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Abstract

:

Monitoring plasma concentrations of β-lactam antibiotics is crucial, particularly in critically ill patients, where variations in concentrations can lead to treatment failure or adverse events. Standardized antimicrobial regimens may not be effective for all patients, especially in special groups with altered physiological parameters. Pharmacokinetic/pharmacodynamic (PK/PD) studies highlight the time-dependent antibacterial activity of these antibiotics, emphasizing the need for personalized dosing. Therapeutic drug monitoring (TDM) is essential, requiring rapid and accurate analytical methods for precise determination of drugs in biological material (typically plasma or serum). This study presents a novel capillary zone electrophoresis–tandem mass spectrometry (CZE-MS/MS) method designed for the simultaneous quantification of five penicillin antibiotics, two cephalosporins, one carbapenem, and two β-lactamase inhibitors in a single run. The method involves a simple sample pretreatment—precipitation with organic solvent—and has a run time of 20 min. Optimization of CZE separation conditions revealed that 20 mM ammonium hydrogen carbonate (NH4HCO3) serves as the optimal background electrolyte (BGE). Positive electrospray ionization (ESI) mode, with isopropyl alcohol (IP)/10 mM ammonium formate water solution (50/50, v/v) as the sheath liquid, was identified as the optimal condition for MS detection. Method validation according to the Food and Drug Administration (FDA) guideline for development of bioanalytical methods demonstrated satisfactory selectivity, linearity, recovery, robustness, and stability. The method’s practicality was evaluated using the Blue Applicability Grade Index (BAGI), yielding a score of 77.5. Moreover, the greenness of the proposed method was evaluated by two commonly used metric tools—Analytical GREEnness (AGREE) and Green Analytical Procedure Index (GAPI). The developed CZE-MS/MS method offers a practical and reliable approach for quantifying a broad spectrum of β-lactam antibiotics in plasma. Its ability to simultaneously quantify multiple analytes in a single run, coupled with a straightforward sample pretreatment, positions it as a valuable and prospective tool for TDM in critically ill patients.
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1. Introduction


Monitoring plasma concentrations of β-lactam antibiotics (ATBs) is crucial, especially in critically ill patients, where variations in these concentrations can be significant, ranging from subtherapeutic to potentially toxic levels [1]. Low drug concentrations may result in treatment failure, leading to prolonged hospitalization or even death. Conversely, high plasma concentration levels pose the risk of rare but serious adverse events, such as neurotoxicity and nephrotoxicity, which can be dose-dependent and challenging to detect promptly in the intensive care unit (ICU) [2].



Clinical trials often tailor antimicrobial regimens for the “average patient”. However, such a standardized approach may not represent an effective therapeutic management for all individuals [3]. A good example, is critically ill patients in particular, who are very often affected by receiving insufficient ATB treatment under such regimens [4]. Special patient groups, including critically ill, obese, or older individuals, typically exhibit an altered volume of distribution, protein binding, clearance, and other pathophysiological changes, making the prediction of antibiotic concentrations challenging [5]. Additionally, new information indicates a possible correlation between the clinical outcomes of critically ill patients and the serum concentrations of β-lactam ATBs [6].



Pharmacokinetic/pharmacodynamic (PK/PD) studies of these ATBs consistently indicate that their antibacterial activity is time-dependent [7,8,9,10]. It means that the time interval during which plasma concentration of ATBs remains above the minimal inhibitory concentration (MIC) between two administered doses correlates well with treatment effectiveness. Some studies demonstrated that the optimal bactericidal activity is also attained when the plasma concentrations of ATBs exceed four to five times the MIC for 70% to 100% of the dosing interval [11,12,13,14]. Only 60% of ICU patients achieve these PK/PD targets, and not achieving them is associated not only with therapeutic failure and prolonged hospital stay, but also with increased microbial resistance [15]. Therefore, the implementation of therapeutic drug monitoring (TDM) for β-lactam ATBs is imperative. This involves the precise and prompt measurement of the plasma concentration of drugs, enabling tailored dosage adjustments for individual patients. The key requirement is an analytical method that is rapid, reliable, accurate, and robust. There are no immunoassays available for β-lactam ATBs quantification. Liquid chromatography (LC) methods coupled with ultraviolet (UV) [16,17,18,19,20] or mass spectrometry (MS) detection [1,21,22,23,24] are primarily utilized for this purpose. However, a TLC method was also developed for this purpose [25].



Capillary electrophoresis (CE) serves as a sustainable alternative to chromatographic methods, attributed to its minimal sample consumption and avoidance of organic solvents. Capillary zone electrophoresis (CZE) or micellar electrokinetic chromatography (MEKC) methods have been established for β-lactam ATBs quantification, which have predominantly employed UV detection [26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41] and, in a few cases, also conductivity detection [42,43,44]. Most CE methods are typically designed to quantify only one or two analytes. Even those capable of quantifying multiple analytes (typically 4–6) usually focus on analytes belonging to the same chemical group. For instance, Gáspár et al. developed a MEKC method for the analysis of four cephalosporins [31], Andrási et al. introduced a method for quantifying six cephalosporins [35], and Pham et al. focused on determination of four carbapenems [42]. Similarly, Slampova et al. presented a MEKC method for quantifying four penicillin ATBs recently [38]. A complex overview of CE-based methods used in the analysis of β-lactam ATBs and β-lactamase inhibitors in plasma or serum samples (matrices used for TDM) is present in Table 1. Although the previous CE methods have brought advances in the field of electrodriven separation techniques, the clinical practice is a specific field that demands reliable methods capable of quantifying a broad spectrum of β-lactam ATBs.



In this study, we aim to present the pioneering CZE-MS/MS method designed for simultaneous quantification of five penicillins (amoxicillin—AMX, ampicillin—AMP, flucloxacillin—FLX, oxacillin—OXA, piperacillin—PIP), two cephalosporins (cefotafime—CTX, ceftazidime—CAZ), one carbapenem (meropenem—MER), and two β-lactamase inhibitors (sulbactam—SUL, tazobactam—TAZ) in plasma matrix within a single run. Different chemical structures of the investigated analytes (Figure 1) did not pose problems during development of the method. However, some compromises were taken into consideration. The method incorporates a straightforward sample pretreatment, a simple one-step protein precipitation with the use of a convenient organic solvent. Such an analytical approach could be positively perceived by the scientific and clinical community because its implementation into the TDM of β-lactam ATBs and β-lactamase inhibitors may contribute to understand their concentration–effect relationship, which is currently insufficiently documented in the literature.




2. Results and Discussion


Development of the new analytical method based on CZE hyphenated with MS/MS detection for simultaneous determination of ten selected β-lactam ATBs and β-lactamase inhibitors demanded compromises during the optimization procedure. It is a consequence of different chemical structures of the analytes resulting in their various physic-chemical properties. From the CZE point of view, generally low repeatability of this method is the main disadvantage, which significantly prevents its wider application in real clinical analysis, including TDM. Therefore, the main emphasis during the optimization procedure was not only on maximizing the intensity of the analytical signal, but also on achieving reproducible results with minimized relative standard deviation (RSD) values.



The aforementioned decision criteria were applied during the whole optimization procedure comprising: (i) optimization of the CZE separation step; (ii) optimization of the MS detection step (including electrospray ionization, ESI). Three replicates were used per each condition during method optimization.



2.1. Optimization of the CZE Separation Conditions


All 10 analytes, i.e., 8 β-lactam ATBs and 2 inhibitors of β-lactamase, are characterized by the presence of a carboxylic acid and β-lactam ring in their structures (for details of individual structures see Figure 1). The presence of acidic functional groups predisposes these analytes to electrophoretic analysis in a basic environment, which results in the formation of ions that are essential for the electrophoretic process [45]. In the CE-UV (or CE-DAD) methods for the analysis of β-lactam ATBs published so far, the use of phosphate or borate buffer as a background electrolyte (BGE) predominates [26,27,28,29,31,33,35,36,38,39]. However, these buffers are not compatible with the MS detection step. Therefore, we focused on testing aqueous solutions of ammonium carbonate, (NH4)2CO3, and ammonium hydrogen carbonate, NH4HCO3, at different concentrations as BGEs in the development of the CZE-MS/MS method. These BGEs fulfill the required criteria on the CE-MS connection—i.e., volatility and low ion strength.



The selected BGEs were tested in the concentration range of 10–100 mM (see Figure 2A,B). When NH4HCO3 was tested, optimal results were observed at a concentration of 20 mM. Higher or lower concentrations of the BGE resulted in decreased signal intensity, except of AMX and FLX. Signal intensity maximum of these two analytes was achieved at 50 mM concentration of the BGE. However, significantly higher RSD values of peak area were observed (Figure 2A). On the contrary, in the case of (NH4)2CO3 as BGE, the highest analytical signal of most ATBs was obtained at the concentration of 75 mM. However, excessively high RSD values of the peak area were observed (Figure 2B). This necessitated a compromise between intensity and RSD, and 20 mM (NH4)2CO3 emerged as the optimal concentration. Further, a comparative study between 20 mM NH4HCO3 and 20 mM (NH4)2CO3 was conducted (see Figure 2C), which confirmed the use of 20 mM NH4HCO3 as optimal BGE in further experiments. As pH plays a crucial role in the ionization of analytes, a further step in the optimization procedure was focused on investigation of the effect of this parameter on separation properties, resolution, and signal intensity of the ATBs. The original BGE, 20 mM NH4HCO3, maintained a pH value of 8.06. In our experiments, the pH of the separation environment was adjusted to 7.45 with formic acid, and to 9.36 with 12.5% ammonium hydroxide (NH4OH). These pH changes significantly reduced signal intensity for all analytes except for CAZ (see Figure 2D). In general, no significant improvement of the separation and detection properties of the selected ATBs was observed during the experiments with changed pH of the BGE. Therefore, the pH value of 8.06 was selected as the optimal one.




2.2. Optimization of MS Detection Conditions


2.2.1. ESI Optimization


The positive ESI mode was selected according to the previously published papers dealing with MS/MS analysis of β-lactam ATBs and inhibitors of β-lactamase [1,21,24,46,47]. Selection of this ESI mode was also accompanied by the basic fact that the sensitivity of the positive ESI mode is significantly higher, as in the case of the negative ESI mode [48,49].



