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Abstract
The current study aimed to optimize and validate an isocratic high-performance liquid chromatography (HPLC) assay for quantification of ceftiofur hydrochloride in water buffalo plasma.  Ceftiofur, its metabolic products and protein-bound residues were cleaved, derivatized into desfuroylceftiofur acetamide and injected into HPLC system. The mobile phase comprising of 0.3% sodium dihydrogen phosphate and acetonitrile (34:66) was delivered at a flow rate of 1 mL.min-1 and separation was achieved using C18 column.  Isocratic elution was performed with an injection volume of 45 µL and analyte was scanned at 310 nm. The limit of detection, limit of quantification and linearity range were 0.03 µg/mL, 0.11 µg/mL and 0.05-10 µg/mL respectively. The accuracy and precision on within-day and between-day basis, and recovery remained within the acceptable ranges. The assay was effectively applied to quantity the concentration of ceftiofur in plasma samples of ceftiofur-treated buffalo calves.
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Introduction
Ceftiofur represents a broad-spectrum, bactericidal, third generation cephalosporin antibiotic specifically developed for use in veterinary medicine.1 It is available as ceftiofur hydrochloride, ceftiofur sodium and ceftiofur crystalline-free acid suspension. The molecular formula of ceftiofur hydrochloride is C19H17N5O7S3•HCl and it has a molecular weight of 560.2 grams. The chemical structure of ceftiofur hydrochloride has been illustrated in Figure 1.2 Many gram-positive, gram negative and anaerobic bacterial pathogens of domestic animals are susceptible to ceftiofur.3 The ready-to-use, parenteral formulation of ceftiofur hydrochloride is predominantly used against the bacterial respiratory disease in cattle and pigs.4 Additionally, it is also approved for the treatment of acute foot rot and postpartum metritis in cattle.5 Desfuroylceftiofur constitutes the primary metabolite of ceftiofur with proven antimicrobial activity.6 The most primitive analytical assay for estimation of ceftiofur in biological fluids involved the derivatization of parent drug and resultant metabolites followed by a time-consuming, solid-phase extraction process.7, 8 Furthermore, the suggested alternative method was only applicable for quantitative assessment of parent drug without determining the concentration of microbiologically active metabolic compounds.9 Subsequent modification of the conventional analytical method led to simplified assays involving the direct HPLC injection of derivatized sample without solid-phase extraction clean-up.10, 11 Nevertheless, there is scarcity of literature data regarding the isocratic, HPLC-based analysis of ceftiofur in buffalo plasma. Consequently, this project was devised to optimize and validate an isocratic, HPLC assay for quantification of ceftiofur hydrochloride in water buffalo plasma.
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Figure 1. Chemical structure of ceftiofur hydrochloride (modified from Palur et al.2 )
Experimental
Reference standard and chemicals
The analytical reference standard and injectable formulations of ceftiofur hydrochloride were generously provided by M/S International Pharma Labs, Lahore, Pakistan and M/S Nawan Laboratories (PVT) LTD., Karachi, Pakistan respectively. Dithioerythritol and iodoacetamide were obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile, disodium tetraborate, sodium dihydrogen phosphate and sodium phosphate dibasic heptahydrate were procured from Merck Millipore, Germany. 
Preparation of standard solutions, buffers and reagents
