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Introduction

spectrum of activity than the currently used older antibiotics. In such cases, pediatric dosage regimen are highly variable between countries and centers, particularly in neonates as shown in recent neonatal surveys [START_REF] Kadambari | Variation in gentamicin and vancomycin dosage and monitoring in UK neonatal units[END_REF][START_REF] Leroux | French Society of, Therapeutic guidelines for prescribing antibiotics in neonates should be evidence-based: a French national survey[END_REF] and their validation is needed.

The pharmacokinetic/pharmacodynamic (PK-PD) relationship to antimicrobial efficacy depends on drug disposition, the germ and localization of the infection [START_REF] Kadambari | Variation in gentamicin and vancomycin dosage and monitoring in UK neonatal units[END_REF][START_REF] Leroux | French Society of, Therapeutic guidelines for prescribing antibiotics in neonates should be evidence-based: a French national survey[END_REF][START_REF] Roberts | Individualised antibiotic dosing for patients who are critically ill: challenges and potential solutions[END_REF].

In pediatrics, the drug is influenced by the physiological changes associated with growth and maturation [START_REF] Kearns | Developmental pharmacology--drug disposition, action, and therapy in infants and children[END_REF]. Due to the wide inter-patient pharmacokinetic variability in children, particularly neonates, dosage validation in the different age groups is a key issue faced by pediatricians and pediatric pharmacologists [START_REF] Leroux | Principles and applications of pharmacometrics in drug evaluation in children[END_REF]. But although required, pharmacokinetic studies are difficult to conduct in children for many reasons: the different age groups have to be studied, low sampling volume limits the number of PK samples drawn per patient and analytical methods adapted to small volumes are not always available. For years, drug concentrations have been quantified using High-Performance Liquid Chromatography with ultra-violet or fluorescence detection (HPLC-UV/FLUO) but these methods usually require large sample volumes, complex sample preparation and long run time [START_REF] Denooz | Simultaneous determination of five beta-lactam antibiotics (cefepim, ceftazidim, cefuroxim, meropenem and piperacillin) in human plasma by high-performance liquid chromatography with ultraviolet detection[END_REF][START_REF] Pinder | Therapeutic drug monitoring of beta-lactam antibiotics -Influence of sample stability on the analysis of piperacillin, meropenem, ceftazidime and flucloxacillin by HPLC-UV[END_REF][START_REF] Legrand | 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[END_REF][START_REF] Kraemer | Simultaneous quantification of cefotaxime, desacetylcefotaxime, ofloxacine and ciprofloxacine in ocular aqueous humor and in plasma by high-performance liquid chromatography[END_REF][START_REF] Luksa | Rapid high-performance liquid chromatographic determination of vancomycin in human plasma[END_REF]. More recently, highly sensitive ultra-performance liquid chromatography -tandem mass spectrometry (HPLC-MS/MS and UPLC-MS/MS) methods have been reported and developed to measure different antibiotics in serum or plasma [START_REF] Legrand | An optimal LC-MS/MS method for determination of azithromycin in white blood cells: application to pediatric samples[END_REF][START_REF] Kipper | Development of a Novel Multipenicillin Assay and Assessment of the Impact of Analyte Degradation: Lessons for Scavenged Sampling in Antimicrobial Pharmacokinetic Study Design[END_REF][START_REF] Carlier | Ultrafast quantification of betalactam antibiotics in human plasma using UPLC-MS/MS[END_REF].

In such clinical and analytical context, our aim was to develop a unique method adapted to low sample volumes for the simultaneous determination of 7 antibiotics.

The following antibiotics were selected : amoxicillin, azithromycin, cefotaxime, ciprofloxacin, meropenem, metronidazole and piperacillin, based on the need for monitoring and for additional pharmacokinetic data in different age groups.

Material and methods

Chemical and reagents

Ciprofloxacin (CIP) was purchased from Sigma-Aldrich (St Louis MO, USA).

