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Abstract: Background/Introduction: Beta-lactam antibiotics are among the most frequently
prescribed drugs in clinical practice, yet their therapeutic drug monitoring remains under-
utilized despite high interindividual pharmacokinetic variability, especially in critically ill
patients. Methods: To address this, we developed and validated an ultra-high-performance
liquid chromatography (UHPLC-UV /Vis) method for the simultaneous quantification of six
beta-lactams (cefepime, ceftolozane, ceftazidime, meropenem, ampicillin, and ertapenem)
in plasma. Results: This method uses a single gradient mobile phase and a photodiode
array detector, ensuring accurate separation, minimal interference, and robust analyte
identification. Validation followed EMA bioanalytical guidelines, demonstrating selectivity,
precision, accuracy, and linearity within clinically relevant ranges (1.0-50.0 mg/L). Stability
tests showed that the analytes were stable in plasma for up to seven days at 4 °C and one
month at —20 °C. Pilot clinical implementation in 35 patients revealed significant interindi-
vidual variability, supporting the need for routine beta-lactam monitoring. Approximately
26% of trough concentrations were below the minimal inhibitory concentration, while
others exceeded thresholds associated with potential toxicity. Discussion: This study
represents the first UHPLC-UV /Vis method for the simultaneous determination of these
six beta-lactams, overcoming limitations of prior methods that required different mobile
phases or excluded clinically relevant antibiotics. The method is universally applicable
and easily transferable to routine clinical practice. Conclusions: These findings underline
the importance of beta-lactam monitoring in optimizing treatment outcomes and combat-
ing antibiotic resistance in vulnerable populations. Further studies to assess free drug
concentrations are warranted to enhance clinical applicability.
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1. Introduction

Beta-lactam antibiotics are the largest, most diverse, and most widely used family
of antibiotics in clinical practice. These antibiotics consist of a beta-lactam ring bound to
other radicals, which gives them activity. The modification of these radicals gives rise to
the different groups of beta-lactam antibiotics: penicillins, cephalosporins, carbapenems,
monocyclic beta-lactams, and beta-lactamase inhibitors [1].

Therapeutic drug monitoring (TDM) is used to optimize the safety and efficacy of
many drugs. The need for TDM is based on different factors, including the lack of reliable
dose-concentration relationships, interpatient pharmacokinetic variability, relationships
between plasma drug concentrations and efficacy or toxicity, and availability of validated
drug assays.

Originally, beta-lactams were not considered strong candidates for TDM because they
are generally well-tolerated antibiotics [2]. However, in recent years, their TDM has been
recommended mainly because of the enormous interindividual variability and alteration
of their pharmacokinetics by several situations, particularly in the earlier phase of critical
illness [3,4]. These drugs are hydrophilic molecules with a low volume of distribution (Vd).
Critically ill patients frequently present changes in interstitial fluid volumes, hypoalbu-
minemia, and/or extracorporeal support techniques, which can lead to an increased Vd. In
addition, certain pathophysiological factors can influence renal clearance, either enhancing
it (trauma, burns, early phase of sepsis, or the use of hemodynamically active drugs) or
reducing it (renal failure, muscle wasting, and bedridden patients). These changes in
renal clearance can, in turn, affect plasma and extracellular antibiotic concentrations. Even
though beta-lactams are time-dependent antibiotics, various infectious diseases require the
administration of high-dose antibiotics. In these cases, TDM is important to avoid both pos-
sible side effects and suboptimal antibiotic concentrations, leading to the development of
antibiotic resistance. In addition, nosocomial pathogens (those that cause hospital-acquired
infections in vulnerable patients) exhibit high genetic plasticity, so they easily acquire new
antibiotic resistance mechanisms [5,6]. Despite the evidence in favour of beta-lactam TDM,
the reality is that its clinical implementation is scarce [7].

A determination method applicable to TDM must be rapid, robust, and sensitive for its
implementation in clinical practice. There are several published methods for the quantifica-
tion of beta-lactam antibiotics in plasma for high-performance liquid chromatography with
ultraviolet detection (HPLC-UV /Vis). Most of them use different mobile phases to separate
the compounds, so that their clinical implementation is difficult [8-12]. The simultaneous
determination of many beta-lactam antibiotics would contribute to the implementation of
the method in clinical practice, because different patients receiving different medications
can be assessed using a single method. In this context, only two previously published
articles have analyzed several beta-lactams in a single process [2,13]. However, these
methods did not include new carbapenems, such as ertapenem, or the anti-pseudomonal
cephalosporin as ceftolozane. It should be noted that Pseudomonas aeruginosa is one of the
main causes of infections in critically ill patients, which are associated with high mortality
rates [14].

