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Abstract

:

A salt-induced homogeneous liquid–liquid microextraction (SI-HLLME) protocol combined with high-performance liquid chromatography–diode array detection is presented for the first time for the determination of piroxicam and meloxicam in human urine. The main parameters affecting the performance of the sample preparation protocol were optimized by means of a two-step experimental design (i.e., 2-level fractional factorial design and Box–Behnken design). Following its optimization, the proposed method was thoroughly validated in terms of the total error concept in order to take into consideration the random and systematic errors. For the target analytes, accuracy profiles were constructed, and they were used as graphical decision-making tools. In all cases, the β-expectation tolerance intervals complied with the acceptance criteria of ±15%, proving that 95% of future results will fall within the defined bias limits. The limits of detection were 0.02 μg mL−1 and 0.03 μg mL−1 for piroxicam and meloxicam, respectively. The relative standard deviations were lower than 4.4% in all cases, and the mean relative biases ranged between −5.7 and 3.4% for both drugs. The proposed scheme is simple and rapid, while it is characterized by high sample throughput. Moreover, SI-HLLME requires reduced sample and reagent consumption, according to the requirements of Green Analytical Chemistry.
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1. Introduction


Piroxicam and meloxicam are non-steroidal anti-inflammatory drugs (NSAIDs) and analgesic agents belonging to a class of compounds called oxicams [1,2]. Oxicams are structurally related to the enolic acid class of 4-hydroxy-1,2-benzothiazine carboxamides, and they are clinically used for the treatment of both acute and chronic inflammation through the inhibition of the activity of the two cyclooxygenase (COX) isoforms, COX-1 and COX-2 [3]. These drugs are generally used for the treatment of osteoarthritis and rheumatoid arthritis, as well as for other painful conditions including dental infections, injuries and cancer surgery [1,2]. Meloxicam is metabolized extensively in the liver and its metabolites are excreted both in urine and in feces [4,5]. In the last few years, the determination of NSAIDs in biological samples (e.g., urine, whole blood and plasma) has gained increasing popularity, which can be attributed to the long-term side effects of those compounds that are associated with gastrointestinal and cardiovascular complications [6]. Among the different available analytical techniques for determining these analytes in biosamples, high-performance liquid chromatography (HPLC) is the most widely used in modern laboratories. However, due to the high complexity of biological fluids combined with the relatively low concentration of the target analytes in these samples, a sample preparation step is generally required before their analytical determination [7].



Solid-phase extraction (SPE) and liquid–liquid extraction (LLE) are the major conventional sample preparation techniques that are nowadays considered well-established in bioanalysis [8]. However, both techniques show some inherent disadvantages including the increased consumption of hazardous solvents, as well as having time-consuming and labor intensive steps [9]. After the introduction of the Green Analytical Chemistry (GAC) principles [10], increasing attention has been devoted towards the replacement of these techniques with the so-called “green” microextraction techniques. Following this trend, a wide variety of novel sample preparation techniques have been developed and applied in bioanalysis, aiming to replace the less environmentally friendly SPE and LLE approaches. Typical examples of green extraction techniques used for the determination of drugs in biological matrices include sorbent-based approaches such as solid-phase microextraction [11], fabric phase sorptive extraction (FPSE) [12], capsule phase microextraction (CPME) [13], magnetic solid-phase extraction (MSPE) [14], stir bar sorptive extraction (SBSE) [15], pipette tip-based microextraction [16] and liquid-based approaches such as dispersive liquid–liquid microextraction (DLLME) [17], electromembrane extraction (EME) [18], homogeneous liquid–liquid microextraction (HLLME), etc. [19]. The advances in sample preparation techniques for bioanalytical purposes has recently been reviewed [20].



HLLME typically utilizes small volumes of hydrophilic solvents as extractants that are miscible with water [21]. Due to the infinitely large surface area among the different phases, increased accessibility of this solvent to the target analytes can be achieved, resulting in a high extraction efficiency, high mass and rapid equilibrium [22,23]. Moreover, HLLME overcomes the need for analyte back-extraction due to the compatibility of the solvent with most chromatographic systems [21]. Common types of HLLME include the salt-induced HLLME (SI-HLLME) [24] and the sugar-induced HLLME [25], in which phase separation is achieved by the addition of salts and sugars, respectively. Other paths for the induction of the formation of the extractant phase include the reduction in temperature, the introduction of small amounts of hydrophobic solvents, the addition of buffer solutions for the acidification of the sample solution and the introduction of aprotic solvents [21,23]. Due to its inherent benefits, SI-HLLME has established itself as a useful bioanalytical tool. Typical applications of SI-HLLME include the extraction of azole antimicrobial drugs [19], amphetamines [26], fluoroquinolones [27], antiepileptic drugs [28], amantadine [29], etc. It is noteworthy that HLLME is also in good agreement with some principles of green sample preparation (GSP) that promotes the minimization of waste generation and energy demand, the achievement of high sample throughput and the miniaturization and simplification of the analytical procedure [30].



