Determination of Candesartan in Human Plasma using Liquid Chromatography - Tandem Mass Spectrometry 
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Abstract 

A sensitive, specific and rapid liquid chromatography - tandem mass spectrometry method was developed and validated for the determination of candesartan in human plasma. Analyte was separated from endogenous components present in plasma by solid phase extraction. Chromatographic separation was performed on Gemini C18 analytical column using mobile phase acetonitrile – 5 mM ammonium formate pH 2 (90:10, v/v) at flow rate of 0.3 mL/min. For detection, tandem mass spectrometry in SRM mode with positive electrospray ionization was used. The mass transitions m/z 441.1 > 263.1 and 445.1 > 267.1 were used to determine candesartan by using candesartan-d4 as an internal standard. After development, the method was validated according to the requirements of EMA regulatory guidelines in the concentration range 1 - 400 ng/ml in human plasma. Limit of quantification (LLOQ) was 1 ng/ml. The developed and validated method proved to be very fast and reproducible and was therefore successfully implemented in pharmacokinetic and bioequivalence studies with large number of study samples. 
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1. Introduction

Candesartan is an angiotensin II type one receptor (AT1) blocking agent given orally as the prodrug candesartan cilexetil which is rapidly and completely bioactivated by ester hydrolysis to candesartan upon gastrointestinal absorption. Candesartan is indicated for the treatment of essential hypertension and for patients with heart failure and impaired ventricle systolic function.1

When developing generic medicines (pharmaceutical products) it is necessary to conduct a study of bioequivalence (BEQ), which should prove that the original product is exchangeable with the generic one. In bioequivalence studies selected pharmacokinetic parameters of the two products are compared on the basis of concentration of the active substance which is determined by the analytical method in biological samples. 
Several analytical methods were reported for the quantification of candesartan in human plasma. Some of these methods have been based on high-performance liquid chromatography (HPLC) with UV detection and fluorescence detection.4 Due to the increasing demands in pharmacokinetics and bioequivalence studies analytical methods must be specific, sensitive and rapid, which are the conditions that are fully satisfied by LC-MS/MS. Several analytical methods were reported for the quantification of candesartan in human plasma.5-11 Some reported LC-MS/MS methods included the preparation of plasma samples by liquid-liquid extraction5,6,10, solid phase extraction7,8 or by precipitation of the proteins.9,10 The protein precipitation technique, which is simple, fast and requires low sample volume, is not very sensitive and plasma supernatant could contain several matrix components. Recently Singh and colleagues5 presented an LC-MS/MS method that requires a small sample volume of 100 μL, but plasma preparation by liquid-liquid extraction requires large quantities of toxic solvents, the additional evaporation of the extract, which makes it a time-consuming procedure for the preparation of samples. In some of the methods,8,9,10 candesartan has a long retention time, resulting in long analysis, which makes the studies with a large number of samples very time consuming. For research purposes, in-tube solid-phase microextraction (in-tube SPME) of candesartan from human plasma and urine was shown to be feasible,12 but the method is not suitable for the rapid analysis of large number of samples.
The presented method was developed for pharmacokinetic and bioequivalence study purposes for the determination of candesartan in human plasma. To be adequate for this purpose, the method has to be rapid, reliable and fully validated. Analytes from human plasma were extracted by fast and effective solid phase extraction and analysed by LC-MS/MS. Method was fully validated according to the new EMA guide “Guideline on bioanalytical method validation”. 

