.037635 0.000110 —0.003660
Between-run
LLOQ 94.1 (6.0) 89.2 (4.5) 113.9 (2.9) 105.0 (9.2) 100.8 (8.2) 102.0 (5.4) 1154 (2.1) 98.3 (7.0) 106.7 (8.4) 1114 (3.1) 100.4 (2.1) 109.6 (2.1)
ULOQ 94.4 (2.6) 97.6 (5.7) 103.2 (1.7) 98.9 (1.4) 98.3 (1.9) 98.8 (1.2) 102.3 (1.2) 100.6 (3.1) 101.8 (1.0) 94.7 (3.3) 101.2 (0.6) 101.9 (1.1)
LQC 97.6 (3.7) 101.1 (4.4) 92.7 (2.4) 98.0 (3.4) 98.9 (4.1) 99.5 (2.9) 87.2 (1.6) 93.8 (4.0) 100.8 (2.5) 85.3 (2.7) 99.7 (1.1) 952 (2.7)
MQC 104.8 (2.9) 103.7 (4.7) 96.3 (1.6) 101.0 (2.7) 102.8 (6.3) 101.1 (2.8) 99.6 (0.6) 97.4 (3.2) 102.0 (1.4) 102.2 (3.0) 98.8 (0.8) 98.8 (1.7)
HQC 98.2 (3.4) 98.5 (5.3) 104.4 (1.7) 103.4 (1.9) 99.9 (2.7) 101.6 (3.4) 106.8 (0.9) 98.9 (3.2) 104.8 (1.0) 99.8 (2.9) 101.5 (0.6) 102.7 (1.5)
12 value 0.9993882 0.9987315 0.9987859 0.9993404 0.9994486 0.9990514 0.9987863 0.9992368 0.9994406 0.9985435 0.9997051 0.9989627
gradient y = 0.58647x y =9.58180x y = 0.17279x y = 0.38990x y= 0.46060x y = 1.17540x y = 0.22065x y = 1.64273x y = 0.88387x y =1.51796x y = 1.18068x y = 1.14038x
y-intercept 0.001606 0.029099 —0.000765 —0.001317 —0.001073 —0.002664 —0.001884 —0.004770 —0.001693 —0.035293 —0.000473 —0.008392
Accuracy (%) is denoted by mean concentration over nominal concentration and is accepted if +15% or +20% (for LLOQ). LLOQ: Lower limit-of-quantification, ULOQ: Upper
limit-of-quantification, LQC: Low QC, MQC:. Mid QC, HQC: High QC. CAZ: ceftazidime, FEP: cefepime, PIP: piperacillin, ATM: aztreonam, MEM: meropenem, DOR: doripenem,
LVX: levofloxacin, CEFT: ceftolozane, TZB: tazobactam, TGC: tigecycline, AVI: avibactam, FOS: fosfomycin. Precision (%CV) is denoted in parenthesis. # Value not compliant with
FDA guidelines.
Table 3. Within- and between-run accuracies of 12 compounds in CAMHB for LLOQ, ULOQ, LQC, MQC and HQC.
Compound
Accuracy CAZ FEP PIP ATM MEM DOR LVX CEFT TZB TGC AVI FOF
(%)
CAMHB
Within-run
LLOQ 96.2 (5.6) 87.3 (4.0) 113.7 (0.8) 113.8 (5.0) 113.9 (1.0) 98.9 (7.1) 112.3 (2.4) 106.9 (8.4) 103.0 (9.9) 1153 (2.1) 103.1 (4.2) 109.9 (2.2)
ULOQ 97.1(2.2) 97.7 (3.7) 101.2 (0.7) 100.6 (3.7) 103.2 (5.9) 100.0 (3.5) 101.3 (1.4) 99.9 (1.9) 100.4 (2.0) 102.6 (4.1) 100.7 (0.3) 102.6 (1.2)
LQC 95.8 (4.7) 100.1 (4.8) 90.7 (1.4) 100.3 (3.0) 96.7 (7.2) 98.6 (6.6) 85.0 (3.7) 102.2 (5.8) 100.2 (6.6) 85.0 (3.7) 97.1 (1.5) 94.4 (2.3)
MQC 98.5 (4.1) 101.9 (5.3) 97.7 (0.4) 98.5 (2.4) 97.0 (6.2) 100.5 (3.4) 98.6 (1.8) 98.4 (4.0) 99.4 (1.6) 90.5(2.7) 99.3 (0.4) 97.9 (0.8)
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Table 3. Cont.