In the case of the CZE-MS/MS analytical device, the sheath liquid (SL) is a crucial factor of the coaxial sheath flow ESI interface because it ensures adequate ionization of the analyte and provides electrical contact between the liquid in the separation capillary and the electrode [50]. Organic solvents and a water phase enriched with volatile organic acids or their ammonia salts are typically combined to create a sufficient SL. Here, four different types of SL combinations were investigated: (a) methanol (MeOH)/0.1% formic acid water solution (50/50, v/v), (b) isopropyl alcohol (IP)/0.1% formic acid water solution (50/50, v/v), (c) MeOH/10 mM ammonium formate water solution (50/50, v/v), and (d) IP/10 mM ammonium formate water solution (50/50, v/v), (75/25, v/v). The main criteria chosen in the optimization procedure were maximization of the analytical signal and its reproducibility. At first, the aforementioned mixtures at 50/50 (v/v) ratio were tested and compared. According to the results summarized in Figure 3A, the optimal analytical signal properties of all investigated molecules were obtained by using the 10 mM ammonium formate/IP mixture. However, the highest intensity of the analytical signal for AMP was obtained by using the mixture of 0.1% formic acid/IP, but this environment resulted in poor peak area reproducibility (RSD values > 24%).



Typically, increasing the proportion of the organic phase in SL is responsible for improvement of the analytical signal [50]. Therefore, the selected SL composed of 10 mM ammonium formate/IP mixture underwent further investigation involving variation in the inorganic to organic phase ratio, i.e., 25/75 (v/v). As anticipated, the analytical signal response increased for all tested analytes (Figure 3B), and the increase was within the range of 22–79%. On the contrary, significant worsening of the reproducibility expressed as RSD of peak areas (ranging from 5.8% to 23%) was observed. Due to these facts, the mixture composed of IP/10 mM ammonium formate water solution (50/50, v/v) was selected and used in further analyses.



Another important ESI parameter is the SL flow rate, which influences the stability and sensitivity of MS detection, as well as the efficacy of the ionization process. During the optimization procedure, the SL flow rate in the range of 4–8 μL min−1 was examined. Based on the acquired data, we assessed that the highest analytical signal response was provided at SL flow rate of 6 μL min−1. Simultaneously, we observed that with increasing SL flow rate, the RSD of peak areas decreased (this trend was characteristic within all investigated analytes). The resulting RSD of peak areas for SL flow rate set at 6 μL min−1 ranged from 5.6% to 17%, while for SL flow rate at 8 μL min−1, the RSD values ranged from 1.8% to 4.7%. These results confirm significant improvement of measurement repeatability while maintaining more than 80% signal intensity (except of AMP) compared to the conditions with the achievement of the most intense analytical signal, i.e., SL flow rate of 6 μL min−1 (see Figure S1A in Supplementary Materials). According to these findings, we decided to perform a further experiment with the SL flow rate set to 8 μL·min−1.



Additional ESI parameters were investigated and optimized in the following ranges: nebulizing gas pressure (5–15 psi), drying gas temperature (150–350 °C), drying gas flow rate (2–13 L·min−1), and capillary voltage (3000–5000 V). These parameters are also crucial for a successful ionization process and stability of the analytical signal. The results obtained from the investigation of the aforementioned parameters are summarized in Figure S1B–E. The following values of the ESI parameters were used in further experiments: nebulizing gas pressure—8 psi, drying gas temperature—300 °C, drying gas flow rate—8 L·min−1, and capillary voltage—4500 V.




2.2.2. Triple Quadrupole (QqQ) MS Optimization


The next optimization procedures were focused on the QqQ MS/MS instrument, which included employing various QqQ operating modes, such as Scan, Selected Ion Monitoring (SIM), Product Ion, and Multiple Reaction Monitoring (MRM), in a sequential fashion. A methodical application of these modes enabled us to identify relevant precursor (parent) and product (daughter) ions of the investigated β-lactam ATBs and inhibitors of β-lactamase. Additionally, it allowed the selection of characteristic precursor–product ion transitions, ensuring the unambiguous identification and determination of the analytes, along with the establishment of optimal values for parameters like fragmentor voltage and collision energy.



In Scan mode, precursor ions were initially identified, and under the selected conditions, all ten analytes and four internal standards were preferentially singly charged (confirmation was based on the molecular weights of the analytes). The fragmentor voltage was fine-tuned in SIM mode within the 20–200 V range to maximize the intensity of precursor ions. Optimizing the collision energy (tested in the range of 5–20 eV) in the Product Ion mode resulted in obtaining characteristic MS spectra of the analytes and selection of appropriate product ions. The investigated characteristic ions and optimized values of fragmentor voltage and collision energy are summarized in Table 2. For each compound within the MS spectrum, two distinctive product ions were chosen, the qualifier (used for identity confirmation) and the quantifier (an ion with the highest signal intensity).



The unequivocal identification and quantification of the investigated analytes was ensured by applying the MRM mode of the MS detector. The following m/z ion quantification transitions were applied in the MRM mode for each investigated analyte: AMX 366.1 → 113.7, AMP 350.0 → 106.1, CTX 456 →166.7, CAZ 547.1 → 395.8, FLX 454.1 → 295, MER 384.0 → 113.7, OXA 402.1 → 160.0, PIP 518.0 → 143.0, SUL 234.0 → 123.8, and TAZ 301.1 → 168. These transitions were in good agreement with previously published data [1,22,24,51]. Details regarding quantitation and identity confirmation transitions for the investigated β-lactam ATBs, inhibitors of β-lactamase, and their associated internal standards are summarized in Table 2.



Another parameter that affects the signal-to-noise (S/N) ratio and sensitivity of the MS/MS analyses is the dwell time. It represents a time spent acquiring a specific MRM transition in each MS cycle. The influence of dwell time within the range of 75–200 ms on the signal intensity and S/N ratio of β-lactams was investigated systematically (see Figure S1F in the Supplementary Materials). Increased dwell time resulted in significant S/N ratio decline of all analytes. In contrast, when assessing the analytical signal (peak area), consistent values were observed at dwell times of 75, 100, and 150 ms. The 200 ms setting led to reduced peak areas. According to meticulous evaluation of the obtained data, dwell time of 100 ms represented optimal conditions.





2.3. Optimization of Plasma Sample Preparation


Effective pretreatment of biological samples is a crucial element of the whole analysis. Typically, simple and easy procedures are preferred. These criteria fulfill methods based on plasma protein precipitation with organic solvents, which were also used in this work. It is suggested that such simple sample procedures are sufficient enough because the binding of analyzed β-lactam ATBs and inhibitors of β-lactamase to plasma proteins does not exceed 80% [52,53]. Therefore, it is an adequate sample treatment tool before analyzing the total concentration of these selected substances in the blood [54]. However, some problems could arise in case of FLX and OXA because their binding to plasma proteins achieves 95 and 89–94%, respectively. A more detailed focus on sample pretreatment of these two substances in plasma samples is demanded, but the effectiveness of the pretreatment steps in such cases can be assessed and evaluated only according to the data obtained from the large number of real plasma samples from patients hospitalized in the ICU. During the plasma sample preparation optimization procedure, this issue dealing with FLX and OXA was neglected, because the goal of this work was to develop a practical CZE-MS/MS method that would allow simultaneous analysis of a wide range of β-lactams.



The majority of LC-MS/MS methods for ATB determination describe the use of ACN or MeOH as suitable precipitation agents [46,47,55,56]. Our work was focused on testing various precipitation agents, i.e., pure ACN, pure MeOH, and their combinations at various ratios (ACN:MeOH = 3:1, 2:1, 3:2, 1:1) and different volumes (120 µL and 180 µL). Intensity of the analytical signal (expressed as peak area) and its RSD were the main decision criteria during the optimization procedure (see Figure S2A–C in Supplementary Materials). As can be seen, higher content of MeOH in the precipitation mixtures led to decreased intensity of the analytical signal. This tendency was observed for both precipitation mixture volumes, i.e., 120 µL (Figure S2A in Supplementary Materials), and also 180 µL (Figure S2B in Supplementary Materials). Moreover, the use of solely MeOH as precipitating agent was accompanied with an unstable electrical current during the CZE separation, resulting in interruption of the whole analysis. However, the mixture ACN:MeOH at the ratio 3:2 provided improved analytical signal intensity, and the investigated RSD values were relatively high 3.3–15.9%. Higher stability and repeatability of the analytical signal was observed when using mixtures with higher amounts of ACN. The further investigation clearly showed that use of pure ACN at the volume of 120 µL was the optimal precipitating agent (see Figure S2C in Supplementary Materials).




2.4. Method Validation


Validation of the developed CZE-MS/MS method for simultaneous determination of eight β-lactam ATBs and two inhibitors of β-lactamase was realized according to the recommendations of the Food and Drug Administration’s (FDA) guideline for bioanalytical method validation [57]. Validation parameters, including selectivity, linearity range, recovery, robustness, the limit of detection (LOD), the lower limit of quantitation (LLOQ), accuracy, precision, carry-over effect, and stability were thoroughly investigated. Table 3, Table 4 and Table 5 summarize the results obtained during the validation procedures.



Selectivity assessment was based on measurements of blank plasma samples, zero-calibrator plasma samples containing only IS, and plasma samples at the first calibration level. The results unequivocally demonstrated the absence of matrix interferents in the migration positions of β-lactam ATBs, inhibitors of β-lactamase, and IS (Figure S3 in Supplementary Materials).



Linearity of the proposed method was evaluated using calibration standards of the selected analytes in the concentration range of 0.5–40 μg·mL−1 for AMP, CTX, FLX, and OXA, and in the concentration range of 1–40 μg·mL−1 for AMX, CAZ, MER, PIP, SUL, and TAZ (for detailed information, see Section 3.4. Preparation of Standard Solutions). The calibration curves were constructed based on the ratio of analyzed β-lactam ATB or inhibitor of β-lactamase to its corresponding IS (defined in Table 2). Linear calibration curves (correlation coefficient > 0.98) were obtained for the analyzed β-lactam ATBs and inhibitors of β-lactamase. The linearity was approved by the linear regression analysis. Further, calibration equation and standard deviation of the slope and intercept were calculated (Table 3).



The LOD values were determined experimentally, the method based on S/N ratio was applied. LOD values (S/N = 3) for plasma and model water matrices were in the range of 0.009–0.5 μg·mL−1 and 0.0009–0.438 μg·mL−1, respectively. The LLOQ values were selected as the first points of the calibration curves, representing the lowest concentrations of analytes that can be quantified. Detailed information about individual LOD and LLOQ values for each investigated analyte are summarized in Table 3.



The method’s sensitivity and the achieved LLOQ values play a crucial role in assessing plasma concentrations in critically ill patients in clinical practice. When compared with the therapeutic values reported by Schultz et al. [58], the LLOQ values obtained by our proposed CZE-MS/MS method are adequate for the quantification of the selected ATBs.



The precision and accuracy of the developed CZE-MS/MS method were investigated using a series of QC samples prepared at three concentration levels of analytical standards—i.e., 2.5 μg·mL−1 (QC low), 15 μg·mL−1 (QC medium), and 35 μg·mL−1 (QC high), resulting in concrete concentrations of pure antibiotic substances (for detailed information, see Section 3.4. Preparation of standard solutions). Illustrative electropherograms from the analysis of selected β-lactam ATBs and inhibitors of β-lactamase in the QC low sample are present in Figure 4 and Figure S4 in Supplementary Materials.