Amoxicillin (AMX) , azithromycin (AZM), cefotaxime (CTX), meropenem (MEM), metronidazole (MTZ), piperacillin (PIP) and all deuterated internal standards (IS), amoxicilline-d4, azithromycin-d5, cefotaxime-d3, ciprofloxacin-d8, meropenem-d6, metronidazole-d4 and piperacilline-d5 were purchased from TRC (Toronto Research Chemicals Inc., Canada). Purity was over 95 % for reference compounds and corresponding internal standards.

All chemicals including acetonitrile (ACN), methanol, formic acid and ammonium acetate were LCMS-grade and purchased from Sigma-Aldrich (St Louis MO, USA).

Ultrapure water was obtained by Milli-Q® Integral water purification system from Millipore (Millipore, ST Quentin en Yvelines, France).

Preparation of reagents, calibrators and quality control samples

Stock solutions (10 mg/mL) of each antibiotic were prepared; each analyte was accurately weighed and dissolved in water (for AMX and AZM) or methanol (for CTX, CIP, MEM, MTZ and PIP) depending on the solubility of the molecule. Working solutions were prepared by serial dilutions in water to achieve a concentration of 1 mg/mL.

Calibration solutions at 0.1, 1, 5, 15, 25 and 50 µg/mL were obtained by spiking drugfree serum with appropriate dilutions of the working solutions. Quality control (QCs) samples were prepared to achieve final concentrations of 2, 10 and 35 µg/mL. QC samples and standards were divided into 50 µL aliquots and stored at -40°C.

Stock solutions of deuterated standards were prepared in water or methanol, to achieve a final concentration of 1 mg/mL. A working solution containing all deuterated compounds was then prepared at a final concentration of 100 µg/mL. All stock and working solutions were stored at -40°C.

Sample preparation for UPLC-MS/MS analysis

Blood samples were collected in dry tubes and centrifuged at 4000 rpm for 10 min at 4°C; serum was transferred into a clean polypropylene tube and stored at -80°C until analysis. Prior to extraction, frozen samples were thawed to room temperature. Then, 200 µL ACN containing 5 µg/mL of the internal standards mix were added to 50µL of serum samples, then vortex-mixed for 20 seconds and centrifuged at 13000 rpm at 4°C for 10 minutes. The supernatant was then transferred to a clean vial. The solvent was evaporated to dryness under nitrogen, and the residue was reconstituted with 50 µl of ammonium acetate 5 mM pH 2.4/Acetonitrile (93:7). After another centrifugation, the supernatant was transferred to a polypropylene vial. Ten microliters were injected in the UPLC-MS/MS system for quantitative analysis.

UPLC-MS/MS analysis

The UPLC-MS/MS system consisted of a Waters Acquity I-Class instrument equipped with a binary pump and an autosampler thermostatically controlled at 10°C coupled to a Xevo-TQD triple quadrupole mass spectrometer (Milford, MA, USA).

The chromatographic separation was performed on a Waters Acquity UPLC HSS T3 (100 mm by 2.1 mm, 1.8 µm) kept at 50°C, to which a Waters Acquity VanGuard HSS T3 pre-column unit was added. The mobile phase consisted of a mixture of (A) ammonium acetate (pH 2.4; 5mM) and (B) acetonitrile acidified with 0.1% formic acid, delivered at 500 µl/min in a gradient elution mode. Initial conditions were 93% (A) and 7% (B). Between 0 and 1.5 min, the percentage of (B) increased linearly to 50%. Then, the mobile phase was set back to the initial conditions. Total time run was 2.75 minutes.

The mass spectrometer was operated in the positive-ion mode (ESI+). Ions were analyzed by Multiple-Reaction Monitoring (MRM). The spray voltage was 2.9 kV, capillary and desolvatation temperatures were 150 and 500 °C respectively.

Precursor and product ions, cone voltage and collision energy optimized for each analyte are summarized in the appendices (Table A.1).