Compound
Accuracy CAZ FEP PIP ATM MEM DOR LVX CEFT TZB TGC AVI FOF
(%)
HQC 96.1 (3.5) 98.3 (6.7) 102.6 (0.8) 102.3 (3.8) 103.8 (3.8) 101.2 (4.0) 104.3 (1.0) 103.5 (2.5) 100.9 (3.5) 106.8 (2.3) 101.2 (0.6) 102.0 (1.6)
2 value 0.9989652 0.998917 0.9989498 0.9997173 0.9986158 0.9997911 0.9994429 0.9995696 0.9998586 0.9985048 0.9998422 0.9992636
gradient y = 0.86970x y =11.1922x y = 0.22328x y = 0.43934x y = 0.48084x y = 1.19070x y = 0.24105x y = 1.98693x y = 1.11667x y = 1.99402x y = 1.18951x y = 0.81954x
y-intercept —0.000136 0.052039 —0.001203 —0.001630 —0.002647 0.003514 —0.001818 —0.009050 —0.001200 —0.045526 —0.000901 —0.004389
Between-run
LLOQ 100.6 (5.1) 89.1 (4.0) 105.5 (1.9) 100.2 (9.1) 98.2 (7.5) 101.2 (9.9) 112.1 (2.9) 96.6 (6.3) 107.7 (10.9) 116.4 (1.3) 101.6 (3.0) 108.8 (2.5)
ULOQ 96.8 (1.9) 99.4 (4.9) 100.9 (1.3) 98.6 (2.6) 99.0 (3.2) 99.0 (2.3) 100.9 (0.9) 96.3 (3.9) 99.8 (1.7) 100.6 (1.5) 100.1 (0.3) 101.8 (1.3)
LQC 97.9 (4.7) 105.8 (5.3) 95.3 (2.1) 98.3 (2.4) 96.1 (3.0) 96.1 (3.5) 85.5 (1.1) 97.4 (4.6) 98.6 (6.8) 85.6 (5.9) 97.9 (0.9) 95.9 (1.9)
MQC 102.6 (3.5) 104.9 (2.8) 96.9 (1.3) 98.9 (1.6) 101.8 (3.5) 98.5 (3.9) 98.6 (0.8) 101.0 (2.6) 101.5 (1.3) 96.6 (4.1) 99.5 (0.4) 97.7 (1.4)
HQC 99.8 (5.9) 104.3 (3.5) 102.2 (0.3) 101.7 (2.3) 101.9 (5.3) 1029 (2.4) 103.0 (0.4) 99.4 (3.4) 100.6 (2.2) 108.5 (4.4) 101.6 (0.3) 103.3 (1.0)
2 value 0.9990416 0.9988099 0.9995495 0.9998553 0.9995754 0.9998414 0.9996996 0.9985859 0.9998911 0.9988101 0.999935 0.9995843
gradient y = 0.74695x y =10.9393x y = 0.16590x y = 0.35829x y = 0.46184x y =1.25148x y = 0.20729x y = 1.86809x y = 0.79040x y =2.00391x y = 1.25686x y =1.09679x
y-intercept —0.000178 0.091889 —0.000263 —0.000033 0.000713 0.001230 —0.001247 0.008453 0.000991 —0.0390911 0.000574 —0.000973

Accuracy (%) is denoted by mean concentration over nominal concentration and is accepted if +15% or +20% (for LLOQ). LLOQ: Lower limit-of-quantification, ULOQ: Upper
limit-of-quantification, LQC: Low QC, MQC:. Mid QC, HQC: High QC. CAZ: ceftazidime, FEP: cefepime, PIP: piperacillin, ATM: aztreonam, MEM: meropenem, DOR: doripenem,
LVX: levofloxacin, CEFT: ceftolozane, TZB: tazobactam, TGC: tigecycline, AVI: avibactam, FOS: fosfomycin. Precision (%CV) is denoted in parenthesis.

