
Analytical
Methods

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 8

:5
3:

52
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A rapid, simple, h
aCentre for Antimicrobial Optimisation

Hammersmith Hospital, Du Cane Road, A

riezk@imperial.ac.uk; alaa.riezk@yahoo.com
bDepartment of Chemistry, Molecular Sci

London, UK

† Electronic supplementary informa
https://doi.org/10.1039/d2ay01276f

Cite this: Anal. Methods, 2023, 15, 829

Received 9th August 2022
Accepted 11th January 2023

DOI: 10.1039/d2ay01276f

rsc.li/methods

This journal is © The Royal Society o
igh-performance liquid
chromatography method for the clinical
measurement of beta-lactam antibiotics in serum
and interstitial fluid†
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Trevor J. Ferris,b Lisa D. Haigh,b Anthony E. G. Cass b and Alison H. Holmesa

Background: enhanced methods of therapeutic drug monitoring are required to support the

individualisation of antibiotic dosing based on pharmacokinetics (PK) parameters. PK studies can be

hampered by limited total serum volume, especially in neonates, or by sensitivity in the case of critically

ill patients. We aimed to develop a liquid chromatography–mass spectrometry (LC/MS) analysis of

benzylpenicillin, phenoxymethylpenicillin and amoxicillin in single low volumes of human serum and

interstitial fluid (ISF) samples, with an improved limit of detection (LOD) and limit of quantification (LOQ),

compared with previously published assays. Methods: sample clean-up was performed by protein

precipitation using acetonitrile. Reverse phase chromatography was performed using triple quadrupole

LC/MS. The mobile phase consisted of 55% methanol in water + 0.1% formic acid, with a flow rate of 0.4

mL min−1. Antibiotics stability was assessed at different temperatures. Results: chromatographic

separation was achieved within 3 minutes for all analytes. Three common penicillins can now be

measured in a single low-volume blood and ISF sample (15 mL) for the first time. Validation has

demonstrated the method to be linear over the range 0.0015–10 mg L−1, with an accuracy of 93–104%

and high sensitivity, with LOD z 0.003 mg L−1 and LOQ z 0.01 mg L−1 for all three analytes, which is

critical for use in dose optimisation/individualisation. All evaluated penicillins indicated good stability at

room temperature over 4 h, at (4 °C) over 24 h and at −80 °C for 6 months. Conclusion: the developed

method is simple, rapid, accurate and clinically applicable for the quantification of three penicillin classes.
Introduction

Since the discovery of penicillin, beta-lactams have remained
the cornerstone of antibiotic management.1 Despite the subse-
quent discovery of many different classes of antibiotics, beta-
lactams still account for more than a half of all prescribed
antimicrobial agents in both the UK and worldwide.2,3 Four
main classes of beta-lactam antibiotics are used in medical
practice; penicillins, cephalosporins, monobactams, and
carbapenems.

Beta-lactam antibiotics remain popular due to their efficacy
and safety prole. Regarding efficacy, they have a broad range of
indications for the prevention and treatment of various types of
infections, ranging from out-patient treatment of
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uncomplicated infections to the most serious infections in
critically ill patients. Regarding safety, beta-lactams are typically
considered to be among the safest classes of antibiotics avail-
able to clinicians.4,5

In the past few decades, antibiotic resistance has become an
increasing challenge to global health.6 Several approaches have
been utilised to address the challenge, including the use of
greater doses and pairing beta-lactams with beta-lactamase
enzyme inhibitors. Modied beta-lactams have also been
developed that can bypass changes in organism cell membrane
permeability, are less susceptible to enzymatic degradation or
are less efficiently eliminated by the cell's efflux mechanisms.7

An additional intervention has been the development of thera-
peutic drug monitoring (TDM) to ensure that appropriate doses
of antibiotics are prescribed to overcome the unpredictability
and uctuation of drug concentrations due to intra- and inter-
individual variation in pharmacokinetics.8 Therefore, the
measurement of beta-lactam concentrations in serum and
interstitial uid (ISF), as part of TDM, is becoming an important
tool for optimising the treatment of infection to achieve
successful outcomes whilst minimising the risk either of
Anal. Methods, 2023, 15, 829–836 | 829
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toxicity or the development of antimicrobial resistance.5,9

Therefore, the ex vivo measurement of beta-lactam concentra-
tions is a crucial component of infection treatment optimisa-
tion through TDM required for immediate clinical application
as well as in TDM research.10