The stock solution of ceftiofur hydrochloride (1 mg/mL) was prepared in distilled water and further diluted to obtain the quality control (QC) and calibration standards. The QC samples of low, medium and high concentrations were prepared in distilled water at concentrations of 0.75, 2.5 and 12.5 µg/mL respectively. Whereas, the calibration standards of ceftiofur hydrochloride were prepared at concentrations of 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 1, 5 and 10 µg/mL in buffalo plasma. Borate buffer (0.05 M, pH 7) was prepared by dissolving 1.9 grams of disodium tetraborate in 100 mL of distilled water. Moreover, 0.14 grams of sodium dihydrogen phosphate and 0.38 grams of sodium phosphate dibasic heptahydrate were dissolved in 100 mL of distilled water to prepare the phosphate buffer (0.025 M, pH 7). The working solutions of iodoacetamide (0.54 M) and dithioerythritol (0.66 M) were obtained by separately dissolving 1 gram each of iodoacetamide and dithioerythritol in 10 mL of phosphate buffer and borate buffer respectively. 
Synthesis and derivatization of desfuroylceftiofur 
All plasma samples, calibration standards and QC samples were subjected to the following procedure for the production of desfuroylceftiofur and subsequent derivatization into desfuroylceftiofur acetamide. In brief, each sample was transferred into a 2 mL microcentrifuge tube and 200 μL of methanol was added. The samples were vortexed for 30 seconds and centrifuged at 13000 g for 10 minutes. The supernatants were collected in separate 2 mL microcentrifuge tubes, mixed with 100 μL of 10% dithioerythritol solution in borate buffer and kept in water bath at 50°C for 15 minutes. Subsequently the tubes were brought to room temperature and covered with aluminum foil after adding 100 μL of 23.3% iodoacetamide in phosphate buffer. The contents of each tube were centrifuged at 350 rpm for 45 minutes and mixed with 25 μL of formic acid. Stirring was carried out at 22°C and then tubes were placed in vortex mixer for 30 seconds. Final centrifugation was performed at 13000 rpm for 10 minutes and 45 μL of each supernatant was injected into the HPLC system.
HPLC system and Chromatographic conditions
The HPLC system comprised of an auto-sampler (SIL-10AC), system control module (CBM-20A), pump (Schimadzu LC-20AT), column oven (CTO-20AC), degasser (DGU-20A), ultraviolet-visible (UV-VIS) detector (SPD-M20A) and low pressure-gradient flow control valve (FCV-10AL). The chromatograms of QC and calibration samples obtained by C18 and PLRP-S polymeric column were compared for the selection of appropriate analytical column. Several types of mobile phase having varying combinations of 0.1% trifluoroacetic acid and 0.3% sodium dihydrogen phosphate with acetonitrile were tested after filtration through 0.45 μm nylon filter (Sartorius, Gottingen, Germany) and sonication for 30 minutes. Assessment of different flow rates (0.5-1.5 mL.min-1) and wave lengths (254, 265, 266 and 310 nm) was also performed. Isocratic elution was carried out with an injection volume of 45 µL and the column oven was set at 37°C. Liquid Chromatography (LC) Solutions’ software (SSI, Kyoto, Japan) was used for controlling instrument and analyzing the data. 
Validation of HPLC method
The proposed assay was validated for linearity, sensitivity, precision, accuracy, recovery and freeze-thaw stability, following the International Conference on Harmonization (ICH) recommendations.12 
Linearity
The representative concentrations of ceftiofur (0.05 to 10 µg/mL) were plotted against corresponding peak areas and resultant calibration curve was used to evaluate the linearity of HPLC method.13 The correlation co-efficient, intercept and slope of standard curve were determined.
Sensitivity
The sensitivity of HPLC method was determined in the form of limit of detection (LOD) and limit of quantification (LOQ). The standard deviation of y-intercept of regression line (σ) and slope (S) of calibration curve were used to calculate the LOD and LOQ by means of equations 1 and 2 respectively.14
LOD = 3.3 (σ/S) 		(1)
LOQ = 10 (σ/S) 		(2)
where “σ” represents the standard deviation of y-intercept of regression line and “S” designates the slope of regression line.
Accuracy and precision
The intra-day and interday precision and accuracy were estimated in terms of percent relative standard deviation (RSD %) and percent bias (bias %) respectively.15
Absolute recovery (extraction efficiency)