Even though the liquid chromatography—-tandem mass spectrometry (LC-MS/MS) has
some advantages over HPLC-UYV, such as higher sensitivity and specificity, smaller sample
volume or shorter sample run times, not all hospitals have this equipment or the technical
staff qualified to use it, and the advantages it brings are, in many cases, unnecessary for
TDM [15]. In addition, although semi-automated methods are an increasingly present
option in TDM, they are not available for these antibiotics [16,17]. Therefore, there is an
urgent need to develop methods for drug monitoring that are universal and affordable for
most hospitals.
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We propose a development, validation, and clinical implementation of the first ultra-
high performance liquid chromatography (UHPLC) method, which allows for the si-
multaneous determination of plasma concentrations of the most frequently prescribed
beta-lactams: cefepime (FEP), ceftolozane (TOL), ceftazidime (CAZ), cefotaxime (internal
standard, IS), ampicillin (AMP), meropenem (MER), and ertapenem (ETP).

2. Results
2.1. Chromatography

The separation of the six compounds was successful. The full analysis takes only
12 min. We have obtained the following retention times with our conditions: 1.2 (FEP),
1.7 (TOL), 3.0 (CAZ), 3.4 (MER), 4.0 (AMP), 4.5 (IS), and 5.8 (ETP) minutes, as illustrated in
Figure 1. The gradient used allowed for the correct separation of the analytes and permitted
the use of specific wavelengths at 210 (AMP), 260 (FEP, TOL, and CAZ), and 304 (MER
and ETP) nm to achieve the highest sensitivity. The photodiode array detector (PDA)
incorporated in the analytical equipment and in the processing method allows for the
visualization of the spectrum of the analyte in all the analyses, thus providing confidence
in the specificity of the method (Figure 2).

g

nnnnn

MER
CAZ

8
FEP
IS

ETP
&

IS

uuuuu

w0 2he ab0 w5k sbo | 7ho | mbo | sk 005 Ww oo W02k 3k am sk sk 780 sho  9bo | w065 wes 200 7 e A - S -
MMMMMM Vines 5 B W ek ek wes  1ies

Figure 1. Chromatogram of extracted plasma enriched with working solutions (50 mg/L) at
(A) 304 nm wavelength, (B) 260 nm wavelength, and (C) 210 nm wavelength. [meropenem (MER), er-
tapenem (ETP), cefepime (FEP), ceftolozane (TOL), ceftazidime (CAZ), cefotaxime (internal standard,
IS), and ampicillin (AMP)].

2.2. Validation of the Method
2.2.1. Selectivity and Carryover

The peaks of the tested antibiotics and the IS are correctly separated in all analyzed
tests (see Figure 1). Interference with ceftriaxone, cloxacillin, tazobactam, or avibactam
was ruled out. The created library of PDA spectra allows for clearer identification of the
six analytes, minimizing the possibility of error; the spectrum for each analyte is shown
in Figure 2. After carryover analysis, no contamination was detected in any of the cases,
confirming adequate chromatographic conditions.
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2.2.2. Calibration Curve and Lower Limit of Quantification (LLOQ)

Calibration lines were adequately described by linear regression. The percentage
deviation from nominal was adequate (<15%) for all the points except for the concentra-
tion of 1 mg/mL for ETP and FEP and 1 and 2.5 mg/mL for TOL, so these points were
excluded from the linearity curve of these analytes. These limit concentration values were
also selected as the lower limit of quantification (LLOQ) and evaluated in this context,
obtaining appropriate values (<9% of mean relative error, MRE). The linearity details, such
as calibration range, equation, coefficient of determination, and precision of LLOQ), are
shown in Table 1. The equation parameters and the coefficient of determination are shown
as the mean obtained from the five calibration curves, and the %MRE is also shown as the

mean of the five replicates analyzed for the LLOQ.
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Figure 2. Spectra of different beta-lactam antibiotics [cefepime (FEP), ceftolozane (TOL), ceftazidime
(CAZ), cefotaxime (internal standard, IS), ampicillin (AMP), meropenem (MER), and ertapenem
(ETP)] obtained with the PDA detector.
Table 1. Chromatographic information (detector wavelength (A) and retention time (tg)) and linearity
details (calibration range, equation, coefficient of determination (RZ), lower limit of quantitation
(LLOQ), and precision at LLOQ (%MRE at LLOQ)).
. Calibration . 2 %MRE at
Analyte A (nm) tr (min) Range Equation R LLOQ LLOQ
FEP 260 1.2 2.5-50 mg/L y = 0.54x + 0.62 0.9996 2.5mg/L 6.1%
TOL 260 1.7 5-50 mg/L y = 0.066x + 0.03 0.9978 5.0mg/L 8.8%
CAZ 260 3.0 1-50 mg/L y =0.70x — 0.07 0.9993 1.0 mg/L 4.8%
MER 304 34 1-50 mg/L y = 1.74x + 0.94 0.9995 1.0 mg/L 4.7%
AMP 210 4.0 1-50 mg/L y =1.19x + 0.41 0.9995 1.0 mg/L 5.1%
ETP 304 5.8 2.5-50 mg/L y =0.69x + 0.02 0.9987 2.5mg/L 5.5%
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2.2.3. Accuracy and Precision of Quality Controls and Dilution Integrity

The between-day and within-day replicate analysis of quality controls demonstrated
a high level of precision and accuracy of the method. In the same case, precision and
accuracy measurements for concentrations above the upper limit of quantification (ULOQ)
demonstrate the robustness of the method for cases where sample dilution is necessary.
Data from both assays are available in Table 2.