Serum is commonly collected from patients by venepuncture
and is routinely used to measure the concentration of various
endogenous/exogenous substances in the blood compartment.
ISF can be sampled using microdialysis techniques and
measurements of antimicrobial concentrations are thought to
be more representative of tissue concentration (i.e. the site of
action).11

Many liquid chromatography–mass spectrometry (LC/MS)
based bioanalytical methods have been described for beta-
lactams. However, they have limitations; rst, some are
complicated, with multiple steps using different mobile phases
Fig. 1 Chemical structures of standard compounds. (A) Penicillin G, (B)

830 | Anal. Methods, 2023, 15, 829–836
for different beta-lactams,12,13 despite the requirement of
simple, robust, and reliable results for TDM. Secondly, several
studies reported a lower limit of detection (LOD) at above
0.1 mg L−1, much higher than the recommended therapeutic
levels, which can be as low as 0.01 mg L−1.14 This means that
such assays are not able to directly determine antibiotic target
concentration attainment. Finally, most TDM studies measure
total blood concentrations, although only the free antibiotic
(non-protein bound) is pharmacologically effective and can
diffuse from serum to the interstitial uid and target infected
tissue.15,16

Therefore, this study aimed to develop a fast, robust, sensi-
tive, and clinically applicable triple quadrupole (TQ) LC/MS
method to measure both the total and free concentrations of
phenoxymethylpenicillin, benzylpenicillin and amoxicillin
(Fig. 1) in both blood and interstitial uid (ISF) samples
penicillin V, (C) amoxicillin and (D) penicillin G-D7 (IS).27–30

This journal is © The Royal Society of Chemistry 2023
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obtained from human subjects. To our knowledge, this the rst
method to simultaneously determine phenoxymethylpenicillin,
benzylpenicillin and amoxicillin in human ISF samples.
Materials and methods
Chemicals and reagents

Benzylpenicillin sodium salt (penicillin G), phenox-
ymethylpenicillin potassium salt (penicillin V), amoxicillin tri-
hydrate and benzylpenicillin-d7 N-ethylpiperidinium salt (used
as an internal standard, IS) were purchased from Sigma (St.
Louis, MO, USA), Fig. 1. Methanol, formic acid, water and
acetonitrile in LC/MS grade were purchased from Sigma (St.
Louis, MO, USA).
Instrumentation

Chromatographic separation and mass-spectrometric detection
were performed using a 1290 Innity II LC equipped with
a pump coupled to an Agilent Ultivo TQ LC/MS. Data were
acquired and analysed using Agilent MassHunter soware
version 10.
Sample and calibration preparation

Serum and ISF samples were obtained as a part of a clinical
study evaluating the pharmacokinetics and pharmacodynamics
of antibiotics in healthy volunteers. Serum and ISF samples
were kept at −80 °C for further analysis. Before antibiotic
administration, serum and ISF samples were collected from
volunteers who had not taken any antibiotics before this rst
sample to make blank serum and ISF, which were subsequently
spiked with nine different concentrations (0.0015–10 mg L−1) of
each penicillin G, penicillin V and amoxicillin. The internal
standard (penicillin G-D7) in acetonitrile (stored at −80 °C,
prepared once every week) was added to each calibrator and
sample at 0.15 mg L−1.

A volume of 15 mL of biouid (serum or ISF) was added to 60
mL of acetonitrile, vortexed, and allowed to equilibrate for
10 min. Aer that, precipitated proteins were separated by
centrifugation for 5 min at 14 000g.

Serum and ISF quality control specimens were prepared
independently of standards at three concentration levels (Qc1;
low; 0.0015 mg L−1, medium; Qc2; 0.123 mg L−1, and high; Qc3;
10 mg L−1). Aliquots of the Qc specimen were stored at −80 °C.
Table 1 Chromatographic retention times and MRM acquisition spectro

Analyte
Retention time
(min)

Penicillin G 2.3
Penicillin V 2.8
Amoxicillin 1
Penicillin G-D7, IS 2.27

This journal is © The Royal Society of Chemistry 2023
Chromatography conditions

Chromatography was performed on a reversed-phase analytical
column (Poroshell 120 EC-C18, 2.1 × 50 mm; 1.9 micron, Agi-
lent), using amobile phase consisting of 55%methanol in water
+ 0.1% formic acid. Chromatographic separation was per-
formed at a column temperature of 25 °C using a 0.4 mL min−1

ow rate, with an injection of 2 mL and a 6 min run time.
Multiple reaction monitoring (MRM) in positive mode Electro-
spray Ionisation (ESI) was used for the detection of pencillins
and both qualitative and quantitative data were collected. Table
1 shows MRM acquisition spectrometer parameters.