This article proposes the use of isotopically labeled internal standard candesartan-d4 and has been proven to be the ultimate technique that provides results with unchallenged precision and accuracy, which is an advantage for a simple, reliable and accurate measurement of candesartan in human plasma. 
2. Experimental

2.1. Chemicals and materials
Reference standard of candesartan was obtained from Krka d.d. Novo mesto. As the internal standard (IS), candesartan-d4 was used, purchased from Synfine Research (Canada).
Methanol and water were obtained from Merck (Germany), acetonitrile and formic acid were from J.T.Baker (Netherlands), ammonia solution and sodium hydroxide from Fluka (Germany). All organic solvents were of HPLC grade, chemicals and reagents were of analytical grade. Heparinised drug-free human plasma was supplied by Trina Bioreactives AG (Switzerland) and Strata X extraction cartridges were obtained from Phenomenex (USA). The drug-free human plasma was stored at -20 °C until used.
2.2. Instrumentation

For automated solid phase extraction procedures (SPE) RapidTrace SPE Workstation (Zymark, USA) was used. 
Liquid chromatograph (LC) Agilent Technologies 1200 Series with autosampler PAL HTC CTC Analytics hyphenated to tandem triple quadrupole mass spectrometer (MS/MS) MDS-Sciex API 4000 was employed for the LC-MS/MS analysis. Peak area ratios of analyte versus the internal standard were processed by Analyst software version 1.4.2.
2.3. LC-MS/MS conditions

The chromatographic separation was achieved on a Gemini C18 110Å column from Phenomenex (50 mm x 2 mm internal diameter (ID), 5 µm) preceeded by a guard column Gemini C18 110Å (4 mm x 2 mm ID, 5 µm) operating at 20 °C. The autosampler temperature was kept at 5 °C. The mobile phase consisted of acetonitrile and 5 mM ammonium formate pH 2 (90:10, v/v). The flow rate was 0.3 mL/min. The total run time was 2 min and the retention time was 0.58 min for analyte and IS. The injection volume was 10 µL.
Mass spectrometer was operated in the positive ionization mode. Optimization of MS/MS method was performed with the “Infusion Optimization” where a direct injection of 10 ng/mL solution of candesartan and IS was employed while monitoring the characteristic mass transitions. The compound-specific parameters, such as CE (collision energy), DP (declustering potential) and CXP (collision exit potential) were optimized. Selected reaction monitoring mode (SRM) was used for detection and quantitation. The SRM transitions at m/z 441.1 > 263.1 for candesartan and m/z 445.1 > 267.1 for IS were selected for the quantification of candesartan and IS, respectively. The mass spectra are presented in Figure 1. Quantitation was performed using weighted linear regression analysis (1/conc.) of peak area ratios of the analyte and internal standard.
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Figure 1: Product mass spectra (MS/MS) and chemical structure of (A) candesartan and (B) candesartan-d4.
2.4. Standard solutions, calibration curve (CC) and quality control (QC) samples

Candesartan and IS (candesartan-d4) stock solutions at the concentration of 1 mg/mL and 100 µg/mL, respectively, were prepared in methanol. Working standard solutions for candesartan were prepared from a stock solution using methanol-water (50:50, v/v) as diluent. Working solutions were used to prepare calibration and quality controls in methanol-water (50:50, v/v). All solutions were kept at 5 ºC. 500 (L of drug-free human plasma was spiked daily with 100 (L of candesartan working solutions for calibration samples to give samples with ten concentrations (1, 2, 5, 10, 25, 50, 100, 200, 300, 400 ng/mL) across the range from 1 to 400 ng/mL. The QC samples were prepared at four concentrations at low, medium and high calibration level (3, 15, 75, 280 ng/mL).
2.5. Sample preparation

A 500 µL aliquot of human plasma sample was mixed with 100 µL of internal standard (500 ng/mL) and candesartan working solutions. 500 µL of 0.1 M phosphoric acid and 100 µL methanol - water (50:50, v/v) were added and mixed well. The sample mixture was loaded onto a Strata X (60 mg/3 mL) extraction cartridge that had been first pre-conditioned with 2.0 mL of acetonitrile and then twice with 2.0 mL water. Candesartan and internal standard were eluted with 1.5 mL of acetonitrile. All plasma samples including the blanks, calibration standards, quality control samples and the validation samples were treated using the same sample preparation procedure. 10 µL of the extract was injected into the LC-MS/MS system.
3. Results and discussion