Table 4. Clinical characteristics of the four patients on fosfomycin-based combination therapy for carbapenem-resistant bacterial infections.

Patient Age (Years), Weight, Height Type Of Carl?apenem-'Reswtant Renal Function Status Antibiotic Combination Regimen
No. Gender Bacterial Infection
. Fosfomycin 8 g every 8 h as a 2-h infusion +
001 68, Male 48 kg, 168 cm Ac'hromobact‘er xylosoxidans . Normal, . Piperacillin/tazobactam 4.5 g every 6 h as a 1-h infusion +
hospital-associated pneumonia not on dialysis .
Levofloxacin 750 mg every 24 h
Fosfomycin 8 g on dialysis days (3 g to be administered at
Acinetobacter baumannii Tenckhoff Impaired, least 4 h before dialysis, and 5 g to be administered at the
002 65, Female 86.4 kg, 154 cm catheter exit site infection on Intermittent hemodialysis end of the dialysis session) +
Aztreonam 2 g every 12 h as a 2-h infusion
Fosfomycin 8 g on dialysis days (3 g to be administered at
Acinetobacter baumannii Impaired, least 4 h before dialysis, and 5 g to be administered at the
003 74, Female 45.6 kg, 150 em ventilator-associated pneumonia on Intermittent hemodialysis end of the dialysis session) +

Cefepime 1 g every 12 h as a 4-h infusion
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Table 4. Cont.

P?\?ent Age (Years), Weight, Height Type Of Carl?apenem-.Reswtant Renal Function Status Antibiotic Combination Regimen
o. Gender Bacterial Infection
. . Fosfomycin 8 g every 8 h as a 3-h infusion +
004 37, Male 104 kg, 178 cm Pseudomonas acruginosa bilateral Normal, . Meropenem 2 g every 8 h as a 3-h infusion +
gluteal pressure ulcers not on dialysis L .
evofloxacin 500 mg every 12 h
Table 5. Accuracy and precision of plasma quality control samples tested within batches of study samples.
Compound
FEP PIP ATM MEM LVX TZB FOF
Accuracy (%)
Patient 001
LLOQ 117.3 (2.9) 114.4 (2.0) 107.3 (5.4) 101.8 (1.8)
ULOQ 101.4 (2.4) 98.9 (1.1) 100.6 (2.7) 99.9 (1.7)
LQC 102.7 (1.0) 99.4 (2.5) 111.0 (5.6) 106.9 (1.9)
MQC 91.8 (1.8) 99.7 (1.7) 98.2 (3.3) 97.8 (0.5)
HQC 100.0 (1.8) 103.0 (0.4) 108.1 (2.5) 103.2 (0.9)
12 value 0.9987362 0.9986969 0.9994183 0.9997751
Linearity Equation y =0.28770x — 0.167125 y =0.90712x — 0.011084 vy =0.97505x — 0.027416  y =1.08956x — 0.005619
Patient 002
LLOQ 92.7 (1.57) 104.0 (3.85)
ULOQ 98.3 (2.89) 103.2 (1.46)
LQC 98.5 (6.18) 98.7 (3.00)
MQC 105.1 (3.58) 102.8 (0.42)
HQC 102.5 (4.42) 102.8 (1.03)
12 value 0.9989275 0.999259
Linearity Equation y = 0.42009x + 0.002480 y = 0.74937x + 0.004796
Patient 003
LLOQ 81.4 (1.68) 89.1 (0.49)
ULOQ 99.3 (4.27) 102.4 (1.45)
LQC 99.5 (7.56) 104.1 (0.97)
MQC 102.7 (4.37) 97.9 (1.76)
HQC 101.8 (1.81) 101.7 (0.60)
12 value 0.9988506 0.9985925
Linearity Equation y = 8.19150x + 0.060959 y = 0.81900x + 0.007561
Patient 004
LLOQ 99.4 (5.43) 111.6 (2.90) 96.5 (2.23)
ULOQ 98.3 (0.60) 101.2 (0.84) 99.0 (0.58)
LQC 100.5 (2.11) 98.5 (1.50) 99.8 (2.57)
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Table 5. Cont.