Source parameters were optimised using the Agilent Source
Optimizer program with the following parameters: gas
temperature = 340 °C, gas ow = 9 L min−1, nebulizer = 40 psi,
sheath gas ow = 250 °C and capillary voltage = 5000 V.
Stability experiments

Quality controls in serum and ISF samples (Qc1, Qc2, and Qc3)
were stored at room temperature (RT) for 4 h and 24 h. Aer
that, these sample were analysed and the data obtained at time
= 0 h were compared to evaluate the short-term stability of the
penicillin-containing serum samples. Similarly, the stability of
samples in an autosampler was assessed at 4 °C. The long-term
stability of analytes was assessed aer freezing the serum
samples at −80 °C for 6 months.

The freeze–thaw stability of analytes was evaluated over three
cycles within 3 days. In each cycle, Qc1, Qc2 and Qc3 were kept
frozen at −80 °C and thawed at RT. When completely thawed,
the samples were refrozen for 24 h at −80 °C.

The stability of penicillins was expressed as follows

St (%) = C0/Ct × 100

where C0 is the initial concentration, determined without
introducing any extra pauses in the analysis process, and Ct is
the concentration obtained when analysis is carried out with
a pause of duration t in the analysis.
Method validation and quality characterization

The analytical method was validated according to the Interna-
tional Conference on Harmonization guidelines.17 A triplicate
run of calibration standards was performed every day for three
consecutive days and triplicates of quality control samples (at
low Qc1, medium Qc2, and high Qc3 concentrations) were
carried out to evaluate the robustness of the developed method.
meter parameters

Precursor/product ions (m/z)
Collision energy,
CE (eV)

335.1/175.9; 160 12
351.1/192; 159.8; 113.8 16
366.1/207.9; 113.9 8
342.2/182.8; 160 12

Anal. Methods, 2023, 15, 829–836 | 831
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Matrix effects

Standard solutions were prepared at appropriate concentra-
tions depending on the expected drug level in three different
sets. In the rst set, standards of penicillin G, penicillin V,
amoxicillin and IS were prepared in the mobile phase. A second
set was made in blank serum samples or in blank ISF samples
as a third set. The matrix effect was evaluated by comparing the
peak area measurements obtained from the standard
solutions.18

ME (%) = B/A × 100

A: the peak areas obtained from set 1 and B: the peak areas
obtained from set 2 or 3. A value of 100% indicates that there is
no absolute matrix effect.

Linearity

To assess linearity of the developed method, nine calibration
standards were run for each analyte in triplicate over 3
consecutive days.

Detection limit and quantication limit

The limit of detection (LOD) and limit of quantication (LOQ)
were expressed based on the standard deviation of the response
and the slope, with the following equations

LOD = 3.3 × &/s

LOQ = 10 × &/s

& = the standard deviation of the response. s = the slope of
the calibration curve.

Selectivity, precision and accuracy

Selectivity was assessed by analysing six different blank serum
and ISF samples and conrmed by the absence of peaks at the
respective retention times.

The intra-day precision of the developed method was eval-
uated in terms of relative standard deviation (RSD) for the
analysis of Qc1, Qc2 and Qc3 samples six times on the same day
for intra-day precision. And inter-day precision was determined
by the analysis of triplicate QC samples on ve consecutive days.
The accuracy of the method was determined by the percentage
agreement between the measured and spiked concentrations
using the following formula:

Accuracy percentage = measured/known spiked × 100

Carry-over

The carry-over of analytes and IS was assessed by analysing
blank samples aer the highest standard sample concentration
10 mg L−1 was reached. Then, standard samples at a lower limit
832 | Anal. Methods, 2023, 15, 829–836
of quantication (0.0015 mg L−1) were also analysed aer the
blank samples. The experiment was repeated three times. Carry-
over in the blank samples should not be greater than 20% of the
analyte response at the lower limit of quantication and 5% of
the response for the IS.17
Pharmacokinetic study