The method was validated for specificity, lower limit of quantification, linearity, precision and accuracy, matrix effect, matrix factor, sample dilution, sample preparation recovery, hemolysis effect, solution stability, stability in plasma and carry-over test performance, according to the acceptance criteria from the industrial guidance for bioanalytical method validation.2,3
3.1. Specificity

Specificity was proved by using six independent sources of blank matrix, which were individually analysed and evaluated for the presence of any interference. When the chromatograms of plasma samples spiked with candesartan and IS were compared with the chromatograms of the blank plasma samples, no significant interference was observed in the six blank matrix samples at the retention times and mass transitions of candesartan or IS. 
3.2. Sensitivity (Lower limit of quantification)
Lower limit of quantification (LLOQ) was determined by analysing plasma spiked with candesartan at the lowest calibration level (1 ng/ml) independent from the daily calibration curve. The precision (CV) and accuracy in the inter-day runs were within ± 20 %. The signal to noise ratio at LLOQ was above 27.5. Figure 2 show representative chromatogram of extracted LLOQ plasma sample. 
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Figure 2: Representative SRM chromatogram of extracted LLOQ plasma sample containing                              candesartan (1 ng/mL, left) and IS (100 ng/mL, right).
3.3. Linearity

For the validation of linearity in the range from 1 to 400 ng/mL, blank human plasma was spiked with candesartan at ten concentration levels in seven different days. The calibration curves were constructed by linear regression analysis of the peak-area ratio vs. concentration of candesartan. A weighted linear regression curve (1/conc.) was found to best represent the detector response/concentration relationship for candesartan in human plasma. The calibration function was calculated using Analyst software 1.4.2. Back-calculated values of candesartan in calibration samples and summary of calibration curve parameters are presented in Table 1. Correlation coefficient for 14 repeats of calibration curve varies between 0.9995 and 1.0000, which shows an excellent linearity of the method.
Table 1: Precision and accuracy of calibration samples and calibration curve parameters of candesartan in human plasma.
	Nominal conc. 
	1
	2
	5
	10
	25
	50
	100
	200
	300
	400
	Slope
	Intercept
	Correlation
coefficient 

	(ng/mL)
	Calculated concentration of  candesartan (ng/mL)
	
	
	r

	run 1
	1.0
	1.9
	5.0
	9.9
	25.0
	50.7
	100.8
	207.4
	293.7
	397.5
	0.0107
	0.00113
	0.9998

	run 2
	1.0
	2.0
	5.0
	9.9
	25.4
	50.9
	100.1
	207.6
	293.4
	397.6
	0.0107
	0.00093
	0.9998

	run 3
	1.0
	1.9
	4.9
	10.2
	25.3
	50.3
	99.5
	201.1
	304.2
	394.6
	0.0106
	0.00122
	0.9999

	run 4
	1.0
	1.9
	4.9
	10.2
	25.4
	49.4
	100.8
	202.8
	299.5
	397.2
	0.0106
	0.00131
	1.0000

	run 5
	1.0
	2.0
	5.0
	9.8
	25.4
	50.9
	100.6
	202.1
	286.6
	409.5
	0.0107
	0.00117
	0.9996

	run 6
	1.0
	1.9
	5.0
	10.2
	25.4
	50.2
	99.8
	200.8
	301.2
	397.4
	0.0106
	0.00151
	1.0000

	run 7
	0.9
	2.2
	5.0
	9.8
	25.1
	50.4
	100.6
	203.4
	290.2
	405.4
	0.0107
	0.00064
	0.1000

	run 8
	1.1
	1.8
	4.9
	10.1
	25.7
	50.1
	100.4
	202.3
	299.7
	396.9
	0.0106
	0.00222
	1.0000

	run 9
	1.1
	1.9
	4.9
	9.7
	24.2
	49.7
	101.9
	202.8
	290.5
	406.4
	0.0108
	0.00188
	0.9997

	run 10
	1.0
	1.9
	5.1
	10.1
	25.5
	50.5
	100.9
	201.1
	299.6
	397.3
	0.0106
	0.00127
	1.0000