Data were acquired using Masslynx V4.1 software and processed using Targetlynx software (Waters Inc.).

Validation procedure 2.5.1. Selectivity

Ten individual sources of serum were used to assess interference by injecting blank samples. Absence of interfering components was acceptable when the response was less than 20% of the LLOQ.

Calibration curves

Six-points calibration standard curves were established for the seven antibiotics over a concentration range covering the concentrations expected in patient serum samples, i.e. 0.1 to 50 µg/mL. The calibration data were fitted by linear regression (y = ax + b) of the peak area ratios (i.e., drug peak area/IS peak area = y) versus concentrations x, using 1/concentrations ( 1/x ) as the weighting factor. Backcalculated concentrations should be within 15% of the nominal value for all calibrators and within 20% for the LLOQ.

Accuracy and precision

Accuracy and precision were evaluated by using the lower limit of quantification (LLOQ : 0.1 µg/mL) and three Quality Control (QC) levels at low (2 µg/mL), medium (10 µg/mL) and high (35 µg/mL) concentrations.

Accuracy was expressed as the percent error between the mean concentrations determined for the QC and their nominal concentrations (percent bias, n=5).

Precision was investigated by the within-run (repeatability, n=5) and between-run (intermediate precision, n=15) variations in the concentrations determined for LLOQ and QC samples. The coefficients of variation (CVs) were calculated from the estimated concentrations and bias should not exceed 20% for LLOQ and 15% for QC samples.

Dilution integrity

Dilution integrity for assaying samples above the upper limit of quantification was examined using QC samples at 100 mg/L (n=5). The QC samples were assayed after dilution (4 and 10-fold) with drug-free serum. Matrix effect between serum and plasma samples was also investigated : 3 lots of plasma and serum were extracted and then spiked with 25 µg/mL of the 7 analytes and mean peak areas of serum over plasma ratios were calculated.

Matrix effect and recovery

Stability

Stability was evaluated using low, medium and high QC levels. QC samples were analyzed in triplicate against a freshly prepared calibration curve after several storage conditions including bench-top for 24 hours, freeze and thaw cycles. Longterm stability was tested by storing aliquots at a nominal concentration of 30 µg/mL at -80°C for 12 months. Calibrators and QC after extraction were also reanalyzed 24, 48 and 72 hours after first injection when stored in the autosampler (10°C).

For each experiment, mean concentration should be within ±15% of the nominal value.

Application to routine monitoring

The applicability of the described assay is currently used to monitor concentrations of antibiotics in critically ill pediatric patients.

Application to pharmacokinetic studies

This technic was also used to perform population PK studies of cefotaxime, ciprofloxacin and metronidazole in different pediatric age groups.

Results

Identification of the selected antibiotics in UPLC-MS/MS

The UPLC-MS/MS method enabled simultaneous quantification of seven antibiotics (AMX, AZM, CIP, CTX, MEM, MTZ and PIP) with an analytical run of 4 minutes.

Chromatograms and transitions used for quantification in blank matrix and corresponding to the low QC level are presented in Figure 1.

Selectivity, linearity, accuracy and precision

The method showed good selectivity as no significant interference coming from endogenous compounds was detected at retention time for IS and analytes in ten

individual blank serum extracts (Table A.2).
The assay was found to be linear between 0.1 to 50 µg/mL for the seven antibiotics.

Satisfactory coefficients of determination (r² > 0.99) were obtained for the calibration curves for all compounds (Table A.2).

Accuracy and precision for the LLOQ and the 3 QC samples are summarized in Table 1. For both compounds, accuracy and precision results were within the accepted validation criteria.

Dilution integrity was demonstrated by the precision tests (between 1.75-7.68%) and accuracy was between 88.0 and 113.5 % for the 7 analytes.

Stability

Overall, all analytes but meropenem and piperacillin were stable when stored 24 hours at room temperature prior to extraction (Table 2). Meropenem was also unstable after three freeze-thaw cycles.