Table 2. Accuracy and precision data of quality controls and dilution integrity.

Within-Day Mean (mg/L) (%CV,%MRE)

Between-Day Mean (mg/L) (%CV,%MRE)

Quality Controls Dilution Integrity Quality Controls Dilution Integrity
Analyte
Low Medium High UI(“lc())OQ I UL(?S% 1 Low Medium High (50 UI(“IOOOQ I UL(%% 1
(5mg/L)  (20mg/L) (50 mg/L) mg/L) mg/L) (6mg/L) (20 mg/L) mg/L) mg/L) mg/L)
4.99 17.74 4751 95.17 161.89 5.50 20.37 49.64 94 165
FEP (0.1%, (0.2%, (0.1%, (0.3%, (0.3%, (14.3%, (7.4%, (6.4%, (1.1%, (2.2%,
6.5%) 11.3%) 4.8%) 4.8%) 7.9%) 9.9%) 1.9%) 0.7%) 5.7%) 10.1%)
4.69 20.38 53.5 88.83 157.50 4.59 20.24 53.74 85.04 159.24
TOL (2.2%, (0.9%, (2.7%, (0.1%, (0.2%, (2.8%, (1.2%, (6.9%, (4.8%, (1.5%,
6.1%) 1.9% 7.0%) 11.1%) 5.0%) 8.3%) 1.2%) 7.5%) 14.9%) 6.1%)
4.99 18.95 48.20 95.17 144.61 501 20.84 51.93 94.25 151.53
CAZ (0.1%, (0.1%, (2.7%, (0.3%, (0.1%, (5% ‘O 3%) (6.7%, (5.8%, (1.1%, (4.8%,
0.1%) 5.2%) 3.6%) 4.8%) 3.6%) e 4.2%) 3.9%) 5.7%) 1.0%)
5.23 19.52 50.00 85.37 161.41 5.11 19.30 49.46 85.20 144.79
MER (2.2%, (0.2%, (0.2%, (0.2%, (0.2%, (2.6%, (4.9%, (8.3%, (0.9%, (12.1%,
6.1%) 2.4%) 0.0%) 14.6%) 7.6%) 2.2%) 3.5%) 1.1%) 14.7%) 3.5%)
5.16 20.74 51.15 93.89 161.11 4.78 20.78 50.32 93.92 160.03
AMP 9.0%, (2.5%, (0.2%, (0.7%, (2.2%, (11.6%, (10.4%, (5.8%, (0.7%, (1.8%,
3.2%) 3.7%) 2.3%) 6.1%) 7.4%) 4.5%) 3.9%) 0.6%) 6.1%) 6.7%)
5.33 17.74 47.61 88.33 150.43 5.74 19.46 47.98 85.3 131.70
ETP (0.1%, (0.2%, (0.1%, (0.5%, (0.1%, 9.1%, (8.8%, (8.4%, (3.7%, (8.8%,
6.5%) 11.1%) 4.8%) 11.6%) 0.3%) 14.8%) 2.7%) 4.0%) 14.6%) 10.6%)

2.2.4. Internal Validation

A total of 22 patients treated with beta-lactams were included: 4 with AMP, 4 with
FEP, 4 with CAZ (2 of them with ceftazidime/avibactam and 2 with only ceftazidime),
and 10 with MER. The correlation analysis was performed between the own developed
method, and the antibiotic HPLC kit 61,000 marketed by Chromsystems Instruments &
Chemicals GmbH (Grafelfing, Germany) [18] showed very good results. The percentage
of the coefficient of variation (CV%) of the concentration obtained with the two methods
was less than 20% in all cases, the mean CV% being 10.71 £ 5.9%. The measurements with
the greatest deviation (a maximum of 19%) are related to low concentrations, close to the
limit of quantification of the analyte. The correlation is clearly linear, with a coefficient of
Pearson of r = 0.9912 (see Figure 3). In no case would the differences obtained represent a
clinical paradigm shift.

2.3. Stability

All antibiotics (working solutions) were stable in water for 6 months, stored at
—20 °C, except ETP, and the IS were stable in the same conditions for 9 months (Table 3).
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Regression between determination methods
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Figure 3. Internal validation. Correlation between two analytical methods: HPLC commercial kit
by Chromsystems and our own analytical method developed. The blue area represents the 95%

confidence bounds.

Table 3. Stability test for beta-lactam antibiotics in water stored at —20 °C. Peak area: area under the
chromatographic peak.