Compound
FEP PIP ATM MEM LVX TZB FOF
Accuracy (%)
MQC 104.6 (1.67) 102.7 (0.69) 100.1 (1.48)
HQC 95.7 (3.95) 101.8 (0.75) 96.45 (1.39)
12 value 0.9995982 0.9997402 0.9999429
. . . y = 0.587167x — y = 0.297456x — _
Linearity Equation 0.000061 0.001252 y = 0.821999x + 0.006490
A Levofloxacin was given the day before at 23:00 Patient 001
800 and the previous fosfomycin dose was given at 02:00 746 .9
Piperacillin levels above 400 mg/L were extrapolated values based on
7 the calibration curve
00 641.9
~ I
S, 600
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‘5 500 452 8 —e— Tazobactam
© —e— _evofloxacin
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Figure 1. Cont.
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Plasma concentration (mg/L)
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Figure 1. (A-D). Plasma concentration-time courses of fosfomycin and the respective combination antibiotics in the four patients. Black arrows depict antibiotic
administration. Dialysis treatment duration is depicted by box size. IHD, intermittent hemodialysis.
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3. Discussion

Hydrophilic interaction liquid chromatography (HILIC) is typically employed among
the reported fosfomycin-based LCMS/MS methods due to good compatibility for com-
pounds such as fosfomycin which is hydrophilic and polar [9,11,13,14]. Hence, it allows
excellent retention of the compound, resulting in sharp peaks and good separation. In con-
trast, other common antibiotics such as 3-lactams [23,24] and fluoroquinolones [25] were
developed utilizing mostly reverse-phase liquid chromatography (RPLC) C18 columns that
were designed for hydrophobic and non-polar compounds, thus, enabled good separation
and sufficient retention. However, because of the different chemistries of the chromatog-
raphy columns used, it is challenging to retain both fosfomycin (a very polar molecule)
and the other less polar antibiotics (relative to fosfomycin) using either HILIC or RPLC
(C18) columns. While we optimized our chromatography for compound retention during
various column trials, we found that using either a 2.1 x 100 mm T3 C18 or C8 column
retained fosfomycin sufficiently to be captured on the chromatogram together with the
other antibiotics. Our observation was in agreement with the findings of Fuad J. Naser
et al. where they described the deficiency of the conventional approach of using HILIC
and RPLC (C18) for use in untargeted metabolomics due to the poor ability of both ex-
isting chromatographic methods to separate and detect many metabolites in the range of
intermediate polarity, which they have termed as “semipolar” [26]. They evaluated the
use of both T3 C18 and C8 columns and found that it could extend compound coverage
in addition to existing HILIC and RPLC (C18)-based methods by detecting such medium
or intermediate polar compounds. In our case, we describe the other antibiotics barring
fosfomycin as “semi-polar” and were not well-retained on the HILIC column.

Further optimization between both the T3 C18 and C8 column led to the use of the latter
after trials on gradient elution further improved separation and retention for fosfomycin
and the nine study antibiotics, and the use of a shorter 2.1 x 50 mm column enabled the
method to achieve a short runtime of 4.5 min including column equilibration for all the
compounds (Figure 2). While our optimized method was able to elute the last compound,
piperacillin, by 2.15 min, an additional time (up to 2 min) was included for flushing and
re-equilibration to ensure minimal carryover and robust performance. This is important
as it contributes to conserving our column despite the lack of sample cleanup, which is
most optimally done using solid-phase extraction (SPE) cartridges to clean and concentrate
sample extracts prior to injection into the MS. Sample preparation was centered around
the most straightforward and cheapest option available to us: acetonitrile to precipitate
proteins from the plasma or CAMHB samples. Despite using simple protein precipitation,
the column has achieved over 7000 injections on plasma samples using this method without
replacement or any retention drift and blockage issues.