Peak areas of extracted ceftiofur-containing plasma samples and un-extracted samples of equal concentrations prepared in mobile phase were compared for the calculation of absolute recovery.16
Freeze-thaw stability
Six replicates of each low and high QC samples were analyzed over two freeze-thaw cycles within three days for freeze-thaw stability assessment. The samples frozen at -20°C for 24 hours were subjected to unassisted thawing at room temperature. Three replicates of each QC sample were evaluated while the remaining samples underwent refreezing at -20°C for 24 hours.  Freeze-thaw stability was estimated by comparing the relative concentrations of freshly prepared samples and QC samples following the 1st and 2nd freeze-thaw cycles.17
Application of assay for quantification of ceftiofur hydrochloride in buffalo plasma
The analytical method was employed for estimation of ceftiofur in plasma samples collected from two buffalo calves after 10 minutes following the intramuscular and subcutaneous administration of ceftiofur hydrochloride (Cefur® RTU injection; Nawan Laboratories (PVT) LTD., Karachi, Pakistan) at 2.2 mg/Kg body weight.18 The procedures for care and handling of experimental animals were approved by the Institutional Ethical Committee, University of Veterinary and Animal Sciences, Lahore, Pakistan (Letter No. DR/214, dated 30-03-2017). 
Results and discussion
Extraction and derivatization of desfuroylceftiofur
The cleavage of desfuroylceftiofur and its stabilization to yield desfuroylceftiofur acetamide were achieved by mixing 0.2 mL of each sample with 0.1 mL each of dithioerythritol and iodoacetamide respectively. Moreover, successful derivatization of samples was accomplished without solid-phase extraction in accordance with the findings of earlier studies.10, 11 On the contrary, typical analytical assays suggested either single, double or triple steps of solid-phase extraction and consumed relatively greater quantities of both reagents.7, 8, 19
Chromatographic conditions
The μ-Bondapack C18 column (250mm × 4.6 mm; internal diameter, 5 μm; Supelco, Bellefonte, PA, USA) was chosen for analytical assay on the basis of retention time and peak symmetry. Beckoni-Barkar et al.19 and Jacobson et al.10 also employed C18 column, whereas, De Baere et al.8 and Altan et al.11 used PLRP-S columns. We obtained most suitable results with a combination of 0.3% sodium dihydrogen phosphate and acetonitrile (34:66), whereas, earlier studies primarily used the mobile phase consisting of 0.1% trifluoroacetic acid and acetonitrile or water.8, 10, 19 The current HPLC assay involved isocratic elution for rapid and efficient analysis. In contrast, virtually all the previous methods were based on gradient elution characterized by baseline shifting, slow column equilibration and relatively longer retention time.7, 10, 11, 19 The selected flow rate of 1 mL.min-1 provided optimum resolution thus reinforcing the findings of some earlier studies.7, 10, 19 Whereas, De Baere et al.8 and Altan et al.11 reported comparatively lower flow rates of 0.4 mL.min-1 and 0.3 mL.min-1 respectively. The UV-VIS detector and column oven were set at 310 nm and 37°C respectively. Conversely, relatively shorter wave lengths i.e., 254 nm7, 265 nm10 and 266 nm8, 11, 19 were formerly used for peak detection. Under the prescribed HPLC conditions, retention time was 6.8 minutes with a total run time of 10 minutes. 
Validation of HPLC assay
The calibration curve of ceftiofur was linear over the range of 0.05 to 10 µg/mL with r2 = 0.999 (Figure 2). Table 1 indicates the linearity data of analytical assay. The LOD and LOQ of current analytical method were 0.03 µg/mL and 0.11 µg/mL respectively. Prior studies have reported either comparable 11, 19 or relatively lower 8, 10 sensitivities. 
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Figure 2. Calibration curve of ceftiofur, constructed by plotting the peak areas against corresponding concentrations (0.05 to 10 µg/mL) of standard solutions 
Table 1. Linearity data of analytical assay 
	Regression parameter
	