A healthy volunteer from an ongoing clinical trial is included in
this study as an example of the application of this method to
clinical samples. The volunteer received penicillin G 1,200 mg
intravenously over 5 minutes. A separate cannula for blood
sampling was inserted in a large vein in the antecubital fossa. A
microdialysis catheter was inserted subcutaneously in the
forearm. The blood and ISF samples were taken via a cannula
and by microdialysis, respectively. The study is approved by the
London Harrow Research Ethics Committee (19/LO/0219) and
registered on https://www.ClinicalTrials.gov (NCT04053140).
And participants gave informed written consent.
Serum protein binding

Amethod to quantify penicillin G fractions bound and unbound
to serum proteins was developed by using a Centrifree® Ultra-
ltration Device (Merck Millipore). The inuence of tempera-
ture, pH and relative centrifugation forces (RCFs) on the protein
binding was investigated. Accordingly, the optimised condi-
tions for a higher recover were when unbound penicillin G was
quantied by pipetting 0.7 mL of serum at a pH of 7.4 using
0.1 M sodium phosphate buffer, and centrifuging at 1500 g for
10 minutes at 25 °C. The ltrate was then analysed by LC/MS as
described before.

The free fraction of drug was calculated as follows:

Free drug (%) = (Cfree/Ctotal) × 100.

Cfree: concentration of the free drug. Ctotal: concentration of
the total drug.
Results and discussion

The aim of the project was to develop a reliable and rapid
analytical method for the quantication of penicillin G,
penicillin V and amoxicillin in both ISF and human serum to
provide reliable pharmacokinetic data aer drug administra-
tion, including towards the end of a dosage interval when serum
concentrations are low.

Different combinations and gradients of mobile phases
(consisting of water and acetonitrile or methanol) and reverse-
phase uHPLC columns were assessed. Other parameters, such
as using different columns (Poroshell 120 EC-C18; 2.1× 50mm;
1.9 micron (Agilent), Polaris 5 C18-A; 5 micron (Agilent) and
Kinetex; 50 × 4.6; 5 microns (Phenomenex), oven temperature
(25 °C and 40 °C), injection volume (1, 2 and 4 mL) and mobile
phases (using different ratios of methanol, acetonitrile and
formic acid), were evaluated in order to obtain the simultaneous
This journal is © The Royal Society of Chemistry 2023
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Table 2 Calibration line parameters, LOD and LOQ for all analytes

Analyte Slope Intercept R2a
LOD
(mg L−1)

LOQ
(mg L−1)

Penicillin G 0.7539 0.0002 1 0.003 0.01
Penicillin V 0.6632 0.0002 1 0.003 0.01
Amoxicillin 0.5858 0.0002 1 0.003 0.01

a R2, coefficient of determination.
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View Article Online
measurements of the concentrations of the three analytes with
a short retention time and high response.

Optimised conditions consisted of a mobile phase of 55%
methanol in water + 0.1% formic acid, Poroshell 120 EC-C18,
25 °C column temperature, 2 mL injection and a ow rate of
Table 3 Inter- and intra-day variability, precision and accuracy of the
method

Spiking level
(mg L−1)

RSD (%) Accuracy (%)

Serum ISF Serum ISF

Intra-day
Qc1 10 0.8 1 102 101
Qc2 0.123 1.1 1.1 99 100
Qc3 0.0015 1.6 1.5 93 104

Inter-day
Qc1 10 1.7 1.8 99 103
Qc2 0.123 0.5 1.2 99 102
Qc3 0.0015 1.8 1.5 95 93

Fig. 2 Average stability of penicillins in serum over 4 h and 24 h at RT a
deviation.

This journal is © The Royal Society of Chemistry 2023
0.4 mL min−1. This achieved the highest MS response and
produced sharp peaks at retention times 2.3, 2.8, 1, and
2.27 min for penicillin G, penicillin V, amoxicillin and IS
respectively (Fig. S1†), and the observed chromatographic data
were used in quantication.

Deproteinisation processes were analysed using different
volumes of acetonitrile and samples to choose the sample pre-
treatment process that leads to a greater recovery. The
selected process was 15 mL of sample and 60 mL of acetonitrile
with recovery greater than 98%. Several steps of optimisation
led to a developed method with one mobile phase, short
retention time, small sample volume and a greatly improved
LOD and LOQ.

The relative detector response (peak area), when plotted vs.
the injected relative concentration to IS, was found to be linear
over the concentration range 0.0015–10 mg L−1 with a correla-
tion coefficient (R2 = 1, Table 2 and Fig. S2† shows the cali-
bration parameters for the three analytes along with the LOD
and LOQ.