In addition, the gradient elution was accomplished using formic acid in water or
acetonitrile as mobile phases in the absence of any salt buffers. We find this feature a
significant factor in enhancing the robustness and ruggedness of the method as previous
experience has shown that salt buffers increase the chances of salt precipitation in our
mobile phase lines, resulting in clogging incidents. Clogged lines or columns can result
in reduced consistency in chromatography, more frequent and expensive column replace-
ments, and significant operation time loss due to increased maintenance and repairs. These
can be mitigated by consistent flushing with non-buffered water after runs and monitoring
of back pressure. Moreover, eliminating salt buffers from our mobile phase has brought
much simplicity to our daily maintenance when operating the method. Overall, the method
developed with the sample preparation allows us to minimize the costs of running and
maintaining the equipment when running at high capacity.
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CAZ: ceftazidime, FEP: cefepime, PIP: piperacillin, ATM: aztreonam, MEM: meropenem, DOR: doripenem, LVX: levofloxacin, CEFT: ceftolozane, TZB: tazobactam,
TGC.: tigecycline, AVI: avibactam, FOS: fosfomycin

Figure 2. Chromatogram of each antibiotic compound and -lactamase inhibitor (depicted in black) using a 2.1 x 50 mm C8 column.
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Selectivity tests have shown that our LCMS/MS method can differentiate the analytes
and the IS from endogenous and exogenous compounds in plasma and CAMHB matrices
based on their specific multiple reaction monitoring (MRM) mass transitions. In complex
matrices such as plasma, matrix effects due to endogenous compounds can enhance or
suppress the signal intensity of the target compounds, leading to inaccurate representations
of the actual drug concentration. This was also observed in our study, where we found ion
suppression of meropenem, doripenem, avibactam, cefepime, and fosfomycin (strongest)
spiked in plasma (Table S5). In CAMHB, the same antibiotics were suppressed with
the addition of levofloxacin, aztreonam, ceftolozane, and tazobactam (Table S6). This
would suggest that these antibiotics in CAMHB would be more challenging to measure
accurately without considering matrix effects, and more caution should be exercised when
developing an assay for them. Our strategy to use stable-isotope variants of the antibiotics
as internal standards were able to circumvent and negate the varying influence by the
matrix, resulting in the good linear response that gives rise to our good accuracies and
precision in our calibration curve, which are within the acceptable limits as determined by
FDA guidance [20].

In our pilot study on four patients, we did not encounter any complex issues on
assay interference. Furthermore, the multiple antibiotics identified in each patient’s plasma
samples correlated to the antibiotic combination dosing regimens observed clinically. Thus,
even though antibiotic pharmacokinetics is not the main focus of the pilot study, the
fluctuating antibiotic concentrations observed in our case series of four patients were
consistent with the expected individual pharmacokinetic profiles. In Patients 001 and 004
with normal renal function, we observed a consistent decrease in fosfomycin, piperacillin-
tazobactam, meropenem, and levofloxacin post-administration; and detected a steady
increase in fosfomycin concentrations upon redosing in Patient 001. In Patient 002 and
003 with impaired renal function, we observed a substantial decrease in all antibiotic
concentrations measured post intermittent hemodialysis. These observations suggested
that our method is likely to be highly robust and have minimal assay interference from
endogenous compounds. This key feature will be essential when measuring antibiotic
levels in critically-ill patients who are often on multiple drugs.

Based on the FDA recommended criteria [20] for stability as defined by compound loss
not exceeding 15%, our stability study has shown acceptable values for any of the tested
antibiotic combinations with fosfomycin for up to 15 h at 4 °C, apart from piperacillin
(MQC-piperacillin failed FDA criteria at the 7-h time point). Our findings concurred
with Forier et al., who reported limited piperacillin stability in sputum on ice [27]. Long-
term storage of plasma samples was demonstrated for up to 4 weeks either at —30 °C or
—80 °C; CAMHB samples can be stored at —80 °C for up to 4 weeks. Thus, for all antibiotic
combinations with fosfomycin in plasma and CAMHB, the recommended storage condition
is at —80 °C for up to 4 weeks prior to analysis. If —80 °C storage access is not available,
plasma samples can be kept stable at —30 °C prior to analysis for up to 4 weeks. However,
we noted that the piperacillin stability data at 2-week and 4-week intervals (~86-88%) in
plasma were close to the FDA cut-off criteria (15%). Therefore, for added assurance, we
suggest analyzing piperacillin-containing samples in plasma as soon as logistics permit or
no more than 2 weeks of storage after taking samples.