Low 5 mg/L

High 50 mg/L

Peak Area from

Antibiotic Peak Area from Solution
Peak Area from  Solution Stored at Difference (%) Peak Area from Stored at —20 Difference (%)
Fresh Solution —20 °C for ° Fresh Solution o °
6 Months C for
6 Months
FEP 141,798.5 157,414.0 11.01 £ 0.13 1,370,465.0 1,526,423.5 11.37 +0.03
TOL 76,984.5 73,137.0 —4.99 £+ 0.11 744,373.5 699,744.0 —5.99 £ 0.07
CAZ 236,617.0 209,564.5 —11.4 £ 0.03 2,282,023.0 1,951,511.0 —14.5 +0.01
MER 133,465.0 114,503.0 —14.2 +0.08 1,291,916.5 1,096,498.0 —14.8 £ 0.15
AMP 223,954.3 203,698.7 —-9.0+15 2,079,699.0 1,951,500.5 —6.2£0.18
ETP 104,775.5 83,711.0 —20.1 +0.04 1,029,813.0 797,063.5 —22.6 +0.014
Medium 25 mg/L Medium 25 mg/L
Peak area from Peak area from
Peak area from  solution stored at . o Peak area from solution stored . o
fresh solution —20 °C for Difference (%) fresh solution at —20 °C for Difference (%)
6 months 9 months
1S 1157,708.5 1257,436.0 9.7 +£0.24 1157,708.5 1172,750.0 1.3+04

On the other hand, analytes in extracted plasma were stable in the autosampler at 6 °C
for 7 days (Figure S2 in Supplemental Material) and at —20 °C for 1 month (Table 4). In both
trials, the difference between the concentrations of fresh and frozen or stored antibiotics in

the autosampler wa

s less than 20%.

Finally, only cefepime and ampicillin were stable in blood for the first 8 h, both at
RT and at 4 °C. The percentage of remaining drug concentration was higher than 88%

in the different conditions, as shown in Figure S1 in the supplemental material. For all

other antibiotics, there was a decrease in the percentage of remaining drug concentration
below 85% in the first 8 h. The antibiotic that showed the lowest stability in blood was
meropenem, with 43% degradation at 72 h. In the case of the stability in plasma, all
antibiotics were stable for 7 days with a remaining drug percentage above 90%, as shown in

Figure S1 in the Supplemental Material.
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Table 4. Stability test for processed samples stored at —20 °C. Peak area: area under the chromato-

graphic peak.
Low 5 mg/L Medium 20 mg/L High 50 mg/L
Peak Area Peak Area Peak Area
from from from
Antibiotic Peak Area Solution Difference Peak Area Solution Difference Peak Area Solution Difference
from Fresh o from Fresh o from Fresh o
Solution Stored at (%) Solution Stored at (%) Solution Stored at (%)
—20 °C for —20 °C for —20 °C for
1 month 1 month 1 month
FEP 32,625.0 29,158.3 —10.62+0.7 123,900.3 104,940.7 —15.30+£0.1 306,269.0 285,653.7 —6.7 £0.04
TOL 5070.0 5615.3 10.8+2.2 24,996.0 23,176.0 —6.9+0.1 45,603.0 40,493.3 —11.2+£0.35
CAZ 46,166.3 43,545.3 —5.68+0.2 170,085.3 175,213.3 3.01 +£0.04 417,308.0 400,512.3 —4.0 +£0.05
MER 29,229.7 24,032.0 —17.78 £0.3 101,248.7 112,355.0 11.0+£0.2 254,201.3 250,520.3 —1.44+0.06
AMP 62,630.3 62,674.0 0.054 £3.1 217,591.7 208,389.3 —42+34 547,094.3 517,966.7 —52+4.15
ETP 9758.7 10,005.3 255+1.93 41,269.7 49,095.0 19.0 +0.04 107,943.0 90,978.7 715'0791 *

2.4. Clinical Implementation

A total of 35 patients treated with beta-lactams were included: 4 with AMP, 5 with
ETP, 4 with FEP, 6 with CAZ (3 of them with ceftazidime/avibactam and 3 with only
ceftazidime), 12 with MER, and 4 with TOL. A total of 54.3% were patients admitted
to normal hospitalization areas, including nephrology, hematology, infectious diseases,
cardiology, pneumonology, urology, and surgery; 34.3% were patients admitted to critical
care areas, and 11.4% were patients admitted to hospitalization at home. There were no
problems during sample collection or transport to the analysis site, with a maximum time
from extraction to freezing of 30 min. All samples could be successfully analyzed, the CV%
between the concentrations determined on different days was always less than 15%, the
average being 3.1%. Figure 4 shows the mean concentrations obtained for antibiotics, as
well as the standard deviation (SD). Only on three occasions there was a concentration
below the LLOQ observed, so the result was expressed as less than the LLOQ); in another
3 cases, it was necessary to dilute the sample.

140 -
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Figure 4. Total plasmatic concentration (mean and SD) of antibiotics in the pilot clinical study.