In this work, an SI-HLLME sample preparation scheme is proposed for the simultaneous extraction of piroxicam and meloxicam from human urine followed by their determination by HPLC-PDA. Initially, a screening 2-level fractional factorial experimental design was used to evaluate which parameters significantly affect the extraction procedure. These parameters were finally optimized by means of a Box–Behnken experimental design. The herein developed SI-HLLME method was validated following the total error concept approach, aiming to take into consideration the random and systematic errors and the accuracy profiles of the target analytes that were constructed.




2. Materials and Methods


2.1. Reagents and Solutions


All inorganic salts, urea, lactic acid and citric acid were purchased from Merck (Darmstadt, Germany). Methanol (MeOH) and acetonitrile (ACN) were purchased from Honeywell (Morris Plains, NJ, USA). Sodium hydroxide (NaOH) (1 mol L−1), hydrochloric acid (HCl) (1 mol L−1) and acetone (>99%), were purchased from Sigma-Aldrich (Steinheim, Germany). Milli-Q water was produced by a B30 water purification system (Adrona SIA, Riga, Latvia). Piroxicam and meloxicam (≥98.0%) were purchased from Sigma-Aldrich. Nimesulide (≥98.0%) was also obtained from Sigma-Aldrich and it was employed as an internal standard (ISTD).



A stock solution of piroxicam (250 μg mL−1) was made in methanol and a stock solution of meloxicam (250 μg mL−1) was made in 0.5% (v/v) NaOH (1 M) in methanol. A stock solution of nimesulide (100 mg L−1) was made in acetonitrile. All solutions were kept at 4 °C. The multi-analyte working solutions were made from the stock solution after appropriate dilution in water. Artificial urine samples were made based on Brooks and Keevil [31] by dissolving urea (5 g), lactic acid (0.05 g), NaHCO3 (1.05 g), citric acid (0.2 g), NH4Cl (0.65 g), MgSO4·7H2O (0.25 g), KH2PO4 (0.48 g), NaCl (2.6 g), Na2SO4 10H2O (1.6 g), K2HPO4 (0.6 g) and CaCl2 2H2O (0.19 g) in 500 mL H2O followed by pH adjusting to 6.0 using HCl.




2.2. Instrumentation and HPLC Conditions


The separation and determination of the target analytes were conducted utilizing a Shimadzu HPLC-PDA (Kyoto, Japan) system equipped with two high-pressure pumps (LC-20AD), an autosampler (SIL-20AC HT), a column oven (CTO-20AC) and a PDA detector (SPD-20A). System operation and data processing were performed using LC Solutions software (vs. 1.25 SP4). A BDS Hypersil column (100 × 4.6 mm, 3 μm) (Thermo Fisher Scientific, Waltham, MA, USA) was used as stationary phase. During sample analysis the column was maintained at 30 °C. The mobile phase was 20 mM KH2PO4 (A) and methanol (B). Analytes’ separation was conducted according to the following gradient elution program: initial composition 55% v/v (B) (constant for 3 min), then the composition changed to 70% v/v (B) at 6.0 min (constant until 8 min). The composition returned to the initial conditions at 10 min and it was equilibrated up to 15 min. The mobile phase flow rate was 1 mL min−1. The injection volume was 10 μL. The analytes and the ISTD were quantitatively determined at 360 nm.




2.3. Sample Collection


Blank human urine samples were collected from five healthy volunteers (n = 5) and they were stored at −18 °C, after centrifugation (5 min at 4000 rpm). The volunteers were thoroughly informed about the procedures followed in this study and their written ethical consent was obtained. The volunteers were not under medication with piroxicam and meloxicam. A pooled drug-free urine sample was prepared by mixing equal volumes of the collected samples. The pooled sample was employed in method validation. Prior to the SI-HLLME process, the human urine samples were 5-fold diluted using Milli-Q water.