Precision was examined in terms of repeatability within and between days. The intra-day precision was evaluated by analysis of the QC samples three times in a single day. The inter-day precision was evaluated by repeated analyses of the QC samples over six days (two or three replicates were analyzed per day). The intra-day accuracy (expressed as relative standard deviation as a percentage, % RSD) varied from 1.1 to 12.3%, from 3.3 to 14.6%, and from 4.0 to 14.3% for QC low, QC medium, and QC high, respectively. The corresponding accuracy varied from −14.5 to 18.9%, from −4.5 to 12.6, and from −14.3 to 8.3% for QC low, QC medium, and QC high, respectively. The inter-day accuracy (% RSD) varied from 13.6 to 14.9%, from 6.9 to 13.2%, and from 7.8 to 13.9% for QC low, QC medium, and QC high, respectively. The corresponding accuracy varied from −2.2 to 8.7%, from −3.5 to 6.5, and from −3.9 to 2.6% for QC low, QC medium, and QC high, respectively. All accuracy and precision values for individual analytes and their investigated QC levels are listed in Table 4. The FDA’s requirements for accuracy and precision were satisfied (the determined values ≤ 15%). Only in the case of intra-day accuracy for CAZ at low QC sample did the RSD value exceed the permitted value. Nevertheless, the CZE-MS/MS method can be implemented into reliable quantification of all selected β-lactam ATBs and inhibitors of β-lactamase. This statement is also supported by the fact that the therapeutic plasma concentration of CAZ varies between 20–50 μg·mL−1 [49]. Therefore, it is expected that a lower concentration will not play a significant role in the TDM purpose of the developed method.



During the validation process, two types of sample stability were assessed: freeze-to-thaw stability (three cycles of freezing and thawing at room temperature) and short-term stability (sample kept in an autosampler for 24 h at laboratory temperature). The procedure was performed with the use of QC samples at three concentration levels and the determined results were compared with those obtained from the analysis of freshly prepared QC samples. The findings summarized in Table 5 unambiguously confirmed satisfactory short-term and freeze–thaw stability of the analytes under the investigated conditions. The FDA acceptance standard (±15%) was fulfilled by the differences between the nominal and found concentrations, as indicated by the relative error (RE) values (see Table 5).



The validation parameter recovery was evaluated as a ratio of the analytical signals (normalized peak area of the analytes) obtained from the analysis of QC plasma samples spiked with analytical standards at three concentration levels (low, medium, and high) prior to extraction and comparative plasma samples spiked with analytical standards after the extraction process. The recoveries of the investigated β-lactam ATBs and inhibitors of β-lactamase were in the range of 20–40% (see Table S1 in Supplementary Materials). The obtained values are satisfactory because the extraction procedure showed excellent repeatability.



Robustness of the method reflects the effect of small changes in the experimental conditions on analytical results. Here, the effect of a ±1 mM change in BGE concentration was investigated using QC plasma samples. The comparison of results obtained under changed conditions with those ones obtained under standard conditions led to RE values lower than 10%, so the proposed method displayed appropriate robustness.



The carryover effect was assessed by analyzing the highest point of the plasma calibration curve, followed by the analysis of the blank water sample. No presence of peaks was observed in the migration positions of the investigated substances in the blank water sample (Figure S5 in Supplementary Materials).




2.5. Method Practicality and Greenness Evaluation


To evaluate the practicality of our developed method, we employed the Blue Applicability Grade Index (BAGI) metric, a new tool used for the assessment of analytical methods [59]. This metric considers ten crucial attributes, including the type of analysis, the simultaneous determination of analytes, sample throughput, reagents and materials consumption, required instrumentation, effectiveness of sample treatment, need for preconcentration, degree of automation, type of sample preparation, and sample amount. According to the input data, a corresponding asteroid pictogram is generated, representing the overall score assigned to the analytical method, ranging from 25 to 100. A score of 25 indicates the poorest performance, while a score of 100 signifies an outstanding performance. A method is deemed practical if it attains a minimum of 60 points. The evaluation of our newly developed method resulted in a score of 77.5 (corresponding pictogram is shown in Figure 5A), which confirmed suitability of the proposed method for its practical use in the area of therapeutic drug monitoring of selected β-lactam ATBs and inhibitors of β-lactamase. The only one limiting step, which significantly decreased the overall practicability of the method (white subsection in the pictogram), is accompanied by the use of sophisticated instrumentation (here, CZE-MS/MS) that is not commonly available in most laboratories.



Moreover, in comparison to some LC analytical approaches, the developed CZE-MS/MS method is characterized by minimization of sample and chemical consumption, with comparable or even better LOD values as some LC-MS/MS methods [23,24]. Similarly, the proposed CZE-MS/MS method does not require any specific demands on sample pretreatment, as is the case of some LC approaches, which demanded, for example, an SPE procedure [23]. Compared to LC-UV approaches [16,17,18,19,20], our approach is characterized by improved selectivity (implementation of MS as a detection technique), which significantly minimizes the risk of interferences with co-medications and endogenous substances. Some of the LC approaches are also characterized by rather long run times and low detection capabilities (UV as the detection technique). Moreover, the demands on chemical consumption are significantly higher than in case of our CE approach.



To clearly present the importance of the developed method as a simple and green analytical method, the greenness of the CZE-MS/MS approach was evaluated by the Analytical GREEnness Metric Approach, AGREE [60], and the Green Analytical Procedure Index, GAPI [61]. Both of the greenness metric tools refer to the 12 SIGNIFICANCE principles of the green analytical chemistry. In the case of the AGREE tool, each of the 12 input variables are transformed into a scale in the 0–1 range. The overall score is shown in the middle of the pictogram, with values close to 1 and dark green color indicating that the assessed procedure is greener [60]. In our case, the overall greenness score obtained with the use of the AGREE metric was 0.62 (Figure 5B). The limiting steps, which decreased the overall score, were associated with the use of instrumentation demanding high energy consumption (red color of the subsection 9 in the pictogram) and no use of reagents obtained from renewable sources (red color of the subsection 10 in the pictogram). In the case of the GAPI greenness evaluation procedure, seven subsections of the pictogram (Figure 5C) were red, especially those ones accompanied with the sample collection, preservation, transport, and storage. Similarly, the sophisticated instrumentation represented by CZE-MS/MS, which demands high energy consumption, was also responsible for presence of more red subsections in the final GAPI pictogram. However, according to the obtained results, the proposed CZE-MS/MS approach represents a practicable and also green analytical approach implementable into the TDM.




2.6. Limitations and Future Perspectives of the Study


The developed and validated CZE-MS/MS method for determination of selected β-lactam ATBs represents only a preliminary study and, therefore, it has some limitations. The first significant limitation is the absence of real clinical samples from critically ill patients undergoing ATB therapy. Here, only plasma samples from six healthy volunteers spiked with the analytical standards of investigated ATBs were used. Therefore, to really confirm the application potential of the proposed method, analysis of real clinical samples will be essential. Analysis of a large number of samples is highly demanded. Further challenges are accompanied with more detail and comprehensive investigation of stability of the samples during the whole preanalytical and analytical stage. We expect that this step is critical to obtain reliable data. Testing of appropriate collection tubes and storage conditions of unpretreated and pretreated samples is of great importance, because these steps represent significant sources of analytical errors.





3. Materials and Methods


3.1. Chemicals and Samples


Merck (Darmstadt, Germany), Sigma Aldrich (Steinheim, Germany), and Fluka (Buchs, Switzerland) provided the LC-MS-grade chemicals required to prepare the electrolyte solutions (i.e., ammonium carbonate—(NH4)2CO3, ammonium hydrogen carbonate—NH4HCO3), as well as sheath liquid solutions (methanol—MeOH, isopropyl alcohol—IP, formic acid, and ammonium formate). LC-MS-grade acetonitrile (ACN) was obtained from VWR International (Vienna, Austria). Sodium hydroxide (NaOH), p.a. quality, was obtained from Agilent Technologies (Santa Clara, CA, USA). Dimethyl sulfoxide (DMSO), p.a. quality, was obtained from Sigma Aldrich. The electrolytes, sheath liquid, and samples were prepared using demineralized water, which was produced using a Direct-Q® 3 UV water purification system (Millipore, Molsheim, France). Electrolytes were kept in the refrigerator before analysis and filtered using disposable membrane filters with a 0.22 μm pore size from Millipore.



Analytical-grade standards of investigated ATBs (amoxicillin, ampicillin, cefotaxime sodium salt, ceftazidime, flucloxacillin sodium salt, meropenem trihydrate, oxacillin sodium monohydrate, piperacillin sodium salt, sulbactam sodium salt, and tazobactam) were purchased from Sigma Aldrich. The deuterated internal standards ([13C, 2H3]-cefotaxime, [2H6]-meropenem, [2H5]-piperacillin sodium salt, and [13C2, 15N3]-tazobactam sodium salt) were purchased from Alsachim (Strasbourg, France).




3.2. Instrumentation


All CZE-MS/MS experiments were conducted using an Agilent 7100 capillary electrophoresis system (Agilent Technologies) coupled with an Agilent 6410 Series Triple Quadrupole tandem mass spectrometer (Agilent Technologies), featuring a commercial coaxial sheath liquid electrospray (ESI) interface. Separation occurred in a 90 cm × 50 μm inside diameter (ID) bare fused-silica capillary purchased from MicroSolv Technology Corporation (Leland, NC, USA). Sample injection was performed hydrodynamically, lasting 10 s at 50 mbar. Subsequently, a short zone of BGE was hydrodynamically injected for 2 s at 50 mbar pressure to enhance sample quantitative injection and reproducibility.



Experiments were conducted under voltage of +20 kV and normal polarity, resulting in currents of 3–5 μA. The sheath liquid, consisting of IP and a 10 mM ammonium formate water solution (50/50, v/v), was delivered by an Agilent 1260 Infinity isocratic LC pump (Agilent Technologies) at a flow rate of 8 μL·min−1. The MS operated in positive-ion MRM mode, utilizing characteristic precursor ion–product ion mass transitions for each investigated substance. The dwell time, or the period during which MS collects data for a specific MRM transition, was set at 100 ms. Additional MS parameters were configured as follows: capillary voltage—4500 V, nebulizing gas (nitrogen) pressure—8 psi, drying gas (nitrogen) temperature—300 °C, and drying gas (nitrogen) flow—8 L·min−1.




3.3. Capillary Treatment


A new separation capillary was primed for its initial use by flushing it with a 1 M NaOH aqueous solution for 15 min. Subsequently, the capillary underwent a 10 min preconditioning with BGE and a 15 min rinse with demineralized water, all performed at a pressure of 950 mbar. Prior to each injection, a 2 min flush with BGE and subsequent application of a negative voltage of −25 kV for 30 s was realized to achieve re-equilibration. Post-run capillary treatment included a 2 min rinsing of the capillary with pure MeOH.