	run 11
	1.0
	2.1
	5.0
	9.9
	25.3
	49.4
	99.9
	193.5
	310.2
	396.8
	0.0106
	0.00036
	0.9997

	run 12
	1.0
	1.9
	4.8
	10.3
	25.4
	50.3
	100.3
	199.8
	300.1
	399.0
	0.0106
	0.00109
	1.0000

	run 13
	0.9
	2.0
	5.0
	10.1
	25.8
	48.8
	105.2
	203.5
	303.7
	388.0
	0.0107
	0.00214
	0.9996

	run 14
	0.8
	2.1
	5.3
	10.3
	25.5
	48.6
	105.7
	202.5
	305.4
	386.8
	0.0106
	0.00352
	0.9995

	Mean
	1.0
	2.0
	5.0
	10.0
	25.3
	50.0
	101.2
	202.2
	298.4
	397.9
	
	
	

	SD
	0.077
	0.108
	0.117
	0.198
	0.380
	0.732
	1.903
	3.351
	6.685
	6.201
	
	
	

	CV (%)
	7.8
	5.5
	2.3
	2.0
	1.5
	1.5
	1.9
	1.7
	2.2
	1.6
	
	
	

	Accuracy (%)
	98.6
	98.2
	99.7
	100.4
	101.3
	100.0
	101.2
	101.1
	99.5
	99.5
	
	
	

	N
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	
	
	


3.4. Precision and accuracy
Intra-day and inter-day precision and accuracy of the method was obtained by analysis of replicates of plasma QC samples (QC1, QC2, QC3 and QC4) at four concentration levels. The precision of the method was expressed as the coefficient of variation (CV) of the repeated assays and accuracy was given as the ratio between mean found and nominal concentrations. Table 2 shows a summary of the QC data obtained at four concentration levels of QC during fourteen validation runs. The inter-day precision (CV) of the assay was less than 5.5 % at four concentration levels of QC samples, and the CV for the intra-day precision was less than 2.1 %. The intra-day accuracy of assay ranged from 100.2 % to 101.6 % and inter-day accuracy of assay ranged from 99.9 % to 100.7 %.
Table 2: Intra-day and inter-day accuracy and precision of candesartan determination in human plasma.
	Nominal conc.
	Intra-day (N = 8)
	Inter-day (N = 29)

	
	(ng/mL)
	CV (%)
	Accuracy (%)
	CV (%)
	Accuracy (%)

	QC1
	3
	2.1
	100.3
	5.5
	100.7

	QC2
	15
	0.6
	101.1
	1.7
	99.9

	QC3
	75
	0.8
	101.6
	2.1
	100.6

	QC4
	280
	1.0
	100.2
	2.4
	100.3


3.5. Matrix effect

Samples for the determination of matrix effect (ME) were prepared at low quality control level (QC1) in eight different sources of human plasma including one hemolytic and one lipemic plasma. Three replicates of QC1 for each matrix were analysed in a single run and accuracy for each matrix was calculated. No ME was found in 8 of 8 different sources of plasma tested. 
3.2 Matrix factor

For matrix factor (MF) extracted blank human plasma samples from eight different human plasma sources (spiked at low and high QC level and IS) were compared with candesartan and IS working standard solutions at the same concentration levels. The mean MF of candesartan was 1.251 and the mean MF for IS was 1.266. The IS-normalised MF was also calculated by dividing the MF of the analyte by the MF of the IS. The mean IS-normalised MF was 0.988 and CV of the IS-normalised MF was 4.1 %.
3.6. Sample dilution

Dilution of plasma samples was checked at the double value of QC4 concentration and five-fold value of QC4 concentration (a pool of sample was prepared by spiking drug-free plasma with candesartan). Eight replicates with dilution factor 2 and eight replicates with dilution factor 5 were analysed. No significant deviation in accuracy of candesartan concentration by sample dilution was observed. The dilution accuracy was 98.8 % for dilution factor 2 and 98.4 % for dilution factor 5.
3.7. Sample preparation recovery