2.4. SI-HLLME Procedure


Initially, an aliquot of 500 μL of a diluted human urine sample (CISTD = 5 μg mL−1) was placed in a 2.0 mL Eppendorf tube. For the SI-HLLME procedure, 600 μL of acetonitrile was added to the sample forming a homogeneous mixture. The obtained mixture was vortexed for 10 s and phase separation was achieved by adding 480 μL of sodium sulfate (2.5 mol L−1) into the Eppendorf tube, followed by centrifugation at 2000× g for 1 s. Subsequently, 400 μL of the organic layer was mixed with an equal amount of mobile phase A and the sample was injected to the HPLC column. Following this process, extraction was performed in <3 min and parallel handling of samples was possible resulting in high sample throughput.





3. Results and Discussion


Preliminary experiments involved the exploration of the effects of the kind of extraction solvent and the salt on the extraction performance for both analytes. These experiments were carried out using the one-variable-at-a-time approach. In the next stage, a two-step experimental design was adopted for screening and optimizing the microextraction-based method. Method optimization was performed using artificial urine spiked with both analytes at a concentration of 5 μg mL−1.



3.1. Influence of Extraction Solvent and Salt Type


The selection of the most appropriate and efficient extraction solvent is a crucial parameter affecting the extraction performance of the analytes [22]. The extraction solvent should normally show appropriate extraction efficiency and it must be compatible with the analytical technique. Furthermore, it must form a consistent layer after the step of phase separation. Regarding the agents used for phase formation, they must demonstrate high solubility in water and negligible solubility in the extraction solvent. In our study, different organic solvents were initially examined including methanol, isopropanol, acetonitrile and acetone. Moreover, the phase-forming agents such as sodium chloride, magnesium sulfate, zinc sulfate, ammonium chloride, ammonium sulfate and sodium sulfate were examined for their performance and suitability. Such experiments were performed by using aliquots of 500 μL of artificial urine mixed with 500 μL of the examined extraction solvents. An aliquot of 200 μL of the aforementioned salts was added in each mixture (Csalt = 2 mol L−1).



When methanol was used, no phase separation was observed, while phase separation was observed using isopropanol, acetonitrile and acetone in the presence of sulfate salts. However, the addition of magnesium sulfate and zinc sulfate in the salt solution resulted in an organic upper layer that contained a high water amount and was almost twice its initial volume. This phenomenon has also been reported elsewhere [19], and it can be attributed to the simultaneous extraction of polar interferences that could result in a significant matrix effect. Based on these results, both zinc sulfate and magnesium sulfate were excluded from the consequent trials. Analogous results were also obtained in the cases of isopropanol and acetone when mixed with sodium sulfate. On the other hand, the combination of acetonitrile/sodium sulfate resulted in an organic layer with low water content (460 ± 30 μL), providing a more suitable option for sample clean-up and the effectiveness of the SI-HLLME procedure. Additionally, acetonitrile exhibited compatibility with the mobile phase used during HPLC analysis, and it was finally adopted for the method development.




3.2. Examination of the SI-HLLME Parameters Using 2-Level FFD


Initially, a fractional factorial design (FFD) was constructed to find the significant parameters affecting the extraction efficiency. Five experimental parameters were investigated including the sample pH, the sample volume (VS), the acetonitrile volume (VACN), the centrifugation time and the volume (Vsalt) of the salt solution. In order to ensure phase separation at each experimental run of the domain, a concentration of 2.5 mol L−1 sodium sulfate was used. Table 1 summarizes the evaluated parameters, their respective levels and the experimental sequence. A random order of the experiments was used to reduce potential errors. During the screening of the SI-HLLME parameters, the extraction recoveries (ER%) of the analytes were calculated. The calculation of the ER% values is described in the Supplementary Material. Figure 1 shows the effects of the examined parameters after multivariate regression analysis (Pareto ranking plots).



In these charts, the bar length is proportional to the absolute value of the estimated standardized effects and the black line (vertical line) is used for the judgment of the statistical significance at a confidence level of 95%. As shown in Figure 1, the volume of the sample (VS) was found to be statistically significant (p < 0.05), exhibiting negative effects on the ER% of both analytes. This mean that the increase in VS led to a decrease in the extraction recoveries. Oppositely, the volume of acetonitrile (VACN) had a positive effect on the ER% of meloxicam, meaning that the extraction efficiency improved at elevated acetonitrile volumes. In both cases, the interactions of factors A, B and E were statistically significant, and these parameters were further investigated using response surface methodology (RSM). The sample pH and the centrifugation time were found to be non-significant (p > 0.05) within the studied ranges. In order to avoid the pH adjustment of the urine samples before the extraction, the pH value of 6 was finally chosen. The centrifugation time was set to 1 min to accelerate the sample throughput.