To minimize carry-over and enhance analysis repeatability, preconditioning and postconditioning procedures were implemented. At the end of each day, the capillary underwent a 20 min rinse with demineralized water, followed by a 10 min rinse with BGE. The ends of the capillary were soaked in the BGE overnight. All steps were performed at a consistent laboratory temperature.




3.4. Preparation of Standard Solutions


To prepare standard solutions, 10 mg of each individual reference standard powder was dissolved in 1 mL of DMSO (amoxicillin, meropenem trihydrate, flucloxacillin sodium salt, and oxacillin sodium monohydrate) or demineralized water (ampicillin, cefotaxime sodium salt, ceftazidime, piperacillin sodium salt, sulbactam sodium salt, and tazobactam) to create individual stock solutions. Each stock solution was aliquoted (50 µL) in 0.2 mL Eppendorf PCR tubes (Eppendorf, Hamburg, Germany) and the aliquots were stored at −80 °C.



The individual reference standard working solutions were prepared from stock solutions by their dilution in demineralized water to obtain the final concentration of 1 mg.mL−1. The prepared reference standard working solutions were aliquoted (5 aliquots of 100 µL) in 0.2 mL Eppendorf PCR tubes and stored for a maximum of five days at −20 °C. Simultaneously, individual internal standard (IS) stock solutions were created by dissolving 1 mg of their powder in 1 mL of DMSO, and the 10 µL aliquots were stored at −80 °C. The IS working solution was prepared daily by mixing 7 µL of each IS stock solution with 9972 µL of ACN.



The calibration standards and quality control (QC) standards were prepared by appropriate dilution of the individual reference standard working solutions with demineralized water. These calibrator mixtures were further processed according to the following steps. Each calibration point and QC sample were prepared from the calibrator mixtures by pipetting 30 µL of the demanded calibrator mix into the 1.5 mL Eppendorf tube, followed by adding 30 µL of water (for model aqueous matrices) or plasma (for biological matrices), and 120 µL of the IS working solution, which also served as a precipitating agent. After vortexing and incubating the mixture at room temperature for 10 min, the samples were centrifuged at 30,000× g for 10 min, and the supernatant was promptly transferred to a CE vial and directly injected into the CE apparatus. Each sample underwent three measurements. The range of calibration standards, which included AMP, CTX, FLX, and OXA, spanned from 0.5 to 40 µg·mL−1 (individual concentrations 0.5, 5, 10, 20, 30, and 40 µg·mL−1). For the remaining standards, including AMX, CAZ, MER, PIP, SUL, and TAZ, the calibration range was of 1–40 µg·mL−1 (individual concentrations 1, 5, 10, 20, 30, and 40 µg·mL−1). Subsequently, the concentrations of the reference standards were recalculated to their pure substances, and the final concentrations of the calibration solutions were in following ranges: 1–40 µg·mL−1 for AMX, CAZ, TAZ (individual concentrations 1, 5, 10, 15, 20, 30, 40 µg·mL−1); 0.5–40 µg·mL−1 for AMP (individual concentrations 0.5, 5, 10, 20, 30, 40 µg·mL−1); 0.45–36.38 µg·mL−1 for OXA (individual concentrations 0.45, 4.55, 9.09, 18.19, 27.28, 36.28 µg·mL−1); 0.48–38.15 µg·mL−1 for CTX and FLX (individual concentrations 0.48, 4.77, 9.54, 19.08, 28.62, 38.15 µg·mL−1); 0.88–35.06 µg·mL−1 for MER (individual concentrations 0.88, 4.38, 8.76, 17.53, 26.19, 35.06 µg·mL−1); 0.91–36.55 µg·mL−1 for SUL (individual concentrations 0.91, 4.57, 9.14, 18.28, 27.42, 36.55 µg·mL−1); and 0.96–38.30 µg·mL−1 for PIP (individual concentrations 0.96, 4.79, 9.57, 19.15, 28.72, 38.30 µg·mL−1). The QC samples were prepared at three concentration levels, i.e., low, medium, and high. The individual QC samples concentrations for each investigated ATB were as follows: (a) QC low—2.19 µg·mL−1 (MER), 2.27 µg·mL−1 (OXA), 2.28 µg·mL−1 (SUL), 2.38 µg·mL−1 (CTX, FLX), 2.39 µg·mL−1 (PIP), 2.50 µg·mL−1 (AMX, AMP, CAZ, TAZ); (b) QC medium—13.15 µg·mL−1 (MER), 13.64 µg·mL−1 (OXA), 13.71 µg·mL−1 (SUL), 14.31 µg·mL−1 (CTX, FLX), 14.36 µg·mL−1 (PIP), 15 µg·mL−1 (AMX, AMP, CAZ, TAZ); (c) QC high—30.68 µg·mL−1 (MER), 31.83 µg·mL−1 (OXA), 31.98 µg·mL−1 (SUL), 33.38 µg·mL−1 (FLX), 33.39 µg·mL−1 (CTX), 33.51 µg·mL−1 (PIP), 35 µg·mL−1 (AMX, AMP, CAZ, TAZ).



Plasma samples used in the experiments were obtained from six healthy volunteers. Pooled plasma samples were used during the whole calibration and validation procedure. The experimental study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of the Faculty of Pharmacy Comenius University in Bratislava, Bratislava, Slovakia (protocol code 05/2021, date of approval: 15 December 2021).





4. Conclusions


In this research, a pioneering CZE-MS/MS method was developed for the simultaneous quantification of five penicillin ATBs, two cephalosporins, one carbapenem, and two β-lactamase inhibitors in a single run. The method, utilizing a simple sample pretreatment based on plasma protein precipitation using organic solvent, addresses the need for reliable tools capable of quantifying a broad spectrum of β-lactam ATBs. A complex optimization procedure led to excellent results during the validation procedure. A complex analysis of 10 substances was realized within 20 min, which makes the developed method attractive for its implementation in real clinical and bioanalytical laboratories. Moreover, this statement was proved by the BAGI metrics, which confirmed the suitability of the method for TDM of β-lactam ATBs and β-lactamase inhibitors in clinical practice. The findings indicate that this method is a reliable tool for precise and prompt analysis of ATB plasma concentrations, enabling personalized dosage adjustments for critically ill patients. However, there is a need to verify this very promising approach by analyzing large numbers of real clinical samples collected from patients.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph17040526/s1, Figure S1: Optimization of the MS detection conditions; Figure S2: Optimization of the plasma sample pretreatment.; Figure S3: Selectivity investigation of the proposed CZE-MS/MS method; Figure S4: Illustrative extracted ion electropherograms obtained from the analysis of plasma QC samples at low concentration levels and the corresponding IS; Figure S5: Evaluation of the carry-over effect; Table S1: Recovery of the CZE-MS/MS method for β-lactam ATBs and inhibitors of β-lactamase in plasma QC samples.





Author Contributions


Conceptualization, I.C. and J.P.; methodology, I.C.; validation, I.C.; formal analysis, P.M. and M.S.; investigation, I.C.; resources, P.M. and M.S.; data curation, I.C.; writing—original draft preparation, I.C.; writing—review and editing, J.P.; visualization, I.C. and J.P.; supervision, J.P. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the projects VEGA 1/0514/22, and VEGA 1/0302/24 funded by Vedecká grantová agentúra MŠVVaM SR a SAV (VEGA).




Institutional Review Board Statement


The experimental study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of the Faculty of Pharmacy Comenius University in Bratislava, Bratislava, Slovakia (protocol code 05/2021, date of approval: 15 December 2021).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Figure 1 was created in the free available molecular modeling program ACD/ChemSketch ver2023 (Advanced Chemistry Development, Toronto, ON, Canada).




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


ACN, acetonitrile; AGREE, Analytical GREEnness; AMP, ampicillin; AMX, amoxicillin; ATB, antibiotic; BAGI, Blue Applicability Grade Index; BGE, background electrolyte; CAZ, ceftazidime; CE, capillary electrophoresis; CTX, cefotaxime; CZE, capillary zone electrophoresis; DAD, diode array detector; DMSO, dimethyl sulfoxide; ESI, electrospray ionization; FDA, Food and Drug Administration; FLX, flucloxacillin; GAPI, Green Analytical Procedure Index; ICU, intensive care unit; IP, isopropyl alcohol; IS, internal standard; LC, liquid chromatography; LLOQ, lower limit of quantitation; LOD, limit of detection; MEKC, micellar electrokinetic chromatography; MeOH, methanol; MER, meropenem; MIC, minimal inhibitory concentration; MRM, Multiple Reaction Monitoring; MS, mass spectrometry; MS/MS, tandem mass spectrometry; NaOH, sodium hydroxide; (NH4)2CO3, ammonium carbonate; NH4HCO3, ammonium hydrogen carbonate; OXA, oxacillin; PIP, piperacillin; PK/PD, pharmacokinetic/pharmacodynamic; QC, quality control; QqQ, triple quadrupole; RE, relative error; RSD, relative standard deviation; S/N, signal-to-noise ratio; SIM, Selected Ion Monitoring; SL, sheath liquid; SUL, sulbactam; TAZ, tazobactam; TDM, therapeutic drug monitoring; TIC, total ion current; UV, ultraviolet.