This study has some limitations. Firstly, we did not validate the multiple freeze-
thaw cycle stability of such fosfomycin-based combination samples in either matrix. As a
small sample volume of 20 uL was required in our assay method, the practice of preparing
multiple aliquots from each plasma sample (~1 mL) was feasible to accommodate for reruns.
As a result, it became routine for us to have multiple replicate aliquots, and all analyzed
samples were never subjected to more than the initial freeze-thaw. Nonetheless, freeze-
thaw stability data may benefit those who do not have the practice of keeping multiple
aliquots or may be further restricted by sample storage. Next, an unexpected limitation was
observed in our concentration range despite expanding the upper limit by almost twice as
compared to recent methods. To quote a few specific examples, our fosfomycin upper limit
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was doubled to 2000 mg/L as compared with 1000 mg/L from Martens-Lobenhoffer et al.
and Wijma et al. [9,11] and piperacillin upper limit was also doubled to 400 mg/L as
compared with 160 mg/L from Decosterd et al. [18] and 200 mg/L from a method by
Barco et al. [17]. Unexpectedly, the study sample from Patient 1 exhibited piperacillin
levels of ~641.9 mg/L and ~452.8 mg/L that exceeded our upper limit (Figure 1A). These
values were extrapolated from our calibration curve and may minimize the confidence of
the reported value as it does not fall within the validated range. We recommend that future
methods be expanded even further as reports of clinically achievable drug levels in plasma
can increase dramatically. Lastly, while the method is validated for drug spiked sterile
CAMHB samples, this study has not demonstrated any in vitro applications using actual
run samples. Factors such as the metabolites from bacteria presence and prolonged contact
with plastic paraphernalia of the in vitro setup may introduce possible chromatographic or
ionization interference that will affect the assay performance, and is yet to be studied. We
hope to address this in future in vitro PK/PD studies on fosfomycin-based combinations
against MDR bacteria isolates.

Fosfomycin-based combination regimens have been proposed as a possible treat-
ment strategy against CRGNB infections instead of monotherapy due to its propensity
to develop resistance rapidly in vitro [28,29]. These useful treatment alternatives include
ceftolozane/tazobactam [30], meropenem [31], and ceftazidime/avibactam respectively,
with fosfomycin [32,33]. In our pilot study, our patients were prescribed a variety of
fosfomycin-based combination therapy for their CRGNB infections due to the extensively-
drug resistant phenotype of the infecting bacteria; and polymyxin B was not a suitable
monotherapy treatment option clinically [34]. The fosfomycin combination stability data
will be helpful when conducting PK/PD modeling studies evaluating fosfomycin-based
antibiotic combinations. The unique combination therapy options were derived from a
real-time in vitro antibiotic combination test that identifies bactericidal antibiotic com-
binations against the infecting bacteria within 48 h of starting the test [19]. Given the
growing importance of combination therapy entailing two or more antibiotics, the long-
term stability demonstrated for all antibiotic combinations with fosfomycin in plasma and
CAMHB will be helpful when conducting PK/PD modeling and clinical studies evaluating
fosfomycin-based antibiotic combinations.