3.3. Optimization of the SI-HLLME Parameters Using Box–Behnken Design


In order to optimize the three parameters (VS, VACN, Vsalt) selected by the 2-level FFD, an RSM consisting of a Box–Behnken design (BBD) was further utilized due to its widespread application for the optimization of sample preparation [32]. A total of 17 experimental runs were performed and each parameter was examined at three levels (−1, 0, +1). The experiments were randomized to avoid systematic error. The examined parameters, their respective levels and the matrix of the BBD are shown in Table 2. Multivariate regression analysis was used to construct a fitted second-order polynomial quadratic model, as follows
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where the experimental response is indicated by y(X1≤i≤3), the factor is indicated by Xi, the constant is indicated by βο, the linear coefficients are indicated by βi, the quadratic coefficients are indicated by βii and βij and the random error is indicated by ε. Augmentation of the design was proposed for both analytes since high-order models were aliased.



For the statistical analysis and the experimental designs, the Design-Expert® 13 software (Stat-Ease Inc, Minneapolis, MN, USA) was utilized. The estimates of the coefficients for the models were calculated using least squares multi-linear regression and analysis of variance (ANOVA) was used for model validation (Tables S1 and S2, Supplementary Material). In order to obtain a more “realistic” model, exclusion of the non-significant factors (p > 0.05) was performed by means of the “backward elimination” process.



The calculated R2 and the adjusted R2 were estimated to be 0.9033 and 0.8452 for PIR and 0.9149 and 0.8638 for MEL, respectively, showing that the resulted models adequately explain the response. The validity of the models was assessed through the examination of the plot of the residuals in comparison with the predicted values and the normal probability plot of residuals. As can be observed from Figures S2 and S3 (Supplementary Material), proper model fitting was indicated as revealed by the random scattering of the data around the line. Good correlation among the predicted and the actual responses was achieved, as can be observed from the monotonous scattering of data around the line. The 3D response surface and contour plots for both analytes are illustrated in Figure 2. As can be seen, the maximum extraction performance of both compounds was achieved at a moderate volume of samples and higher volumes of sodium sulfate solution.



Derringer’s desirability function (D) was used to find the optimum conditions for the SI-HLLME procedure. The desirability graphs and the prediction profiles are shown in Figure 3. The optimum values of VACN, VS and Vsalt were estimated to be 598, 505 and 485 μL, respectively. For simplicity, the above values were rounded off to 600, 500 and 480 μL and adopted. The confirmation of this set of experimental conditions was conducted by performing six repetitive extractions. The variations between the experimental and the predicted values were <5%, which is considered satisfactory.




3.4. Method Validation


Validation of the proposed SI-HLLME protocol was conducted by constructing accuracy profiles. The theory behind this concept is described in the Supplementary Material. In brief, the dashed blue lines are representative of the β-expectation tolerance limits (95% probability level) and the red lines are representative of the relative bias. When former lines fall inside the black dotted lines that correspond to a 15% acceptance limit, the proposed bioanalytical method is considered to be valid [33].



Calibration curves were prepared in triplicate (n = 3) for each experiment series (k = 3) using mixture standards at the following concentrations (n = 5): 0.1, 0.5, 1.0, 2.0 and 4.0 μg mL−1. These standards were in three series made using pooled blank urine samples and by spiking them with the appropriate quantity of MEL and PIR and ISTD. Table 3 and Table S3 (Supplementary Materials) summarize the validation results for PIR and MEL, respectively.



Six drug-free human urine samples (n = 6) were used in equal volumes to prepare a pooled blank sample for the assessment of the method’s selectivity. Figure 4 shows overlaid representative chromatograms of human urine samples spiked with ISTD only and ISTD and MEL and PIR, respectively. As can be observed, no interfering peaks were found within the region of elution of the target analytes and the ISTD, confirming the selectivity of the herein proposed SI-HLLME method.



Subsequently, the linearity of the SI-HLLME methodology was studied through the selection of the response function that is the most appropriate. This study aimed to minimize the risk of undesired errors that might occur in the future. The following regression models were investigated: weighted (1/X) and weighted (1/X2) linear regression, and simple unweighted. The respective models were constructed by plotting the peak area ratio of each analyte versus the ISTD peak area. The upper and the lower β-ETI for each regression model were calculated using the back-calculated concentrations, as well as the intermediate precision (sR%) and the mean relative bias. As illustrated in Figure 5, the unweighted linear regression models fitting profiles for both, resulted in results’ scattering that for all levels fell within the acceptance limits. To ensure simplicity and high method performance in terms of precision and trueness, the unweighted linear regression model was chosen for both analytes. Since the absolute β-ETI fell within the absolute acceptance limits (Figure S4), the linearity of the proposed method was confirmed. Regarding the calculation of the LOD and the lower LOQ (LLOQ) of MEL and PIR the signal-to-noise ratio criteria (S/N) of 3 and 10 were used, respectively. The LODs were estimated to be 0.02 and 0.03 μg mL−1 for PIR and MEL, respectively, and the LLOQ was estimated to be 0.1 μg mL−1 for both drugs.