References


	



Carlier, M.; Stove, V.; De Waele, J.J.; Verstraete, A.G. Ultrafast Quantification of β-Lactam Antibiotics in Human Plasma Using UPLC–MS/MS. J. Chromatogr. B 2015, 978–979, 89–94. [Google Scholar] [CrossRef] [PubMed]

	



Dhaese, S.; Van Vooren, S.; Boelens, J.; De Waele, J. Therapeutic Drug Monitoring of β-Lactam Antibiotics in the ICU. Expert. Rev. Anti Infect. Ther. 2020, 18, 1155–1164. [Google Scholar] [CrossRef] [PubMed]

	



Cusumano, J.A.; Klinker, K.P.; Huttner, A.; Luther, M.K.; Roberts, J.A.; LaPlante, K.L. Towards Precision Medicine: Therapeutic Drug Monitoring-Guided Dosing of Vancomycin and β-Lactam Antibiotics to Maximize Effectiveness and Minimize Toxicity. Am. J. Health Syst. Pharm. 2020, 77, 1104–1112. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, J.A.; Paul, S.K.; Akova, M.; Bassetti, M.; De Waele, J.J.; Dimopoulos, G.; Kaukonen, K.-M.; Koulenti, D.; Martin, C.; Montravers, P.; et al. DALI: Defining Antibiotic Levels in Intensive Care Unit Patients: Are Current β-Lactam Antibiotic Doses Sufficient for Critically Ill Patients? Clin. Infect. Dis. 2014, 58, 1072–1083. [Google Scholar] [CrossRef] [PubMed]

	



Stašek, J.; Keller, F.; Kočí, V.; Klučka, J.; Klabusayová, E.; Wiewiorka, O.; Strašilová, Z.; Beňovská, M.; Škardová, M.; Maláska, J. Update on Therapeutic Drug Monitoring of Beta-Lactam Antibiotics in Critically Ill Patients—A Narrative Review. Antibiotics 2023, 12, 568. [Google Scholar] [CrossRef] [PubMed]

	



Dilworth, T.J.; Schulz, L.T.; Micek, S.T.; Kollef, M.H.; Rose, W.E. β-Lactam Therapeutic Drug Monitoring in Critically Ill Patients: Weighing the Challenges and Opportunities to Assess Clinical Value. Crit. Care Explor. 2022, 4, e0726. [Google Scholar] [CrossRef]

	



Gatti, M.; Cojutti, P.G.; Pascale, R.; Tonetti, T.; Laici, C.; Dell’Olio, A.; Siniscalchi, A.; Giannella, M.; Viale, P.; Pea, F. Assessment of a PK/PD Target of Continuous Infusion Beta-Lactams Useful for Preventing Microbiological Failure and/or Resistance Development in Critically Ill Patients Affected by Documented Gram-Negative Infections. Antibiotics 2021, 10, 1311. [Google Scholar] [CrossRef] [PubMed]

	



Maguigan, K.L.; Al-Shaer, M.H.; Peloquin, C.A. Beta-Lactams Dosing in Critically Ill Patients with Gram-Negative Bacterial Infections: A PK/PD Approach. Antibiotics 2021, 10, 1154. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, M.N.; Papich, M.G.; Drusano, G.L. Dosing Regimen Matters: The Importance of Early Intervention and Rapid Attainment of the Pharmacokinetic/Pharmacodynamic Target. Antimicrob. Agents Chemother. 2012, 56, 2795–2805. [Google Scholar] [CrossRef]

	



Owens, R.C.; Shorr, A.F. Rational Dosing of Antimicrobial Agents: Pharmacokinetic and Pharmacodynamic Strategies. Am. J. Health-Syst. Pharm. 2009, 66, S23–S30. [Google Scholar] [CrossRef]

	



Legrand, T.; Vodovar, D.; Tournier, N.; Khoudour, N.; Hulin, A. Simultaneous Determination of Eight β-Lactam Antibiotics, Amoxicillin, Cefazolin, Cefepime, Cefotaxime, Ceftazidime, Cloxacillin, Oxacillin, and Piperacillin, in Human Plasma by Using Ultra-High-Performance Liquid Chromatography with Ultraviolet Detection. Antimicrob. Agents Chemother. 2016, 60, 4734–4742. [Google Scholar] [CrossRef]

	



Carlier, M.; Noe, M.; De Waele, J.J.; Stove, V.; Verstraete, A.G.; Lipman, J.; Roberts, J.A. Population Pharmacokinetics and Dosing Simulations of Amoxicillin/Clavulanic Acid in Critically Ill Patients. J. Antimicrob. Chemother. 2013, 68, 2600–2608. [Google Scholar] [CrossRef]

	



Huttner, A.; Harbarth, S.; Hope, W.W.; Lipman, J.; Roberts, J.A. Therapeutic Drug Monitoring of the β-Lactam Antibiotics: What Is the Evidence and Which Patients Should We Be Using It for? J. Antimicrob. Chemother. 2015, 70, dkv201. [Google Scholar] [CrossRef]

	



Gonçalves-Pereira, J.; Póvoa, P. Antibiotics in Critically Ill Patients: A Systematic Review of the Pharmacokinetics of β-Lactams. Crit. Care 2011, 15, R206. [Google Scholar] [CrossRef]

	



Abdulla, A.; Ewoldt, T.M.J.; Hunfeld, N.G.M.; Muller, A.E.; Rietdijk, W.J.R.; Polinder, S.; van Gelder, T.; Endeman, H.; Koch, B.C.P. The Effect of Therapeutic Drug Monitoring of Beta-Lactam and Fluoroquinolones on Clinical Outcome in Critically Ill Patients: The DOLPHIN Trial Protocol of a Multi-Centre Randomised Controlled Trial. BMC Infect. Dis. 2020, 20, 57. [Google Scholar] [CrossRef]

	



Blondiaux, N.; Wallet, F.; Favory, R.; Onimus, T.; Nseir, S.; Courcol, R.J.; Durocher, A.; Roussel-Delvallez, M. Daily Serum Piperacillin Monitoring Is Advisable in Critically Ill Patients. Int. J. Antimicrob. Agents 2010, 35, 500–503. [Google Scholar] [CrossRef]

	



Kurihara, Y.; Kizu, J.; Hori, S. Simple and Rapid Determination of Serum Carbapenem Concentrations by High-Performance Liquid Chromatography. J. Infect. Chemother. 2008, 14, 30–34. [Google Scholar] [CrossRef]

	



Denooz, R.; Charlier, C. Simultaneous Determination of Five β-Lactam Antibiotics (Cefepim, Ceftazidim, Cefuroxim, Meropenem and Piperacillin) in Human Plasma by High-Performance Liquid Chromatography with Ultraviolet Detection. J. Chromatogr. B 2008, 864, 161–167. [Google Scholar] [CrossRef]

	



Pinder, N.; Brenner, T.; Swoboda, S.; Weigand, M.A.; Hoppe-Tichy, T. Therapeutic Drug Monitoring of Beta-Lactam Antibiotics—Influence of Sample Stability on the Analysis of Piperacillin, Meropenem, Ceftazidime and Flucloxacillin by HPLC-UV. J. Pharm. Biomed. Anal. 2017, 143, 86–93. [Google Scholar] [CrossRef]

	



Verhoven, S.M.; Groszek, J.J.; Fissell, W.H.; Seegmiller, A.; Colby, J.; Patel, P.; Verstraete, A.; Shotwell, M. Therapeutic Drug Monitoring of Piperacillin and Tazobactam by RP-HPLC of Residual Blood Specimens. Clin. Chim. Acta 2018, 482, 60–64. [Google Scholar] [CrossRef]

	



Gaikwad, A.; Gavali, S.; Narendiran; Katale, D.; Bonde, S.; Bhadane, R.P. An LC–MS–MS Method for the Simultaneous Quantification of Amoxicillin and Clavulanic Acid in Human Plasma and Its Pharmacokinetic Application. J. Pharm. Res. 2013, 6, 804–812. [Google Scholar] [CrossRef]

	



Piestansky, J.; Cizmarova, I.; Mikus, P.; Parrak, V.; Babiak, P.; Secnik, P.; Secnik, P.; Kovac, A. An Ultra-High-Performance Liquid Chromatography-Tandem Mass Spectrometry Method for Simultaneous Determination of 4 β-Lactam Antibiotics, Tazobactam, and Linezolid in Human Plasma Samples. Ther. Drug Monit. 2022, 44, 784–790. [Google Scholar] [CrossRef]

	



Colin, P.; De Bock, L.; T’jollyn, H.; Boussery, K.; Van Bocxlaer, J. Development and Validation of a Fast and Uniform Approach to Quantify β-Lactam Antibiotics in Human Plasma by Solid Phase Extraction-Liquid Chromatography–Electrospray-Tandem Mass Spectrometry. Talanta 2013, 103, 285–293. [Google Scholar] [CrossRef]

	



Paal, M.; Zoller, M.; Schuster, C.; Vogeser, M.; Schütze, G. Simultaneous Quantification of Cefepime, Meropenem, Ciprofloxacin, Moxifloxacin, Linezolid and Piperacillin in Human Serum Using an Isotope-Dilution HPLC–MS/MS Method. J. Pharm. Biomed. Anal. 2018, 152, 102–110. [Google Scholar] [CrossRef]

	



Farid, N.F.; Abdelwahab, N.S. New ecological method for determination of different β-lactams: Application to real human plasma samples. RSC Adv. 2019, 9, 19539–19548. [Google Scholar] [CrossRef]

	



Nishi, H.; Fukuyama, T.; Matsuo, M. Separation and Determination of Aspoxicillin in Human Plasma by Micellar Electrokinetic Chromatography with Direct Sample Injection. J. Chromatogr. A 1990, 515, 245–255. [Google Scholar] [CrossRef]

	



Mrestani, Y.; Neubert, R.; Schiewe, J.; Härtl, A. Application of Capillary Zone Electrophoresis in Cephalosporin Analysis. J. Chromatogr. B Biomed. Sci. Appl. 1997, 690, 321–326. [Google Scholar] [CrossRef]

	



Castaneda Penalvo, G.; Kelly, M.; Maillols, H.; Fabre, H. Evaluation of Capillary Zone Electrophoresis and Micellar Electrokinetic Capillary Chromatography with Direct Injection of Plasma for the Determination of Cefotaxime and Its Metabolite. Anal. Chem. 1997, 69, 1364–1369. [Google Scholar] [CrossRef]

	



Mrestani, Y.; Neubert, R.; Nagel, F. Capillary Zone Electrophoresis Determination of Meropenem in Biological Media Using a High Sensitivity Cell. J. Pharm. Biomed. Anal. 1999, 20, 899–903. [Google Scholar] [CrossRef]

	



Mayer, B.X.; Hollenstein, U.; Brunner, M.; Eichler, H.-G.; Müller, M. Micellar Electrokinetic Chromatography for the Analysis of Cefpirome in Microdialysis and Plasma Samples Obtainedin Vivo from Human Volunteers. Electrophoresis 2000, 21, 1558–1564. [Google Scholar] [CrossRef]

	



Gáspár, A.; Kardos, S.; Andrási, M.; Klekner, Á. Capillary Electrophoresis for the Direct Determination of Cephalosporins in Clinical Samples. Chromatographia 2002, 56, S109–S114. [Google Scholar] [CrossRef]

	



Mayer, B.X.; Petsch, M.; Tschernko, E.M.; Müller, M. Strategies for the Determination of Cefazolin in Plasma and Microdialysis Samples by Short-End Capillary Zone Electrophoresis. Electrophoresis 2003, 24, 1215–1220. [Google Scholar] [CrossRef]

	



Kitahashi, T.; Furuta, I. Determination of Meropenem by Capillary Electrophoresis Using Direct Injection of Serum. J. Chromatogr. Sci. 2005, 43, 430–433. [Google Scholar] [CrossRef]

	



Chou, Y.-W.; Yang, Y.-H.; Chen, J.-H.; Kuo, C.-C.; Chen, S.-H. Quantification of Meropenem in Plasma and Cerebrospinal Fluid by Micellar Electrokinetic Capillary Chromatography and Application in Bacterial Meningitis Patients. J. Chromatogr. B 2007, 856, 294–301. [Google Scholar] [CrossRef]