4. Materials and Methods
4.1. Chemicals

Fosfomycin-disodium, ceftazidime-pentahydrate, aztreonam, meropenem-trihydrate,
tazobactam-sodium, [?Hg]-tigecycline, and fosfomycin-'3Cs-benzylamine were purchased
from Toronto Research Chemicals (North York, ON, Canada). Cefepime-hydrochloride-
monohydrate, piperacillin-sodium, levofloxacin, and tigecycline were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Doripenem was purchased from Shionogi & Co., Ltd. (Osaka,
Japan). Ceftolozane-sulphate was purchased from MicroConstants (San Diego, CA, USA).
Avibactam-sodium was provided by Pfizer Inc (New York, NY, USA). [2Hg]-Ceftazidime-
ditrifluoroacetate, [13C,2H3]—cefepime—sulphate, [2H5]—piperacillin—sodium, [?Hg]-aztreonam-
formate, [2H6]—meropenem, [2H5]—doripenem, [13C,2H;]-levofloxacin, [°N,,2Hy]-ceftolozane-
trifluoroacetate, [13Cs]-avibactam-sodium, and [3C,,'°Nj]-tazobactam-sodium were pur-
chased from Alsachim (Illkirch-Graffenstaden, France). Water from a Milli-Q Gradient water
system (Millipore, MA, Bedford, TX, USA), LC-MS grade formic acid (VWR, Radnor, PA,
USA), and acetonitrile (Thermo Fisher Scientific, Waltham, MA, USA) were used for mobile
phase preparation. Blank human plasma was purchased from Zen-Bio (Durham, NC,
USA). CAMHB was purchased from Becton-Dickinson (BBL, Sparks, NV, USA). Calibration
standard and stable-isotope antibiotic variant working solutions were freshly prepared to
give the target concentration levels for eight calibrator levels and three separate QCs as
described in Table 1.
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4.2. Sample Preparation for LCMS/MS Analysis

For 20 pL of plasma/CAMHB sample, 20 puL of water and 20 pL of stable-isotope
as internal standard (IS) were added and vortexed. 180 pL of acetonitrile was added for
protein precipitation and subsequently removed by centrifugation (12,700 rpm for 10 min
at 25 °C). Finally, 15 uL of the supernatant was diluted with 225 pL formic acid in water
(0.1% v/v), and 10 uL was injected for LCMS/MS analysis. For the calibration curve and
QCs, 20 uL of the corresponding antibiotic standard working solution was added instead
of water.

4.3. LCMS/MS Conditions and Analysis

Samples were analyzed using a Nexera X2 LCMS 8060 system (Shimadzu, Kyoto,
Japan). Chromatographic separation was achieved (See Figure 2) using a Zorbax Eclipse
Plus C8 column (2.1 x 50 mm, 1.8 um) (Agilent Technologies, Santa Clara, CA, USA) with
gradient elution of water and acetonitrile containing 0.1% (v/v) formic acid as mobile
phases A and B respectively at a flow rate of 0.3 mL/min over a 4.5 min program (see
Supplementary Materials for details). Electrospray ionization employing positive and
negative ion mode with multiple reaction monitoring was used for analyte quantification
(Table S1). Data were acquired and analyzed using Shimadzu LabSolutions (Version 5.97).

4.4. Specificity, Selectivity, and Carryover

Specificity and selectivity were performed by comparing blank plasma of six different
sources spiked with their corresponding compounds at the LLOQ level or isotope variants.
Carryover was assessed by injecting blank samples after the ULOQ sample.

4.5. Accuracy, Precision, Lower Limit-of-Quantification (LLOQ), and Limit-of-Detection (LOD)

Within-run, between-run accuracy and precision were measured and compared us-
ing eight calibrator levels with six replicates per calibrator level on four different days,
respectively. The lowest calibrator level determined within +20% of nominal concentration
was arbitrarily set as the LLOQ. LOD was determined by having signal-to-noise ratios
above 3.3. Acceptance criteria for calibration curve are met when the mean concentrations
and coefficient of variation (CV) of a minimum of six non-zero are within £15% of the
nominal concentration.

4.6. Matrix Factor (MF) and INTERNAL Standard-Normalized MF (IS-nMF)

The MF of each analyte was calculated using the ratio of mean peak area (MPA) of post-
spiked plasma/CAMHB samples and from the direct injection of the same concentration of
analyte in water and evaluated at three different concentrations of low QC (LQC), medium
QC (MQC) and high QC (HQC). IS-nMF was calculated using the ratio of MPA of post-
spiked plasma/CAMHB samples without IS and with IS and compared to the ratio of MPA
of direct injection of the same concentration of analyte in water without IS and with IS.