The results obtained show a large interindividual variability (see Figure 4). In addition,
analyzing the results from a clinical point of view, we observed that 25.7% of free concen-
trations were below minimum inhibitory concentration (MIC) (setting the breakpoint at
the worst-case scenario). Among the 74.3% that were above MIC, 57.7% were at 1-4 times
above MIC, 23.1% were 4-8 times above MIC, and 19.2%, 8 times above MIC, which could
be related to potentially toxic concentrations [3,19].
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3. Discussion

The clinical implementation of the analytical determination of new drugs is hampered
by many aspects, such as the lack of adequate infrastructure and personnel for the develop-
ment of new methods and the difficulty of subsequent transfer to clinical practice [20]. For
this reason, it is essential to develop simple, rapid analytical methods that allow the analysis
of several analytes at the same time. Liquid chromatography, despite being a complex tech-
nique that requires qualified technical personnel, is an analytical determination technique
that has been adapted for clinical use, and more pharmacy services have UHPLC-UV, while
UHPLC-MS/MS is still a minority, mainly due to its difficulty in acquisition and high level
of technical expertise [21].

The work presented here is the development and validation of a chromatographic
method for the simultaneous determination of 6 beta-lactam antibiotics in plasma in only
12 min and without mobile phase change. Simultaneous determination facilitates the imple-
mentation of the method in clinical practice. To date, only two studies have been published
in which beta-lactam antibiotics have been simultaneously by chromatography coupled
to an ultraviolet/ visible detector [2,13]. The main difference between these methods and
the one presented here is that they do not include AMP, ETP, or the anti-pseudomonal
cephalosporin TOL. ETP and TOL are both widely prescribed antibiotics for critically
ill patients. These patients have great inter-individual variability in achieving plasma
concentrations, making them great candidates for TDM.

As for the sample preparation, we performed a protein precipitation with acetonitrile,
followed by a lipid removal with chloroform, as well as McWhinney et al. [9]. In order
not to affect the matrix effect, dilutions were made in the sample prior to the injection
into the chromatographic system. The most diluted antibiotic was TOL, as it is the most
affected by the matrix effect. In fact, most of the published studies determine TOL plasma
concentrations by mass spectrometry [22-24], very few by chromatography coupled to a
UV /Vis detector [25] and none by simultaneous determination with other antibiotics.

Mobile phases were a phosphate solution 10 mM (A) and acetonitrile with formic
acid 0.1% (B). The acetonitrile gradient allowed elution of the compounds by polarity. The
separation of the peaks was good; however, the pH of the mobile phase A was 2.4, as it
favours the separation of CAZ and MER. Slight changes in pH modified the retention time
of antibiotics [6,8].

The implementation of the PDA detector in the processing method provides a plus in
the correct identification and makes it possible to check the absence of interferences that
prevent the correct determination of the analyte in a specific patient, an aspect that has
already been referred to as a limitation of chromatographic methods [26]. In future steps, it
would be appropriate to check the absence of interferences also by UHPLC-MS/MS.

The validation of the analytical method, following the European Medicines Agency
(EMA) bioanalytical method validation guide, with the addition of the comparison with
the marketed kit, and endorsed by the ISO standard, guarantees an adequate performance
of the developed method [27,28]. The LLOQs achieved are similar to others described
in the literature, even similar to those described for UHPLC mass tandem determination
methods, with higher sensitivity [29-33]. These concentrations are sufficient for clinical
implementation, as they allow us to see whether the concentration is below or above (and
how many times) the MIC, the current PKPD target for beta-lactams [3-5,7,34,35]. A higher
sensitivity that would allow detection of concentrations below 1 mg/L is not necessary in
this case, so the developed method is optimal [36].

The precision and accuracy values were worse in the between-day analysis than in the
within-day analysis, as expected, but they were found to neither exceed 15% for QC samples,
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thus conforming to the EMA criteria, and were similar to previous publications [29-33].
These results indicate that the proposed method provides acceptable precision and trueness.

The test carried out for the internal validation of the method, comparing it with the
values analyzed by the commercial kit, provides great value and security to the develop-
ment of the method and highlights this work compared to others [29-33] that have not
been validated directly against other analytical methods. The limit of variation allowed
between different methods is not clear, the correlation test being the most appropriate
tool to compare. Linear regression analysis demonstrated a slope of 1.044, indicating a
minimal increase in concentration over time. The exceptionally high R-square value of
0.9825 suggests a robust fit of the linear regression model, highlighting the consistency of
the method development.

Commerecial kits provide security, as they are validated according to International
Organization for Standardization (ISO) standards and endorsed by the marketing company;
they also simplify the processing of samples and allow for maximum standardization of
the analysis, reducing possible analytical errors. However, their use also has negative
aspects, such as the lack of knowledge of the reagents used and the limitation in terms
of the antibiotics determined. The developed method itself includes more antibiotics,
is more versatile, and provides more information due to the knowledge of each of the
chromatographic reagents used; the only drawback is the processing time, although it is
still manageable if technical staff are available.

The stability study allows the use of the method to be adapted for clinical implemen-
tation. The stability tests were performed based on the peak area. Therefore, the 15%
variation cannot be set as a limit, as it refers to the nominal concentration. In water stability
tests at —20 °C at 6 months, carbapenem antibiotics had a higher difference, and therefore,
a reduction in the storage time is recommended for these analytes. Carbapenems also
showed a greater deviation in the stability at —20 °C and for one month of the processed
samples but were within the accepted limits. This agrees with the literature related to the
stability of carbapenems [37,38]. The samples processed and stored in the autosampler
were stable for at least 7 days. Other works measured stability in the autosampler for
12-24 h [8,9]. Therefore, we have scope for long sequences.