In this study, we aimed to address twomain concerns: rst of
all the demand for relatively large sample volumes to assess
drug levels in blood, which impedes meaningful paediatric
clinical trials, because of ethical limitations on children
regarding blood sampling (such as discomfort, fear and
restricted blood volumes). Secondly, penicillins exhibit mainly
time-dependent bactericidal action; the longer the concentra-
tion is above the MIC, the greater the bactericidal effect.19 TDM
can improve pharmacological target attainment, with potential
to improve patient outcomes.19 Current assays oen fail to
measure around organisms (such as streptococcus pyogenes
and staphylococcus aureus) with MIC less than 0.1 mg L−1.20,21
nd over 24 h in the autosampler (n = 5); error bars represent standard

Anal. Methods, 2023, 15, 829–836 | 833
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Fig. 3 Penicillin G total and free serum and ISF concentrations at various times in a participant.
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This study was able to report the measurement of penicillin
G, penicillin V and amoxicillin in a single LC/MS assay using
a low sample volume of 15 mL, with the ability to detect and
quantify at low concentrations, which is much more sensitive
than other published data (10 to 33 times) which reported
a LOD and LOQ of around 0.1 mg L−1.22–24
Matrix effect recovery, accuracy and carry-over

The matrix recovery was 97–102% for penicillin G, 98–103% for
penicillin v, 97–102% for amoxicillin in both serum and ISF
samples and 99–103% for IS, indicating that the matrix effect
did not signicantly interfere with the calibration, as the
internal standard corrected for any matrix effects.25

Accuracy and precision were tested at three different
concentrations (Qc1, Qc2 and Qc3, Table 3): in intra-day and
inter-day runs accuracies for all analytes in both blood and ISF
samples ranged from 93% to 104%, while precision for all
analytes in both blood and ISF samples in intra-day and inter-
day runs ranged from 0.5 to 1.8%. Meanwhile, Kepper et al.
2018 reported an inter- and intra-precision of 2–5.7% for ben-
zylpenicillin and of 3.8–6.1% for amoxicillin in serum
samples.12 Khuroo et al. 2008 showed that in her LC/MSmethod
for amoxicillin the intra-day precision is from 1.3% to 8.8% and
the inter-day precision is from 1.8% to 6.2%.26

Carry-over for all analytes was considered acceptable for all
analytes and IS with less than 3%.
Stability study

For penicillins, long-term stability studies showed no signi-
cant degradation in Qc samples (in both serum and ISF) stored
834 | Anal. Methods, 2023, 15, 829–836
at−80 °C for 6months. All penicillins in serum and ISF samples
remained stable within the range of 97 to 104% when kept at
room temperature (RT) ((23 ± 2 °C) for 4 h (Fig. 2).

Aer 24 h storage at RT of penicillin-spiked serum or ISF
(Qc1, Qc2 and Qc3), a signicant degradation was observed with
a detection range of 45–55% of the analytes (Fig. 2). All peni-
cillins in extracted serum or ISF samples indicated a good
stability when kept in an autosampler (4 °C) over 24 h,
remaining in the range of 98 to 103% from the original
concentration (Fig. 2).

No penicillin degradation was observed when subjected to
three freeze–thaw cycles (ISF or serum).
Application to clinical samples

The method has been used in a clinical study measuring total
penicillin G and free serum and ISF concentrations in healthy
volunteers. The serum and ISF concentrations of a participant
are shown in Fig. 3. These measurements can be tted to
a standard pharmacokinetic human model.
Conclusion

The method presented here has been successfully used in
a clinical study with healthy volunteers measuring penicillin
total and free serum concentrations and ISF concentrations. It
is rapid, accurate, and robust, and has a low LOD and LOQ and
a simple sample preparation. This may help in optimising
treatment to improve patient outcomes, whilst minimising the
risk of development of antibiotic resistance.
This journal is © The Royal Society of Chemistry 2023
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Pharmaceutics, 2021, 13, 833.

6 A. H. Holmes, L. S. Moore, A. Sundsord, M. Steinbakk,
S. Regmi, A. Karkey, P. J. Guerin and L. J. Piddock, Lancet,
2016, 387, 176–187.

7 A. J. Kunz Coyne, A. El Ghali, D. Holger, N. Rebold and
M. J. Rybak, Infect. Dis. Ther., 2022, 11, 661–682.

8 J. Gonçalves-Pereira and P. Póvoa, Crit. Care, 2011, 15, R206.
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