Extraction recovery of candesartan as well as internal standard was determined at four candesartan QC concentrations (3, 15, 75, 280 ng/mL) and one concentration (100 ng/mL) of internal standard. The recovery of candesartan sample preparation was evaluated by comparing mean analyte responses of eight processed sources of quality control samples to mean analyte responses of eight standard solutions of QC samples which were spiked into blank plasma extracts. The CV at each level was less or equal to 8.8 % with extraction recovery from 63.1 to 74.6 %.
3.8. Hemolysis effect

Eight replicates of low and high quality control samples were prepared with hemolysed human plasma, processed and analysed in a single run. Concentrations were calculated to evaluate hemolysis effect by precision and accuracy. No significant deviation in accuracy and precision of candesartan concentration was observed. Therefore hemolysis did not affect the determination of candesartan in human plasma. 
3.9. Solution stability

Stability of candesartan as well as internal standard stock and working solutions was checked by analysis of eight replicates of stability samples at two different candesartan concentration levels (3 ng/mL and 280 ng/mL for candesartan, 100 ng/ml for IS) maintained at different storage conditions in comparison with eight replicates of freshly prepared solutions.

The following storage conditions were tested:
· Long-term stock solution stability of candesartan and IS for 35 days at +5 (C,

· Long-term working solution stability of candesartan and IS for 35 days at +5 (C,

· Short-term working solution stability of candesartan and IS at +23 °C for 24 h.
The results are listed in Table 3. 
Table 3: Stability of candesartan and IS in solutions.
	Reference solution  (Peak area) 
	Stability solution 

(Peak area)                                  
	CV (%)
	Accuracy (%)

	(N = 8)
	(N = 8)
	
	

	                Long-term stock solution stability of candesartan for 35 days  at +5 (C
	
	

	723338
	745927
	3.4
	103.1

	35071643
	36692326
	0.6
	104.6

	Long-term working solution stability of candesartan for 35 days at +5 (C
	
	

	723338
	780333
	2.7
	107.9

	35071643
	35275954
	2.4
	100.6

	                Long-term stock solution stability of IS for 35 days at +5 (C
	
	

	19754299
	20214941
	3.0
	102.3

	                Long-term working solution stability of IS for 35 days at +5 (C
	
	

	19754299
	19810640
	3.5
	100.3

	               Short-term working solution stability of candesartan for 24 h at +23 (C
	
	

	47824
	44406
	4.4
	92.9

	3960256
	3978717
	3.3
	100.5

	               Short-term working solution stability of IS for 24 h at +23 (C
	
	

	1403161
	1343595
	3.0
	95.8


3.10. Stability in plasma

Stability of candesartan at different storage conditions in plasma samples and sample extracts prepared for LC-MS/MS analysis was tested at two different concentration levels (3 ng/mL and 280 ng/mL). Samples were stored under different conditions. The mean concentration at each level was compared to the mean of the freshly prepared concentrations.
Stability conditions tested in plasma and extracts:

· after one freeze-thaw cycle 24 h at +5 (C and 4 h at room temperature,

· after three freeze-thaw cycles at -20 (C,

· after seven days at -80 °C and two days at -20 °C,

· after freezing at -20 (C for 195 days – long-term stability,
· 120 h in autosampler at +5 (C – stability of extracted sample.

The results are listed in Table 4. 
Table 4: Stability of candesartan in human plasma.
	Reference conc. (ng/mL)
	Calculated conc. (ng/mL)
	CV (%)
	Accuracy (%)

	(N = 8)
	(N = 8)
	
	

	                Freeze-thaw stability (one cycle) and 4 h at 23 °C
	
	

	2.9
	2.9
	3.3
	100.0

	275.9
	269.9
	3.3
	99.2

	                Freeze-thaw stability (three cycles) 
	
	

	2.9
	3.0
	2.8
	102.7

	275.5
	276.4
	1.2
	100.3

	                Stability after 7days at -80 °C
	
	

	2.8
	2.8
	6.6
	99.1

	275.1
	270.0
	2.3
	99.9

	                Long-term stability after 195 days at -20 °C
	
	