4.7. Stability Studies of Fosfomycin with Other Antibiotics

The stability of fosfomycin in combination with other antibiotics in plasma/CAMHB
was evaluated under various operational conditions. Spiked plasma/CAMHB samples
were evaluated at 7 h and 15 h in the autosampler at 4 °C. Long-term stability was evaluated
up to 4 weeks of antibiotic-spiked plasma/CAMHB samples at LQC, MQC, and HQC
concentrations stored at —30 °C and —80 °C. Acceptance criteria for stability are met
when the mean concentrations and coefficient of variation (CV) are within +15% of the
nominal concentration.

4.8. Application to a Pilot Clinical Feasibility Study and a Case-Series

The assay method described in this paper has been applied to a pilot clinical feasibility
study to evaluate the proportion of patients with sub-optimal 3-lactam levels and the
need for dose adjustments in infected patients with unpredictable pharmacokinetics [21].
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We described a case series of four patients where they received in vitro guided antibiotic
combination therapy using a fosfomycin-based combination regimen to treat a carbapenem-
resistant Gram-negative bacteria infection [19]. These four patients were recruited into
the BLAST-2 study as the combination regimen contains a (3-lactam antibiotic. In this case
series, two were undergoing intermittent hemodialysis, and two patients had normal renal
function. In the two patients on hemodialysis, they were on a dosing regimen of 8 g of
fosfomycin on dialysis days (3 g at least 4 h before dialysis session and 5 g after completion
of dialysis) [35]. The remaining two patients received 8 g of fosfomycin given every 8 h as
a prolonged infusion.

Blood samples (2-3 mL from an indwelling catheter) were collected four times over
a dosing interval of the p-lactam dosing regimen and centrifuged (10 min at 3000 rpm)
(Eppendorf 5425R). The resultant plasma was stored (within 15 min of collection) at —80 °C
until assay.

5. Conclusions

To the best of our knowledge, no reported assay has been developed and validated
to simultaneously measure fosfomycin and other antibiotics. Our validated multiplexed
antibiotic assay is robust, fast, and simple to operate and can serve as a valuable tool for
studying fosfomycin alone and/or in combination with the other antibiotics in PK/PD
models and possibly routine TDM implementation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11010054/s1, Figure S1: Aztreonam_IS (left) and aztreonam (right) against 6 dif-
ferent plasma sources and blank CAMHSB, Figure 52: Avibactam_IS (left) and avibactam (right) against
6 different plasma sources and blank CAMHB, Figure S3: Ceftazidime_IS (left) and ceftazidime (right)
against 6 different plasma sources and blank CAMHB, Figure S4: Ceftolozane_IS (left) and ceftolozane
(right) against 6 different plasma sources and blank CAMHB, Figure S5: Doripenem_IS (left) and
doripenem (right) against 6 different plasma sources and blank CAMHB, Figure S6: Cefepime_IS (left)
and cefepime (right) against 6 different plasma sources and blank CAMHB, Figure S7: Fosfomycin_IS
(left) and fosfomycin (right) against 6 different plasma sources and blank CAMHB, Figure S8: Lev-
ofloxacin_IS (left) and levofloxacin (right) against 6 different plasma sources and blank CAMHB,
Figure 59: Meropenem_IS (left) and meropenem (right) against 6 different plasma sources and blank
CAMHB, Figure S10: Piperacillin_IS (left) and piperacillin (right) against 6 different plasma sources
and blank CAMHB, Figure S11: Tazobactam_IS (left) and tazobactam (right) against 6 different plasma
sources and blank CAMHB, Figure S12: Tigecycline_IS (left) and tigecycline (right) against 6 different
plasma sources and blank CAMHB, Table S1: Mass spectrometry parameters for the selected antibi-
otics and their internal standards, Table S2: Comparison of area of blanks after ULOQ injection to area
of LLOQ for all analytes and their corresponding internal standards, Table S3: Computation of limit of
detection (LOD) from observed signal to noise ratio (S/N) at lowest calibrator levels, Table S4: 32-day
stability test of all antibiotic and internal standard stock solutions stored at —80 °C, Table S5: Matrix
Factor and internal standard normalized matrix factor in plasma, Table S6: Matrix Factor and inter-
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