On the other hand, only FEP and AMP were stable in blood during the first 8 h after
blood collection [39], so it is recommended to centrifuge the sample to obtain the plasma as
soon as possible. Plasma samples were stable both at 4 °C and frozen at —20 °C for at least
7 days. This is in line with already published stability data [37].

The pilot study demonstrates the validity of the method for clinical implementation. It
is important to highlight the variety of the types of patients included in the study, including
both critically ill patients and patients in hospitals at home, which reinforces the versatility
of the method developed. Most of the antibiotic concentrations were found to be within the
range of the calibration line, which facilitates their interpretation. A high inter-individual
variability between patients was observed, which is consistent with the high variability
in beta-lactam plasma concentration previously described in the literature, and one of the
main reasons why TDM is currently recommended [3,40-43]. Furthermore, despite being a
pilot study, the analysis of the results shows the variability in terms of the concentration
observed, highlighting that approximately 26% were below MIC and would require a dose
increase and 14% of the total were very high (8-10 times above MIC) and would require a
dose decrease. The data therefore show that approximately 40% of the patients included
would require a change in dosage. This data is consistent with previously published
literature, although it is true that most of the cases refer to critically ill patients, which is
not the case in this study [40]. This discordance may be because we have taken the highest
possible breakpoint, which is the most common scenario in critically ill patients.
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This work has some limitations. Firstly, the use of commercial vials of cefepime,
ertapenem, and Zerbaxa® (ceftolozane/tazobactam) for method validation was justified
due to the limited availability. To reduce possible interferences, the standards were used
once to compare them with the commercial ones; due to the similarity and the absence
of excipients that would generate interferences, it was decided to use the commercial
ones for the validation of the method. Another limitation is the large sample volume
required (minimum 500 pL of plasma) for the analysis and processing of the samples,
which involves numerous steps requiring time and skilled personnel. On the other hand,
due to the unavailability of the analysis of ceftolozane and ertapenem by commercial
HPLC/UHPLC kits, in-house validation has not been performed for these two analytes.

Finally, it is important to emphasize that the method has been validated for the
determination of total antibiotic concentration, not free antibiotic concentration. The
analysis of the clinical results of the pilot study has been performed by estimating the free
concentration according to literature data and using the worst-case scenario according to
the European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoint,
which could bias the interpretation of the results. However, the determination of total
concentration is still the standard practice in most hospitals, mainly due to its lower cost
and the moderate protein binding of beta-lactams [44,45]. In further studies, it would be
interesting to optimize the method for the determination of free drug.

4. Materials and Methods
4.1. Reactives

Ampicillin, cefotaxime, ceftazidime, and meropenem were purchased as Pharma-
copeia reference standards (USP) from Sigma-Aldrich (Darmstadt, Germany). Ertapenem,
cefepime, and ceftolozane were obtained as drugs commercial drug formulations for injec-
tion (Ertapenem® from Aurovitas, Madrid, Spain; Cefepima® from Laboratorio Reig Jofre,
Sant Joan Despf, Spain, and Zerbaxa® from Merck, Darmstadt, Germany). Prior to the use
of the commercial vials, the purity was experimentally compared with reference standards.

Acetonitrile > 99.9% purity grade and formic acid were purchased from Thermo-Fisher
(Waltham, MA, USA); sodium dihydrogen phosphate anhydrous was obtained from Merck
(Darmstadt, Germany); water, orthophosphoric acid 85%, and chloroform were purchased
from VWR Chemicals (Leicestershire, UK).

4.2. Preparation of Stock Solutions and Working Solutions

Stock solution concentrations were 3000 mg/L for all antibiotics, except for IS, which
was 500 mg/L. These solutions were prepared in water, pooled, and stored at —20 °C.
Working solutions, at the concentrations of 500, 300, 200, 100, 75, 50, 25, and 10 mg/L,
were obtained through dilutions from the pool stock solution, and they were also stored at
-20°C.

4.3. Sample Preparation

Calibration standards were validated in the range of 1.0-50.0 mg/L. Calibration standards
were freshly prepared by dilution of the respective stock or working solution and IS in human
plasma free of analyte prior to extraction. The process is showed in Figure 5. Blood from
patients has been collected in EDTA tubes prior to infusion of the beta-lactam antibiotic
(trough concentration or Cmin) and centrifuged at 2200x g for 10 min at 4 °C to obtain
plasma. Both calibration standard and plasma samples were prepared as follows: 25 pL of
IS was added to 500 puL of the sample. Protein precipitation was performed with 1500 pL
of acetonitrile, vortexed, and centrifugated under the same conditions. Supernatants were
collected and treated with chloroform in a proportion of 1:1 v/v for lipid extraction, vortexed,
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and centrifugated again. Supernatants were collected and diluted 1:3 v/v for TOL and 1:1
for the rest of the antibiotics. Finally, 500 pL of this mixture was transferred to vials, filtered
through a 0.22 um PTEFE filter (STF020015H/L, CHMLAB Group, Barcelona, Spain), and
analyzed by ultrahigh-performance liquid chromatography (UHPLC) with UV-Vis.