	



Andrási, M.; Gáspár, A.; Klekner, Á. Analysis of Cephalosporins in Bronchial Secretions by Capillary Electrophoresis after Simple Pretreatment. J. Chromatogr. B 2007, 846, 355–358. [Google Scholar] [CrossRef]

	



Solangi, A.; Mallah, A.; Memon, S. Determination of Ceftriaxone, Ceftizoxime, Paracetamol, and Diclofenac Sodium by Capillary Zone Electrophoresis in Pharmaceutical Formulations and in Human Blood Serum. Turk. J. Chem. 2010, 34, 921–933. [Google Scholar] [CrossRef]

	



Tůma, P.; Jaček, M.; Fejfarová, V.; Polák, J. Electrophoretic Stacking for Sensitive Determination of Antibiotic Ceftazidime in Human Blood and Microdialysates from Diabetic Foot. Anal. Chim. Acta 2016, 942, 139–145. [Google Scholar] [CrossRef] [PubMed]

	



Šlampová, A.; Kubáň, P. Micro-Electromembrane Extraction through Volatile Free Liquid Membrane for the Determination of β-Lactam Antibiotics in Biological and Environmental Samples. Talanta 2023, 252, 123831. [Google Scholar] [CrossRef]

	



Liang, H.-H.; Lin, Y.-C.; Hung, C.-C.; Hou, Y.-C.; Lin, Y.-H. Method Development for Determination of Doripenem in Human Plasma via Capillary Electrophoresis Coupled with Field-Enhanced Sample Stacking and Sweeping. Int. J. Mol. Sci. 2023, 24, 13751. [Google Scholar] [CrossRef]

	



Al-Attas, A.; Nasr, J.J.; El-Enany, N.; Belal, F. A green capillary zone electrophoresis method for the simultaneous determination of piperacillin, tazobactam and cefepime in pharmaceutical formulations and human plasma. Biomed. Chromatogr. 2015, 29, 1811–1818. [Google Scholar] [CrossRef]

	



Hancu, G.; Neacsu, A.; Papp, L.A.; Ciurba, A. Simultaneous determination of amoxicillin and clavulanic acid in pharmaceutical preparations by capillary zone electrophoresis. Bras. J. Pharm. Sci. 2016, 52, 281–286. [Google Scholar] [CrossRef]

	



Pham, T.N.M.; Le, T.B.; Le, D.D.; Ha, T.H.; Nguyen, N.S.; Pham, T.D.; Hauser, P.C.; Nguyen, T.A.H.; Mai, T.D. Determination of Carbapenem Antibiotics Using a Purpose-Made Capillary Electrophoresis Instrument with Contactless Conductivity Detection. J. Pharm. Biomed. Anal. 2020, 178, 112906. [Google Scholar] [CrossRef] [PubMed]

	



Tůma, P.; Jaček, M.; Sommerová, B.; Dlouhý, P.; Jarošíková, R.; Husáková, J.; Wosková, V.; Fejfarová, V. Monitoring of Amoxicilline and Ceftazidime in the Microdialysate of Diabetic Foot and Serum by Capillary Electrophoresis with Contactless Conductivity Detection. Electrophoresis 2022, 43, 1129–1139. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.A.H.; Pham, T.N.M.; Le, T.B.; Le, D.C.; Tran, T.T.P.; Nguyen, T.Q.H.; Nguyen, T.K.T.; Hauser, P.C.; Mai, T.D. Cost-effective capillary electrophoresis with contactless conductivity detection for quality control of beta-lactam antibiotics. J. Chromatogr. A 2019, 1605, 360356. [Google Scholar] [CrossRef]

	



Capillary Electrophoresis: Trends and Developments in Pharmaceutical Research; Kanchi, S.; Sagrado, S.; Sabela, M.; Bisetty, K. (Eds.) Routledge: Abingdon, UK, 2017; ISBN 978-1-315-22538-8. [Google Scholar]

	



Lefeuvre, S.; Bois-Maublanc, J.; Hocqueloux, L.; Bret, L.; Francia, T.; Eleout-Da Violante, C.; Billaud, E.M.; Barbier, F.; Got, L. A Simple Ultra-High-Performance Liquid Chromatography-High Resolution Mass Spectrometry Assay for the Simultaneous Quantification of 15 Antibiotics in Plasma. J. Chromatogr. B 2017, 1065–1066, 50–58. [Google Scholar] [CrossRef] [PubMed]

	



Radovanovic, M.; Day, R.O.; Jones, G.D.R.; Galettis, P.; Norris, R.L.G. LC–MS/MS Method for Simultaneous Quantification of Ten Antibiotics in Human Plasma for Routine Therapeutic Drug Monitoring. J. Mass. Spectrom. Adv. Clin. Lab. 2022, 26, 48–59. [Google Scholar] [CrossRef]

	



Straub, R.F.; Voyksner, R.D. Determination of Penicillin G, Ampicillin, Amoxicillin, Cloxacillin and Cephapirin by High-Performance Liquid Chromatography—Electrospray Mass Spectrometry. J. Chromatogr. A 1993, 647, 167–181. [Google Scholar] [CrossRef]

	



Zaikin, V.G.; Borisov, R.S. Options of the Main Derivatization Approaches for Analytical ESI and MALDI Mass Spectrometry. Crit. Rev. Anal. Chem. 2022, 52, 1287–1342. [Google Scholar] [CrossRef]

	



Klampfl, C.W.; Himmelsbach, M. Sheath Liquids in CE-MS: Role, Parameters, and Optimization. In Capillary Electrophoresis-Mass Spectrometry (CE-MS): Principles and Applications; de Jong, G., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016; pp. 41–65. ISBN 978-3-527-33924-2. [Google Scholar]

	



Carlier, M.; Stove, V.; Roberts, J.A.; Van De Velde, E.; De Waele, J.J.; Verstraete, A.G. Quantification of Seven β-Lactam Antibiotics and Two β-Lactamase Inhibitors in Human Plasma Using a Validated UPLC-MS/MS Method. Int. J. Antimicrob. Agents 2012, 40, 416–422. [Google Scholar] [CrossRef]

	



Mandell, G.L.; Bennett, J.E.; Dolin, R. Mandell, Douglas, and Bennett’s Principles and Practice of Infectious Diseases, 7th ed.; Churchill Livingstone, Elsevier: Philadelphia, PA, USA, 2010; ISBN 978-0-443-06839-3. [Google Scholar]

	



Enna, S.J.; Bylund, D.B. xPharm: The Comprehensive Pharmacology Reference; Elsevier: Amsterdam, The Netherlands, 2008; ISBN 978-0-08-055232-3. [Google Scholar]

	



Handbook of Drug Monitoring Methods: Therapeutics and Drugs of Abuse; Dasgupta, A. (Ed.) Humana Press: Totowa, NJ, USA, 2008; ISBN 978-1-58829-780-8. [Google Scholar]

	



Sillén, H.; Mitchell, R.; Sleigh, R.; Mainwaring, G.; Catton, K.; Houghton, R.; Glendining, K. Determination of Avibactam and Ceftazidime in Human Plasma Samples by LC–MS. Bioanalysis 2015, 7, 1423–1434. [Google Scholar] [CrossRef]

	



Popowicz, N.D.; O’Halloran, S.J.; Fitzgerald, D.; Lee, Y.C.G.; Joyce, D.A. A Rapid, LC-MS/MS Assay for Quantification of Piperacillin and Tazobactam in Human Plasma and Pleural Fluid; Application to a Clinical Pharmacokinetic Study. J. Chromatogr. B 2018, 1081–1082, 58–66. [Google Scholar] [CrossRef] [PubMed]

	



US Department of Health and Human Services Food and Drug Administration, Center for Drug; Evaluation and Research (CDER) Center for Veterinary Medicine (CVM). Bioanalytical Method Validation, Guidance for Industry. 2018. Available online: https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf (accessed on 28 February 2024).

	



Schulz, M.; Schmoldt, A.; Andresen-Streichert, H.; Iwersen-Bergmann, S. Revisited: Therapeutic and Toxic Blood Concentrations of More than 1100 Drugs and Other Xenobiotics. Crit Care 2020, 24, 195. [Google Scholar] [CrossRef] [PubMed]

	



Manousi, N.; Wojnowski, W.; Płotka-Wasylka, J.; Samanidou, V. Blue Applicability Grade Index (BAGI) and Software: A New Tool for the Evaluation of Method Practicality. Green Chem. 2023, 25, 7598–7604. [Google Scholar] [CrossRef]

	



Pena-Pereira, F.; Wojnowski, W.; Tobiszewski, M. AGREE—Analytical GREEnness Metric Approach and Software. Anal. Chem. 2020, 92, 10076–10082. [Google Scholar] [CrossRef]

	



Plotka-Wasylka, J. A new tool for the evaluation of the analytical procedure: Green Analytical Procedure Index. Talanta 2018, 181, 204–209. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 17 00526 g001] 





Figure 1. Chemical structures of investigated ATBs. 
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Figure 2. Optimization of BGE for CZE separation of selected β-lactam ATBs and β-lactamase inhibitors. (A) Effect of changing NH4HCO3 concentration on the signal intensity and repeatability. (B) Effect of changing (NH4)2CO3 concentration on the signal intensity and repeatability. (C) Comparison of obtained signal intensity and repeatability of the investigated analytes using the BGE composed of 20 mM NH4HCO3 and 20 mM (NH4)2CO3. (D) Effect of pH change of the selected BGE (20 mM NH4HCO3) on the analytical signal intensity and repeatability of the selected analytes. The optimization procedure was performed with the use of ATB standard solutions at the 10 μg·mL−1 concentration level. 
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Figure 3. Optimization of the SL composition. (A) Effect of SL composition on the analytical signal intensity and reproducibility of investigated β-lactam ATBs and β-lactamase inhibitors. (B) Effect of changed organic phase content in the SL mixture on the analytical signal of the investigated molecules. The optimization procedure was performed with the use of ATB standard solutions at the 10 μg·mL−1 concentration level. 
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Figure 4. Illustrative extracted Multiple Reaction Monitoring (MRM) electropherogram of investigated β-lactam ATBs and β-lactamase inhibitors at their low QC concentration level. 
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Figure 5. Practicality and greenness evaluation of the proposed CZE-MS/MS method for determination of β-lactam ATBs and β-lactamase inhibitor. (A) BAGI evaluation, (B) AGREE evaluation, (C) GAPI evaluation. 
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Table 1. CE methods used in the analysis of β-lactam ATBs and β-lactamase inhibitors in plasma and serum matrices.






Table 1. CE methods used in the analysis of β-lactam ATBs and β-lactamase inhibitors in plasma and serum matrices.