	2.9
	2.9
	3.2
	99.4

	272.4
	260.2
	2.3
	96.5

	                Autosampler stability after 120 h
	
	

	2.9
	3.0
	2.8
	102.7

	276.3
	281.5
	0.7
	101.9


3.11. Carry-over test performance
Determination of the carry-over in sample preparation step was done by extracting the sample of blank human plasma immediately after the extraction of sample at the highest concentration level of calibration curve (400 ng/mL) in eight replicates. For all carry-over blank samples the peak area at the retention time of candesartan was below 30 % relative to the peak area of the lowest calibration sample at 1 ng/mL of candesartan. The peak area at the retention time of IS in all carry-over blank samples was below 5 % relative to the peak area of IS obtained for the lowest calibration sample. 
In order to verify that there is no carry-over in the instrument LC-MS/MS, the mobile phase was injected immediately after the plasma sample extract of the highest concentration of calibration curve was injected in eight consecutive injections. No significant interference was observed at the retention time of the analyte or internal standard in the blank samples.
3.12. Application of the method to bioequivalence study
The LC-MS/MS method was applied to the analysis of plasma samples obtained from several bioequivalence studies. The method has been successfully used in the studies of various doses, in which more than 2500 samples were analyzed. Tables 5 and 6 show the results for linearity, repeatability and accuracy obtained during the comparative, single-dose, 2-way cross-over bioavailability study of two 32 mg candesartan cilexetil tablet formulations in healthy volunteers under fasting conditions. 

Table 5: Linearity of the determination of candesartan within the study.
	Nominal conc. 
	4
	10
	25
	50
	100
	200
	300
	400

	(ng/mL)
	Calculated concentration of  candesartan (ng/mL)

	Mean
	4.0
	10.1
	24.5
	50.2
	101.1
	197.3
	302.8
	399.1

	SD
	0.197
	0.267
	0.504
	1.758
	2.190
	3.113
	5.840
	5.882

	CV (%)
	4.9
	2.7
	2.1
	3.5
	2.2
	1.6
	1.9
	1.5

	Accuracy (%)
	100.5
	100.7
	98.0
	100.4
	101.1
	98.6
	100.9
	99.8

	N
	24
	24
	24
	24
	24
	24
	24
	24


Table 6: Repeatability and accuracy of the determination of candesartan within the study.

	Nominal conc. 
	QC1
	QC2
	QC3

	(ng/mL)
	12
	60
	250

	
	Calculated concentration of  candesartan (ng/mL)

	Mean
	4.0
	10.1
	24.5

	SD
	0.197
	0.267
	0.504

	CV (%)
	4.9
	2.7
	2.1

	Accuracy (%)
	100.5
	100.7
	98.0

	N
	96
	96
	96


The developed and validated method proved to be effective in practice, as it can be used for analyzing a large number of samples in a short time. The method also shows very good precision and accuracy over a longer period of time. A representative pharmacokinetic profile is show in Figure 3.

[image: image4]
Figure 3: Pharmacokinetic profile of candesartan after administration of 32 mg candesartan cilexetil tablet to a healthy volunteer.
4. Conclusions
The article presents the validation and application of a LC-MS/MS method for the determination of candesartan in human plasma. Deuterated isotope standard of candesartan-d4 was used as the internal standard and solid phase extraction was adopted for sample preparation. All analytical results obtained in the validation of method were evaluated in accordance with the EMA guidelines.
The validation results indicate that the presented method is sensitive, specific, accurate and reproducible in the concentration range from 1 to 400 ng/mL. Because of the wide concentration range the method is suitable for the analysis of samples in a bioequivalence study of both 8 mg and 32 mg candesartan cilexetil tablets. One of the additional advantages of the developed method is the fact that due to the small injection volume (10 µL) and clean extract free of interferences, the single chromatographic column can be used to analyze many extracts.
The developed and validated method proved to be suitable for fast routine analysis of large number of samples for pharmacokinetic and bioequivalence studies. 
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