1:1 CHCls = Tots 1:1 H,0* 0.22 yM

2200-Xg; 10min; 4°C 2200 ;g; 10min; 4°C UHPLC-UV/Vis
Figure 5. Sample preparation * Dilution 1:3 for TOL.

Quality control (QC) samples were prepared by spiking known volumes of beta-
lactam antibiotics from working solutions to drug-free human plasma to obtain three
concentrations at low (5.0 mg/L), medium (20.0 mg/L), and high levels (50.0 mg/L). Lower
and upper limits of quantification were also prepared by diluting the working solutions
in plasma.

4.4. Chromatography System

The UHPLC system consisted of a Waters Acquity H-Class Plus UPLC (Waters Corpo-
ration, Milford, MA, USA) equipped with a PDA detector and a reverse-phase Luna®Omega
C18 column (1.6 um, 50 x 2.1 mm, 100 A; Phenomenex Kinetex, Torrance, CA, USA). Mo-
bile phases consisted of 10 mM sodium dihydrogen phosphate solution acidified with
orthophosphoric acid to pH 2.4 (Phase A) and acetonitrile with 0,1% formic acid (Phase
B). For this purpose, 10 pL of each sample at 30 °C was injected, and the flow rate was
set to 0.5 mL/min with controlled room temperature (RT). A programmed mobile-phase
gradient was used: 0.5 min. 96% A—4% B; 6 min. 82% A-18% B; 7.50 min. 82%A-18% B;
7.60 min. 96% A—4% B; 12 min. 96% A—-4% B. The same IS was used for all antibiotics, but
at different wavelengths.

4.5. Validation of the Method

The correct validation of the method is critical to ensure that the results are suitable
for their intended purpose; with this aim, it was conducted with reference to the EMA
guideline on bioanalytical method validation [27].

4.5.1. Selectivity

To investigate interferences, ten blank plasma samples from the plasma of different
real patients were prepared and analyzed individually.

Specificity of the assay was demonstrated by confirming the absence of chromato-
graphically interfering peaks from co-drugs.

In addition, we intentionally tested for possible interference from ceftriaxone,
cloxacillin, tazobactam, and avibactam, drugs that might be quite likely to be present
in beta-lactam TDM candidate patients. As recommended, the absence of interfering com-
ponents was accepted when the blank responses were lower than 20% of the LLOQ for
the compounds and 5% for the corresponding IS. Finally, to improve safety in selectivity,
a library of PDA spectra for each of the antibiotics was created and compared for each of
the measurements.
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4.5.2. Carryover

Carryover was assessed by measuring the signal of five blank samples analyzed
directly after the high-concentration standard. According to recommendations, the signal
should not exceed 20% of the LLOQ and 5% of the IS.

4.5.3. Calibration Curve and Lower Limit of Quantification (LLOQ)

Linearity for each antibiotic was tested by extracting plasma standards spiked at
nominal concentrations of 1.0, 2.5, 5.0, 7.5, 10.0, 20.0, 30.0, and 50.0 mg/L prepared from
aqueous standards. The calibration line was generated by least squares linear regression of
the peak area ratio of the analyte/IS against nominal concentration by Empower software
version 3.8.0.1 (Waters Corporation, Milford, MA, USA). The percentage deviation from
the nominal concentration was calculated later at each standard concentration, with <15%
(£20% at LLOQ) as the acceptance criterion for inclusion in the calibration curve. Five
calibration curves were performed for each antibiotic on different days. The mean, standard
deviation (SD), and coefficient of variation (%CV) of concentration of each point, slope, and
coefficient of determination were calculated, as well as the mean relative error percentage
(%MRE) of concentration of each point. The lower limit of quantification (LLOQ) was
validated by five replicate analyses of plasma spiked at 1.0, 2.5, or 5.0 mg/L, depending on
the analyte.

4.5.4. Precision and Accuracy

Within-run and between-run precision and accuracy of the assay were assessed by
replicate analysis (N = 10) of the low (5 mg/L), medium (20 mg/L), and high (50 mg/L)
plasma quality controls.

Concentrations were determined from the calibration curves, and the precision (%CV)
and accuracy (%MRE) were calculated at each level. A percentage of 15% was set as the
allowable deviation limit for both accuracy and precision.

4.5.5. Dilution Integrity

Dilution integrity was demonstrated for each analyte by spiking the matrix with
concentrations of analytes above the upper limit of quantification (ULOQ), 100 mg/L
(ULOQ I) and 150 mg/L (ULOQ II). Within-run and between-run precision and accuracy
were measured in ten replicates.