	
Method

	
Matrix

	
Sample Preparation

	
Separation Conditions

	
LOD (μg·mL−1)

	
Analytes

	
Reference






	
MEKC-UV

(λ = 210 nm)

	
plasma

	
-

	
uncoated fused silica capillary; ID 50 µm; Leff = 50 cm;

BGE = 20 mM phosphate–borate buffer + 50 mM SDS, pH = 8.5

	
1.3

	
aspoxicillin

	
[26]




	
CZE-UV

(λ = 210 nm)

	
plasma

	
dilution

	
uncoated fused silica capillary; ID 50 µm; Leff = 40 cm;

BGE = 20 mM phosphate buffer, pH = 6

	
4

	
cefodizime

	
[27]




	
2

	
cefuroxime




	
6

	
cefpirome




	
2

	
cefotaxime




	
CZE-UV

(λ = 254 nm)

	
plasma

	
precipitation

	
uncoated fused silica capillary; ID 75 µm; Leff = 50 cm;

BGE = 40 mM borate buffer, pH = 9.2

	
2

	
cefotaxime

	
[28]




	
MEKC-UV

(λ = 254 nm)

	
plasma

	
dilution

	
uncoated fused silica capillary; ID 75 µm; Leff = 50 cm;

BGE = 30 mM phosphate buffer + 165 mM SDS, pH = 8

	
1

	
deacetylcefotaxime




	
CZE-DAD

(λ = 200 nm, 303 nm)

	
plasma

	
dilution/

precipitation

	
uncoated fused silica capillary; ID 75 µm; Leff = 72 cm;

BGE = 10 mM phosphate buffer, pH = 7.2

	
4

	
meropenem

	
[29]




	
MEKC-UV

(λ = 270 nm)

	
plasma

	
ultracentrifugation

	
uncoated fused silica capillary; ID 50 µm; Leff = 56 cm;

BGE = 20 mM citrate buffer + 50 mM SDS, pH = 2.8

	
0.2

	
cefpirome

	
[30]




	
MEKC-UV

(λ = 270 nm)

	
serum

	
-

	
uncoated fused silica capillary; ID 50 µm; Leff = 48.5 cm;

BGE = 25 mM borate buffer + 100 mM SDS, pH = 9.2

	
-

	
cefuroxime

cefotaxime

ceftriaxone

ceftazidime

	
[31]




	
CZE-UV

(λ = 270 nm)

	
plasma

	
precipitation

	
uncoated fused silica capillary; ID 50 µm; Leff = 8.5 cm;

BGE = 20 mM sodium hydrogen phosphate, pH = 6.4

	
1

	
cefazolin

	
[32]




	
microdialysates

	
dilution

	
2




	
MEKC-UV

(λ = 197 nm)

	
serum

	
-

	
uncoated fused silica capillary; ID 75 µm; Leff = 50 cm;

BGE = 25 mM borate buffer + 90 mM SDS, pH = 10

	
2

	
meropenem

	
[33]




	
MEKC-UV

(λ = 300 nm)

	
plasma

	
SPE

	
uncoated fused silica capillary; ID 50 µm; Leff = 30 cm; BGE = 40 mM TRIS buffer + SDS, pH = 8

	
0.2

	
meropenem

	
[34]




	
MEKC-UV

(λ = 270 nm)

	
serum

	
-

	
Polyimide-coated silica capillary; ID 50 µm; Leff = 40 cm;

BGE = 25 mM borate buffer + 50 mM SDS, pH = 9.1

	
-

	
cefazolin

cefepime

cefamandole

cefuroxime

ceftazidime

ceftriaxone

	
[35]




	
CZE-UV

(λ = 214 nm)

	
serum

	
precipitation

	
uncoated fused silica capillary; ID 75 µm; Leff = 50 cm

BGE = 50 mM tetraborate, pH = 9

	
5

	
ceftriaxone

	
[36]




	
1

	
ceftizoxime




	
CZE-UV

(λ = 260 nm, 200 nm)

	
plasma

microdialysates

	
precipitation

	
INST-coated fused silica capillary; ID 25 µm; Leff = 31.5 cm;

BGE = 50 mM chloroacetic acid + 20% MeOH + 0.5% INST, pH = 2.32

	
0.42

	
ceftazidime

	
[37]




	
CZE-C4D

	
plasma

	
SPE

	
uncoated fused silica capillary; ID 50 µm; Leff = 50 cm;

BGE = 10 mM TRIS, pH = 8

	
0.45

	
doripenem

meropenem

imipenem

ertapenem

	
[42]




	
CZE-C4D

	
serum

microdialysates

	
precipitation

	
INST-coated silica capillary; ID 25 µm; Leff = 18 cm; BGE = 0.5 M acetic acid

	
0.043

	
amoxicillin

	
[43]




	
INST-coated silica capillary; ID 25 µm; Leff = 18 cm; BGE = 3.2 M acetic acid + 13% MeOH (for ceftazidime)

	
0.096

	
ceftazidime




	
MEKC-UV

(λ = 200 nm)

	
serum

	
μ-EME

	
uncoated fused silica capillary; ID 75 µm; Leff = 39 cm;

BGE = 25 mM phosphate buffer + 50 mM SDS, pH = 8.13

	
0.17

	
penicillin

	
[38]




	
0.2

	
phenoxypenicillin




	
0.13

	
ampicillin




	
0.12

	
amoxicillin




	
MEKC-DAD

(λ = 300 nm)

	
plasma

	
FESS, sweeping, SPE

	
uncoated fused silica capillary; ID 50 µm; Leff = 50 cm;

high-conductivity buffer = 150 mM phosphate (pH = 2.5) + 20% MeOH; low-conductivity buffer = 50 mM phosphate buffer (pH = 2.5) + 100 mM SDS

	
0.4

	
doripenem

	
[39]




	
CZE-UV

(λ = 215 nm)

	
plasma

	
protein precipitation

	
uncoated fused silica capillary; ID 50 µm; Leff = 40.2 cm; BGE = 15 mM sodium borate buffer (pH 9.3)

	
0.56

0.95

2.09

	
Piperacillin

Tazobactam

cefepime

	
[40]








Abbreviations: BGE—background electrolyte, C4D—conductivity detection, FESS—field-enhanced sample stacking, ID—internal diameter, Leff—effective capillary length, LOD—limit of detection, MeOH—methanol, μ-EME—microelectromembrane extraction, SDS—sodium dodecyl sulphate, SPE—solid-phase extraction, TRIS—2-Amino-2-(hydroxymethyl)propane-1,3-diol.













 





Table 2. Multiple Reaction Monitoring (MRM) conditions for the investigated β-lactam ATBs, inhibitors of β-lactamase, and their internal standards.
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	Analyte
	Parent Ion m/z [M+H]+
	Quantifier m/z [M+H]+
	Qualifier m/z [M+H]+
	Fragmentor

Voltage (V)
	Collision

Energy (eV)
	Internal Standard





	Sulbactam
	234
	123.8
	141.5
	80
	15
	[13C2, 15N3]-tazobactam



	Tazobactam
	301.1
	168
	207.1
	120
	15
	[13C2, 15N3]-tazobactam



	[13C2, 15N3]-tazobactam
	306
	210
	
	120
	15
	



	Ampicillin
	350
	106.1
	191.9
	100
	15
	[2H5]-piperacillin



	Amoxicillin
	366.1
	113.7
	349.1
	80
	10
	[2H5]-piperacillin



	Meropenem
	384
	113.7
	274.8
	100
	15
	[2H6]-meropenem



	[2H6]-meropenem
	390.2
	147.2
	
	100
	15
	



	Oxacillin
	402.1
	160
	242.7
	100
	10
	[2H5]-piperacillin



	Flucloxacillin
	454.1
	295
	237.5
	140
	10
	[2H5]-piperacillin



	Cefotaxime
	456
	166.7
	211.1
	120
	15
	[13C, 2H3]-cefotaxime



	[13C, 2H3]-cefotaxime
	460.1
	166.9
	
	120
	15
	



	Piperacillin
	518
	143
	159.9
	140
	10
	[2H5]-piperacillin



	[2H5]-piperacillin
	532.2
	148.1
	
	140
	10
	



	Ceftazidime
	547.1
	395.8
	467.6
	120
	15
	[13C, 2H3]-cefotaxime










 





Table 3. Operation and calibration parameters of the CE-MS/MS method for β-lactam ATBs and inhibitors of β-lactamase in model water and plasma samples.
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Calibration Range

(µg·mL−1)

	
tm (min),

n = 6

	
RSDtm (%), n = 6

	
RSDarea (%), n = 6

	
a (Counts)

	
SDa

	
b

(Counts·µg−1·mL)

	
SDb

	
r2

	
LOD (µg·mL−1)

	
LLOQ (µg·mL−1)