When extracted and left 24 hours at 10°C in the autosampler, meropenem signal extinction was observed. A deviation from initial levels of approximately 20 % was also noted for one of the 3 QC extracts of ciprofloxacin (level 3) and piperacillin (level 3) after 72 h at 10°C.

Long term stability data showed that after one year storage at -80°C, concentrations of all compounds were within 15% of the freshly dosed mean concentration (Table A.3).

Matrix effect and overall recovery

Matrix effects were first examined qualitatively: with the blank matrix there were no significant drifts or shifts of the selected transition signals at the retention times of the 7 analytes (Figure A.1). Quantitative results are presented in Table 3. When plasma was tested, no significant ion suppression was observed for amoxicillin, cefotaxime, ciprofloxacin, meropenem and piperacillin and corresponding CV were lower than 15%. However, matrix-related ion suppression was observed for metronidazole (25% decrease) and ion enhancement was observed for azithromycin (60% increase).

Deuterated isotopes as internal standards are then required to balance the observed matrix effect. For serum samples, the mean matrix effect was less than 5%.

Extraction recoveries were 72% and 94% for all analytes but for amoxicillin with 40%

for the three QC samples. However, this low recovery did not affect quantification of the LOQ, as evidenced by accuracy and precision data and was similar with the different plasma tested (CV = 10.7%).

Application to routine monitoring

This method is currently performed in our laboratory for TDM purposes and allows to quantify antibiotics in samples from critically ill paediatric patients treated with various associations of antibiotics. Two cases are summarized below.

Patient A was a 13 years boy, weighting 58 kg, with acute myeloblastic leukemia and high level of immunodepression complicated with systemic infection due to Escherichia coli resistant to amoxicillin. Antibiotic treatment included piperacillin (4g, 'q6h') associated to the large antibacterial spectrum ciprofloxacin (500 mg, 'q12h').

Piperacillin and ciprofloxacin concentrations at steady-state were 110.8 mg/L and 4.8 mg/L, respectively. Piperacillin dosage was then reduced (3.5g, q6h), according the potential risk of toxicity associated with high exposure [START_REF] Jj De Waele | Therapeutic drug monitoring-based dose optimisation of piperacillin and meropenem: a randomised controlled trial[END_REF] and piperacillin concentrations decreased to 48.2 mg/L (Figure 2). Antibiotic treatment was adapted and maintained until resolution of the infection.

Patient B was a premature neonate, born at 26 week's gestation, weighting 840g, admitted in neonatal intensive care and mechanically ventilated. He was initially treated for suspected materno-fetal infection by cefotaxime and gentamycin. Starting at day 7, due to episodes of cardio-respiratory instability with intestinal bloating, metronidazole (7.5mg 'q12h') and meropenem ( 20 mg 'q24h' ) were started against Enterobacteria producing beta-lactamase and anaerobic germs and administered for 3 weeks. Both drugs were monitored and concentrations were 12.2 mg/L and 50 mg/L respectively for the two drugs. Enteropathy improved progressively and oral feeding started 17 days after birth. The neonate was discharged at 3 months postnatal age weighting 2550g.

3.6. Application to pharmacokinetic studies.

The present assay was also used to process pharmacokinetic samples in batches.

As presented table 4 (14-17), Pk studies were conducted in different pediatric age groups, from neonates both term and preterm to adolescents, planned PK samples and scavenged samples were analyzed, both the number of samples per study, time of sampling between administrations (from peak to trough concentrations) and concentrations varied widely. In this context, samples with concentrations at the LLOQ are informative and were included in the different population analysis. In all these studies, a unique UPLC-MS/MS method was used with the standard curve selected for the drug of interest. [START_REF] Maksoud | Population Pharmacokinetics of[END_REF](15)[START_REF] Zhao | Population pharmacokinetics of ciprofloxacin in neonates and young infants less than three months of age[END_REF][START_REF] Facchin | Jacqz-Aigrain with the contribution of the Paediatric Clinical Investigation Centers Pharmacology Group, Variability of ciprofloxacin pharmacokinetics in children: impact on dose range in sickle cell patients[END_REF].