4.5.6. Internal Validation

In order to test the validity of the developed method, samples of real patients from
different clinical areas of the University Hospital of Santiago de Compostela were analyzed
and the concentration was measured in parallel with this method and with the antibiotic
HPLC kit 61,000 marketed by Chromsystems Instruments & Chemicals GmbH (Gréfelfing,
Alemania) and certified according to the ISO 13485 standard [18]. The correlation was
analyzed by linear regression. Since there are no commercially available kits that measure
ceftolozane or ertapenem, these two analytes could not be tested in this step.

4.6. Stability Assay

The stability of the working solutions and IS was evaluated by comparing a solution
that had been stored at —20 °C for 6 or 9 months with a freshly prepared one. Concen-
trations used were 5 and 50 mg/L. Three replicates have been made. Additionally, the
stability of the IS and analytes in extracted plasma was tested by placing processed samples
in glass vials within the autosampler at 6 °C for 7 days and storing at —20 °C for 1 month.
The areas under the chromatographic peaks (peak area) were compared, along with the
areas normalized to the IS. Three replicates have been made.
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On the other hand, the stability of beta-lactam antibiotics in both whole blood and
plasma has been assessed, too. Blood was collected in EDTA tubes and enriched with
working solutions at the following concentrations: 5, 20, and 50 mg/L. Aliquots were taken
at 0, 8, 12, 24, 48, 72 h. Stability was tested at 4 °C and at RT. In the other case, human
plasma free of analyte was enriched with working solutions at the same concentrations. In
this case, aliquots were taken at 0, 12, 24, 48, 72 h, 4, 5, 6, and 7 days. Stability was tested
at4 °C and at —20 °C. The samples were processed as explained above and analyzed by
UPLC/UV-Vis. Three replicates were made.

4.7. Clinical Implementation

With the aim of transferring the developed method to clinical practice and imple-
menting therapeutic monitoring of beta-lactams, a pilot study was carried out in patients
admitted to different clinical areas of the hospital (normal hospitalization area, critical care
area, and home hospitalization). The study was approved by the clinical research Ethics
Committee with registered number 2020/486. In order to evaluate the analytical capacity of
the method and the feasibility and the relevance of its clinical implementation, two blood
samples were collected (EDTA anticoagulated tube) prior to infusion of the beta-lactam
antibiotic (trough concentration or Cmin). The samples were immediately centrifuged, and
the plasma was frozen at —80 °C until analysis. Each of the samples collected for each
patient was analyzed on different days; the results are shown as the mean =+ standard
deviation (SD) and CV%. Subsequently, the free drug concentration (fCin) was determined
(based on literature data on plasma protein binding [46]), and the number of times the
concentration was found to be above the MIC (using the worst-case scenario MIC value
and using the breakpoint data recorded in EUCAST in December 2024 [47]).

5. Conclusions

The determination of beta-lactam antibiotics in plasma is essential for the monitoring
of these antibiotics. Despite the advantages of UHPLC-MS/MS over UPLC-UV /Vis, the
development and validation of UPLC-UV /Vis’s determination methods are very important
because not all hospitals have a UHPLC-MS/MS system available. The proposed method
quantifies six beta-lactam antibiotics (FEP, TOL, CAZ, MER, ETP, and AMP) simultaneously
without mobile phase change, which facilitates their implementation in clinical practice.
Moreover, it is the first method in which TOL, ETP, and AMP are quantified together
with other antibiotics by UPLC-UV /Vis. The method employs a single-gradient mobile
phase coupled with a PDA detector, enabling precise separation, reduced interference,
and reliable analyte identification. Validation was conducted in accordance with EMA
bioanalytical guidelines, confirming its selectivity, precision, accuracy, and linearity across
clinically relevant concentrations (1.0-50.0 mg/L). Furthermore, the validity of the method
was confirmed using commercial kits. A pilot study of 35 patients confirmed the need
for TDM in beta-lactam antibiotics due to their high inter-individual variability and the
validity of the method for clinical implementation. Finally, the demonstrated stability of
both extracted plasma analytes and unprocessed samples gives us a wide time window,
which facilitates routine work in clinical practice.

6. Future Directions

The next step following the development and analytical validation of this UHPLC-
UV /Vis method is its broader clinical implementation and clinical validation. Future
studies should focus on evaluating the impact of routine application of this method on
the optimization of beta-lactam therapy through therapeutic drug monitoring (TDM). By
assessing clinical outcomes, dosing adjustments, and pharmacokinetic target attainment in
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real-world settings, it will be possible to determine the clinical utility and effectiveness of
the method beyond the analytical level. Successful validation in a clinical context could
strengthen the case for systematic TDM of beta-lactams and foster its adoption in other
hospitals. This, in turn, may improve the rational use of beta-lactam antibiotics, enhance
treatment efficacy, reduce toxicity, and contribute to combating antimicrobial resistance.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/antibiotics14060613/s1. Figure S1. Stability assay on different
matrixes. (A) Whole blood (B) Plasma. Figure S2. Stability assay of analytes in extracted plasma in
the autosample. (A) Processed samples from whole blood (B) Processed samples from plasma.
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