	
N






	
Plasma matrix

	
AMX

	
1–40

	
17.06

	
0.6

	
4.8

	
0.130

	
0.003

	
−0.020

	
0.063

	
0.992

	
0.100

	
1.000

	
5762




	
AMP

	
0.5–40

	
16.76

	
0.3

	
1.5

	
0.932

	
0.031

	
−0.586

	
0.514

	
0.988

	
0.010

	
0.500

	
32,125




	
CTX

	
0.48–38.15

	
16.02

	
0.1

	
9.4

	
0.312

	
0.005

	
0.158

	
0.114

	
0.995

	
0.010

	
0.477

	
53,143




	
CAZ

	
1–40

	
15.57

	
0.3

	
9.5

	
0.050

	
0.001

	
0.000

	
0.023

	
0.993

	
0.500

	
1.000

	
5860




	
FLX

	
0.48–38.15

	
16.3

	
0.2

	
11.4

	
0.139

	
0.004

	
−0.069

	
0.063

	
0.991

	
0.010

	
0.477

	
8772




	
MER

	
0.88–35.06

	
16.58

	
0.5

	
13.5

	
0.097

	
0.002

	
0.078

	
0.034

	
0.995

	
0.438

	
0.876

	
2925




	
OXA

	
0.45–36.38

	
16.44

	
0.2

	
2.4

	
0.730

	
0.025

	
−0.023

	
0.437

	
0.985

	
0.009

	
0.455

	
20,774




	
PIP

	
0.96–38.30

	
15.63

	
0.1

	
1.5

	
0.186

	
0.005

	
0.089

	
0.098

	
0.991

	
0.010

	
0.957

	
7191




	
SUL

	
0.91–36.55

	
19.74

	
0.5

	
7.1

	
0.581

	
0.013

	
−0.218

	
0.264

	
0.992

	
0.091

	
0.914

	
51,854




	
TAZ

	
1–40

	
18.68

	
0.3

	
5.8

	
0.493

	
0.009

	
0.199

	
0.195

	
0.995

	
0.050

	
1.000

	
40,860




	
Water matrix

	
AMX

	
1–40

	
21.43

	
1.1

	
8.1

	
0.129

	
0.005

	
0.216

	
0.099

	
0.987

	
0.050

	
1.000

	
5586




	
AMP

	
0.5–40

	
21.50

	
0.6

	
6.4

	
0.782

	
0.020

	
0.846

	
0.353

	
0.993

	
0.001

	
0.500

	
8279




	
CTX

	
0.48–38.15

	
19.50

	
0.1

	
5.1

	
0.329

	
0.007

	
−0.021

	
0.147

	
0.993

	
0.001

	
0.477

	
282,724




	
CAZ

	
1–40

	
18.82

	
0.2

	
3.0

	
0.064

	
0.002

	
−0.066

	
0.030

	
0.992

	
0.010

	
1.000

	
21,266




	
FLX

	
0.48–38.15

	
19.96

	
0.4

	
3.1

	
0.125

	
0.004

	
0.094

	
0.067

	
0.990

	
0.010

	
0.477

	
49,069




	
MER

	
0.88–35.06

	
20.28

	
0.1

	
1.3

	
0.088

	
0.003

	
0.160

	
0.054

	
0.991

	
0.438

	
0.876

	
50,658




	
OXA

	
0.45–36.38

	
20.14

	
0.4

	
7.5

	
0.704

	
0.021

	
0.133

	
0.340

	
0.992

	
0.001

	
0.455

	
379,984




	
PIP

	
0.96–38.30

	
18.88

	
0.1

	
5.6

	
0.184

	
0.005

	
0.038

	
0.098

	
0.991

	
0.010

	
0.957

	
342,736




	
SUL

	
0.91–36.55

	
25.13

	
0.1

	
1.5

	
0.760

	
0.021

	
−0.784

	
0.383

	
0.993

	
0.009

	
0.914

	
401,423




	
TAZ

	
1–40

	
23.53

	
0.1

	
4.6

	
0.470

	
0.011

	
0.156

	
0.202

	
0.994

	
0.010

	
1.000

	
435,107











 





Table 4. The intra- and inter-day accuracy and precision of the CE-MS/MS method for β-lactam ATBs and inhibitors of β-lactamase in plasma QC samples.
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QC Low

	
QC Medium

	
QC High




	
Nominal (µg·mL−1)

	
Found (µg·mL−1)

	
RSD (%)

	
RE

(%)

	
Nominal (µg·mL−1)

	
Found (µg·mL−1)

	
RSD (%)

	
RE (%)

	
Nominal (µg·mL−1)

	
Found (µg·mL−1)

	
RSD (%)

	
RE

(%)






	
Intra-day, n = 3

	
AMX

	
2.50

	
2.18

	
6.8

	
−14.5

	
15.00

	
17.17

	
10.4

	
12.6

	
35.00

	
31.7

	
12.5

	
−10.5




	
AMP

	
2.50

	
2.67

	
1.6

	
6.3

	
15.00

	
16.04

	
10.3

	
6.5

	
35.00

	
36.2

	
14.3

	
3.4




	
CTX

	
2.38

	
2.65

	
8.2

	
10.2

	
14.31

	
15.56

	
7.0

	
8.1

	
33.39

	
32.8

	
5.4

	
−1.8




	
CAZ

	
2.50

	
3.08

	
10.7

	
18.9

	
15.00

	
15.28

	
11.7

	
1.8

	
35.00

	
30.6

	
7.7

	
−14.3




	
FLX

	
2.38

	
2.19

	
3.4

	
−8.9

	
14.31

	
16.12

	
5.1

	
11.3

	
33.38

	
31.5

	
12.0

	
−5.9




	
MER

	
2.19

	
2.39

	
12.3

	
8.2

	
13.15

	
14.19

	
3.3

	
7.4

	
30.68

	
28.5

	
5.1

	
−7.6




	
OXA

	
2.27

	
2.14

	
2.4

	
−6.1

	
13.64

	
15.38

	
13.5

	
11.3

	
31.83

	
30.8

	
12.1

	
−3.3




	
PIP

	
2.39

	
2.84

	
1.1

	
15.6

	
14.36

	
13.74

	
7.2

	
−4.5

	
33.51

	
31.4

	
6.4

	
−6.8




	
SUL

	
2.28

	
2.44

	
8.4

	
6.2

	
13.71

	
13.53

	
14.6

	
−1.4

	
31.98

	
34.9

	
11.9

	
8.3




	
TAZ

	
2.50

	
2.50

	
9.9

	
0.1

	
15.00

	
15.78

	
10.3

	
4.9

	
35.00

	
36.5

	
4.0

	
4.1




	
Inter-day, n = 16

	
AMX

	
2.50

	
2.58

	
14.0

	
3.1

	
15.00

	
14.73

	
12.4

	
−1.8

	
35.00

	
35.6

	
10.5

	
1.7




	
AMP

	
2.50

	
2.64

	
14.3

	
5.3

	
15.00

	
14.55

	
10.7

	
−3.1

	
35.00

	
34.8

	
11.8

	
−0.7




	
CTX

	
2.38

	
2.39

	
13.2

	
1.9

	
14.31

	
15.29

	
10.6

	
6.5

	
33.39

	
32.5

	
7.8

	
−2.6




	
CAZ

	
2.50

	
2.49

	
14.9

	
−1.0

	
15.00

	
14.58

	
9.8

	
−2.9

	
35.00

	
34.3

	
12.0

	
−1.9




	
FLX

	
2.38

	
2.51

	
14.6

	
6.4

	
14.31

	
14.18

	
13.2

	
−0.9

	
33.38

	
34.2

	
10.6

	
2.3




	
MER

	
2.19

	
2.40

	
13.6

	
8.7

	
13.15

	
13.78

	
6.9

	
4.6

	
30.68

	
31.4

	
9.0

	
2.3




	
OXA

	
2.27

	
2.41

	
14.7

	
5.6

	
13.64

	
14.40

	
11.7

	
5.3

	
31.83

	
30.6

	
11.8

	
−3.9




	
PIP

	
2.39

	
2.48

	
14.5

	
3.4

	
14.36

	
13.88

	
8.0

	
−3.5

	
33.51

	
33.6

	
8.7

	
0.4




	
SUL

	
2.28

	
2.46

	
13.6

	
7.1

	
13.71

	
13.60

	
11.7

	
−0.8

	
31.98

	
32.8

	
13.9

	
2.6




	
TAZ

	
2.50

	
2.45

	
14.0

	
−2.2

	
15.00

	
15.35

	
7.9

	
2.3

	
35.00

	
35.3

	
10.0

	
0.9











 





Table 5. Stability testing of β-lactam ATBs and inhibitors of β-lactamase in plasma QC samples.
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QC Low

	
QC Medium

	
QC High




	
Nominal (µg·mL−1)

	
Found (µg·mL−1)

	
RSD (%)

	
RE

(%)

	
Nominal (µg·mL−1)

	
Found (µg·mL−1)

	
RSD (%)

	
RE

(%)

	
Nominal (µg·mL−1)

	
Found (µg·mL−1)

	
RSD (%)

	
RE

(%)






	
Autosampler stability, n = 5

	
AMX

	
2.50

	
2.14

	
3.3

	
−1.9

	
15.00

	
19.84

	
5.8

	
13.5

	
35.00

	
36.31

	
3.3

	
12.8




	
AMP

	
2.50

	
2.21

	
4.6

	
−4.1

	
15.00

	
18.38

	
11.2

	
12.7

	
35.00

	
41.02

	
3.4

	
11.7




	
CTX

	
2.38

	
2.72

	
2.5

	
2.4

	
14.31

	
15.93

	
2.2

	
2.3

	
33.39

	
31.50

	
3.2

	
−4.1




	
CAZ

	
2.50

	
3.29

	
6.2

	
6.4

	
15.00

	
13.45

	
3.8

	
−13.6

	
35.00

	
29.09

	
4.3

	
−5.3




	
FLX

	
2.38

	
2.44

	
11.9

	
10.4

	
14.31

	
16.77

	
13.5

	
3.9

	
33.38

	
37.00

	
2.9

	
14.8




	
MER

	
2.19

	
2.17

	
8.7

	
−10.2

	
13.15

	
12.48

	
9.7

	
−13.7

	
30.68

	
28.30

	
8.4

	
−0.7




	
OXA

	
2.27

	
2.12

	
12.2

	
−1.0

	
13.64

	
17.83

	
2.9

	
13.8

	
31.83

	
34.74

	
4.8

	
11.2




	
PIP

	
2.39

	
2.40

	
3.2

	
6.7

	
14.36

	
13.07

	
3.9

	
−5.2

	
33.51

	
30.24

	
5.8

	
−3.7




	
SUL

	
2.28

	
2.55

	
13.0

	
4.6

	
13.71

	
15.25

	
3.9

	
11.3

	
31.98

	
35.79

	
11.1

	
2.5




	
TAZ

	
2.50

	
2.50

	
5.6

	
0.1

	
15.00

	
16.76

	
6.3

	
5.8

	
35.00

	
35.56

	
12.9

	
−2.7




	
Freeze-to-thaw stability, n = 5

	
AMX

	
2.50

	
2.01

	
9.8

	
−9.4

	
15.00

	
14.12

	
12.7

	
−1.4

	
35.00

	
34.41

	
13.6

	
−6.0




	
AMP

	
2.50

	
2.14

	
11.5

	
0.4

	
15.00

	
16.55

	
7.6

	
12.9

	
35.00

	
35.09

	
9.3

	
2.2




	
CTX

	
2.38

	
1.81

	
8.9

	
−14.8

	
14.31

	
18.85

	
6.7

	
11.6

	
33.39

	
27.35

	
9.2

	
−12.8




	
CAZ

	
2.50

	
2.45

	
13.9

	
13.6

	
15.00

	
17.52

	
8.7

	
9.4

	
35.00

	
29.80

	
12.4

	
−6.3




	
FLX

	
2.38

	
2.42

	
12.7

	
14.7

	
14.31

	
14.85

	
10.2

	
14.2

	
33.38

	
32.38

	
7.0

	
−14.0




	
MER

	
2.19

	
4.25

	
5.6

	
−2.3

	
13.15

	
16.33

	
11.4

	
9.3

	
30.68

	
31.56

	
8.7

	
3.1




	
OXA

	
2.27

	
5.32

	
8.7

	
−3.7

	
13.64

	
16.58

	
11.4

	
14.3

	
31.83

	
30.80

	
14.4

	
8.1




	
PIP

	
2.39

	
2.09

	
5.0

	
2.3

	
14.36

	
14.88

	
3.7

	
12.9

	
33.51

	
27.17

	
9.3

	
−13.6




	
SUL

	
2.28

	
2.31

	
8.3

	
14.8

	
13.71

	
16.73

	
4.9

	
8.7

	
31.98

	
25.35

	
7.7

	
−12.1




	
TAZ