Discussion

The present UPLC-MS/MS method, developed to measure the serum concentrations of seven antibiotics is highly sensitive, specific and adapted to low volumes, allowing a customized application for both routine monitoring and pharmacokinetic studies in pediatric patients, including neonates.

This method was developed and validated according to regulatory guidelines [START_REF]FDA Guidance for Industry: Bioanalytical Method Validation[END_REF] in order to quantify seven antibiotics, with a unique extraction and chromatographic method, , making it available for pharmacokinetic studies and optimization of pediatric treatment through monitoring. These antibiotics were selected because they are widely prescribed in children, including neonates. In the latter age group particularly, pharmacokinetic data are missing and the different drugs are mostly prescribed off-label, with both dosage and schedule variable between centers and countries [START_REF] Kadambari | Variation in gentamicin and vancomycin dosage and monitoring in UK neonatal units[END_REF][START_REF] Leroux | French Society of, Therapeutic guidelines for prescribing antibiotics in neonates should be evidence-based: a French national survey[END_REF]. Pediatric dosage adaptation is required as exposure to antibiotics is one of the most important factors influencing efficacy and low exposure can produce high level resistance [START_REF] Baquero | Counteracting antibiotic resistance: breaking barriers among antibacterial strategies[END_REF].

In such situations, pharmacokinetic data are required to validate dosage recommendation and optimize drug efficacy and safety in the different pediatric age groups, including neonates, taking into account developmental pharmacological changes. [START_REF] Tripathi | Antibiotic use and misuse in the neonatal intensive care unit[END_REF][START_REF] Cantey | Optimizing the Use of Antibacterial Agents in the Neonatal Period[END_REF] In such context, this UPLC-MS/MS method has major advantages: the simple and unique pre-analytical processing is similar for all compounds as well as the chromatographic conditions (column and mobile phase). It minimizes the potential ion suppression / enhancement and matrix effects and normalizes their influence in different sample sources and is then adapted to analyze batches of PK study samples or to process consecutive samples containing different antibiotics.

Conclusion

We developed a unique method to quantify amoxicillin, azithromycin, cefotaxime, ciprofloxacin, meropenem, metronidazole and piperacillin. Quantification limit is low, and the procedure is fully validated according to analytical guidelines. Therefore, the present method has major clinical applications especially in pediatrics as it is simple, fast, adapted to limited sample volumes, highly sensitive and specific. 
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 1 Figure 1 : Chromatograms of serum samples at a concentration of 2 µg/mL
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 2 Figure 2 : Chromatograms of serum samples of patient A and patient B
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Table 1 :

 1 Precision and accuracy of Lower Limit of Quantification (LLOQ), low (L), medium (M) and high (H) QC samples determined by repeated analysis performed 5 times on the same day (within-run) and on 15 different days (between run).

			Within-run (n=8*)	Between run (n=15)
	Antibiotic	and	Accuracy Precision	Accuracy Precision
	nominal					
	concentration		Bias (%)	CV (%)	Bias (%)	CV (%)
	(µg/mL)					
		0.1*	116.0	6.0	93.9	16.9
	Amoxicillin	2 10	106.8 109.2	8.1 8.5	102.5 103.5	3.8 4.1
		35	102.1	7.1	102.9	2.2
		0.1*	101.4	5.0	100.2	14.1
	Azithromycin	2 10	111.9 113.8	5.3 11.0	109.6 106.7	12.1 5.3
		35	100.3	6.1	99.2	3.9
		0.1*	86.6	5.5	83.6	12.2
	Cefotaxime	2 10	97.4 106.6	1.9 8.7	111.7 111.8	10.4 2.3
		35	100.8	1.4	101.2	2.4
		0.1*	112.4	5.1	95.7	15.3
	Ciprofloxacin	2 10	113.2 111.0	6.6 8.2	108.2 104.9	5.0 6.1
		35	101.5	4.6	100.9	1.6
		0.1*	117.0	5.5	103.1	16.7
	Meropenem	2 10	109.1 108.4	4.7 12.2	107.8 105.0	13.9 7.3
		35	100.2	3.7	102.2	5.4
		0.1*	104.2	2.9	89.4	17.6
	Metronidazole	2 10	104.9 103.8	2.4 2.4	111.5 106.1	5.0 5.0
		35	99.9	1.8	100.8	2.8
		0.1*	82.4	6.4	83.5	11.0
	Piperacillin	2 10	113.3 111.9	7.5 9.0	115.1 108.9	8.5 5.7
		35	101.9	6.9	101.8	2.7
	* number of replicates (n) = 5 for LLOQ (0.1 mg/L)		