	Value

	r2
	
	0.999

	Slope
	
	55886

	Intercept
	
	6245.2

	Concentration range
	
	0.05-10 µg/mL

	Number of points
	
	9



The estimated accuracy and precision of HPLC assay have been shown in Table 2. The within-day and between-day accuracy ranged from -4 to 0.08 % and -1.33 to -0.24 % respectively. The precision levels of proposed assay were 0.08 to 4.05 % and 0.16 to 1.35 % on intra-day and interday basis respectively. In all conditions, the accuracy (bias %) and precision (RSD %) remained within the acceptable range of ±15 % and < 15% respectively.20 These values are compliant with the findings of Jacobson et al.10
Table 2. Within-day and between-day accuracy and precision of analytical assay	
	
Spiked concentration (µg/mL)
	Parameter
	Within-day (n = 6)
	
	Between-day 
(n = 18)

	
	
	Day 1
	Day 2
	Day 3
	
	

	
	Mean nominal concentration (µg/mL)
	
	
	
	
	

	0.75
	
	0.74
	0.72
	0.73
	
	0.74

	2.5
	
	2.46
	2.48
	2.49
	
	2.48

	12.5
	
	12.48
	12.46
	12.49
	
	12.47

	
	*SD
	
	
	
	
	

	0.75
	
	0.03
	0.02
	0.02
	
	0.01

	2.5
	
	0.02
	0.02
	0.01
	
	0.01

	12.5
	
	0.01
	0.03
	0.01
	
	0.02

	
	Accuracy (% Bias)
	
	
	
	
	

	0.75
	
	-1.33
	-4.0
	-2.66
	
	-1.33

	2.5
	
	-1.6
	-0.8
	-0.4
	
	-0.8

	12.5
	
	-1.6
	-0.32
	-0.8
	
	-0.24

	
	Precision (**RSD %)
	
	
	
	
	

	0.75
	
	4.05
	2.77
	2.73
	
	1.35

	2.5
	
	0.81
	0.80
	0.40
	
	0.40

	12.5
	
	0.08
	0.24
	0.16
	
	0.16


*SD: Standard deviation; **RSD: Relative standard deviation
The values of extraction recovery for low, medium and high QC samples were calculated as 92.7%, 94.5% and 96.2% respectively (Table 3). Hence the recovery of analyte was rather equivalent to that documented by Jacobson et al.10 but higher than the findings of Jaglan et al.7 and De Baere et al.8
Table 3. Absolute recovery of HPLC method
	Spiked concentration (µg/mL)
	Mean peak area of plasma samples after extraction
	Mean peak area of *QC samples without extraction
	% Recovery
	**SD
	***RSD %

	
	
	
	
	
	

	0.75
	49018
	53397 
	92.1 
	0.25
	0.28

	2.5
	147221
	157237
	93.2 
	0.29
	0.31

	12.5
	696076
	731958
	94.9
	0.31
	0.33


*QC: Quality control; **SD: Standard deviation; ***RSD: Relative standard deviation
Furthermore, two freeze-thaw cycles did not significantly affect the quantification of ceftiofur. The stability of low QC samples following the 1st and 2nd post-thaw cycles were estimated as 97.3% and 94.6% respectively. Likewise, the high QC samples remained 98% and 95.3% stable after the 1st and 2nd post-thaw cycles respectively (Table 4). 
Table 4. Freeze-thaw stability of quality control samples
	Storage condition
	Quality control level
	Parameters

	
	
	Spiked concentration (µg/mL)
	Mean nominal concentration (µg/mL)
	*SD
	
	% Stability

	Fresh samples
	
	
	
	
	
	

	
	Low concentration
	0.75
	0.75
	0.003
	
	100

	
	High concentration
	12.5
	12.5
	0.126
	
	100

	Freeze thaw cycle 1
	
	
	
	
	
	

	
	Low concentration
	0.75
	0.73
	0.012
	
	97.3

	
	High concentration
	12.5
	12.25
	0.130
	
	98.0

	Freeze thaw cycle 2
	
	
	
	
	
	

	
	Low concentration
	0.75
	0.71
	0.016
	
	94.6

	
	High concentration
	12.5
	11.92
	0.096
	
	95.3


[bookmark: _GoBack] *SD: Standard deviation
Analysis of buffalo plasma samples
Representative chromatograms of blank plasma, a plasma sample spiked with 10 µg/mL of ceftiofur, and plasma samples collected at 10 minutes after both intramuscular and subcutaneous administrations of ceftiofur hydrochloride (Cefur® RTU injection) to buffalo calves at 2 mg/kg body weight are shown in Figure 3.
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Figure 3. Representative chromatograms of blank buffalo plasma (A); buffalo plasma spiked with 10 µg/mL of ceftiofur hydrochloride (B); buffalo plasma sample collected at 10 minutes after intramuscular injection of ceftiofur hydrochloride (C); and buffalo plasma sample obtained at 10 minutes following the subcutaneous administration of ceftiofur hydrochloride (D). DFCA: Desfuroylceftiofur acetamide.
Conclusion
Ceftiofur, its metabolic derivatives and protein-bound residues were converted into desfuroylceftiofur without solid-phase extraction, derivatized and estimated as desfuroylceftiofur acetamide using an isocratic HPLC assay. Under the recommended chromatographic conditions, the linearity, accuracy, precision, sensitivity and recovery of proposed method remained within the acceptable limits. The suggested assay can be effectively used in pharmacokinetic studies for quantitative determination of ceftiofur hydrochloride in buffalo plasma.
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