Table 2 416 Stability of the QC samples of the 7 antibiotics under different conditions of storage

 2 

			Samples stored 24h at room temperature (n = 3)	Samples stored 3 freeze-thaw cycles (n = 3)	Extracts stored at 10°C in autosampler (n = 3)
					24 h	48 h	72 h
	Antibiotic concentration (µg/mL) and nominal	Deviation from initial levels (%)			
	Amoxicilline	2	-6.1	6.8	-0.5	-1.6	7.8
		10	1.2	6.0	4.0	4.1	-3.2
		35	-8.4	4.6	1.8	8.5	7.4
	Azithromycin		-5.6	2.3	2.4	-3.6	4.6
			-4.9	6.5	3.6	5.7	5.7
			5.5	8.4	7.5	9.5	7.4
	Cefotaxime		1.5	6.7	-0.5	-3.6	1.0
			-0.6	6.1	1.9	0.2	11.1
			-5.6	1.6	-2.4	-2.2	6.2
	Ciprofloxacine		3.2	-1.4	-3.6	-13.9	-2.3
			-7.8	-4.6	0.2	-10.0	2.6
			0.5	-0.8	-2.2	-5.1	20.1
	Meropenem		11.5	21.2			
			1.7	18.0	Signal extinction
			-49.4	9.7			
	Metronidazole		1.9	2.4	8.1	1.4	-2.9
			-3.5	-0.2	6.6	1.8	-0.9
			-2.3	-1.1	4.1	-1.0	9.3
	Piperacillin		0.4	9.3	3.8	2.5	6.3
			5.0	10.4	8.0	4.9	13.3
			-27.3	10.9	11.1	7.6	18.3
	N: number of replicates, QC:quality control				
	417						
	418						
	419						
	420						

Table 3
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	421					
	422					
			Matrix effect (B/C)	Extraction (A/B)	recovery
			Mean (%)	CV (%)	Mean (%)	CV (%)
	Amoxicilline	2	94.7	1.77	43.2	17.2
		10	100	2.20	47.8	3.5
		35	93.7	1.89	45.4	11.4
	Azithromycin	2	178	14.0	111	2.28
		10	168	2.04	84.6	2.74
		35	144	3.11	78.2	2.93
	Cefotaxime	2	94.6	11.5	115	3.04
		10	133	1.93	85.1	2.11
		35	116	5.93	85.2	2.74
	Ciprofloxacine 2	105	2.20	64.4	15,9
		10	105	3.70	82.8	4,2
		35	106	1.40	72.5	7,4
	Meropenem	2	111	13.7	108	4.23
		10	136	2.20	88.8	1.83
		35	116	3.46	94.5	2.43
	Metronidazole 2	69.3	2.06	73,1	15,5
		10	78.2	2.47	80,5	5,7
		35	83.0	0.97	72,8	3,6
	Piperacillin	2	92.1	11.2	120	3.91
		10	1.32	1.04	85.6	3.66
		35	1.18	6.70	86.5	2.59

A : pre-extraction spiking; B: post-extraction spiking; C: neat samples in water
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