The herein developed SI-HLLME protocol exhibited good method trueness since the relative biases for MEL ranged between −1.7 and 1.7% and for PIR between −5.7 and 3.4%. Moreover, sufficient method precision was achieved for the examined concentration levels. Specifically, the method precision (sr, %) was better than 3.9% and the time-dependent intermediate precision (sR, %) was better than 4.4% in all cases. Finally, the lower and upper β-ETIs were within the acceptance limits of ±15%, demonstrating good method accuracy for the selected drugs within the examined concentration range.




3.5. Stability Studies


The stability of the studied drugs in human urine was investigated by storing unprocessed samples at 25 °C for up to 12 h and at 4 °C for up to 24 h. The experiments indicated that the analytes and the ISTD were stable at these storage conditions. The % relative recoveries of PIR and MEL ranged between the lower and the upper specification limit of the method accuracy (±15%).




3.6. Application to Real Urine Analysis


The applicability of the validated method was further assessed by analyzing spiked real urine samples at different concentration levels in the range of 0.1–4 μg mL−1. For all spiked levels, the average recoveries were 87.3–114.9% and the RSD% was lower than 8.9%, demonstrating the absence of matrix effects due to the good recovery of the target analytes. All things considered, the herein developed SI-HLLME protocol can be successfully used for the quantitative determination of the target analytes.




3.7. Comparison of the Proposed Method with Other Studies


The proposed SI-HLLME sample preparation protocol was compared with other novel extraction approaches used for the monitoring of PIR and MEL. Table 4 summarizes the results of the comparative study.



As can be observed, the proposed method exhibited comparable LOD values to References [34,37], lower LOD values compared to Reference [2] but higher LOD values compared to References [35,36]. Moreover, the proposed protocol exhibited good accuracy. The relative recovery values of this study were better than those of References [35,36] and comparable to the values of the other studies. The RSD% values of this study can also be considered satisfactory in comparison with those obtained in the other studies. Apart from the satisfactory figures of merit, the proposed protocol is characterized by the inherent benefits of the SI-HLLME including the simplicity of the process, the rapid analyte extraction and the possibility to perform parallel handling of a high number of samples resulting in increased sample throughput. These advantages are of utmost importance for routine laboratories working in the field of bioanalysis.




3.8. Investigation of the Green Potential of the Developed SI-HLLME-HPLC-DAD Protocol


The green potential of the proposed SI-HLLME sample preparation protocol combined with HPLC-DAD analysis was evaluated using the GAPI index [38]. This tool is used for the evaluation of the reagents, the procedures and the instrumentation of an analytical procedure by taking into consideration different factors including the energy requirements, the type and amount of waste, and the chemical and environmental hazards of the chemicals [39]. Figure 6 shows a pictorial illustration of the GAPI pictogram for the herein developed SI-HLLME-HPLC-DAD method. Each part of the different pentagrams shows the impact of different criteria, while the color scale ranges between green, yellow or red showing low, medium and high environmental impact, respectively. Among the green aspects of the proposed protocol lie the low operational hazards, the absence of requirement for chemical or physical sample preservation, the possibility to store the samples under normal conditions and the absence of a requirement for other sample pretreatment steps. Moreover, microextraction is used, which results in relatively low consumption of hazardous organic solvents. Future directions for the reduction in the environmental impact of the herein developed methodology include the replacement of the organic solvents with deep eutectic and natural deep eutectic solvents [40] that are considered to be “greener” alternatives and the replacement of HPLC with ultra-high-performance liquid chromatography (UHPLC) that efficiently minimizes solvent consumption [41].





4. Conclusions


In the proposed work, a rapid, simple and green SI-HLLME methodology based on the utilization of a hydrophilic organic solvent under high salinity conditions was reported for the extraction of MEL and PIR from urine samples prior to their determination by HPLC. For the extraction procedure, a small quantity of organic solvent was required in accordance with the principles of GAC. Two-level fractional factorial design and BBD experimental designs were utilized to find the optimum extraction conditions to achieve high method sensitivity. Accuracy profiles were employed to carry out method validation and the trueness, precision, accuracy, linearity and sensitivity of the SI-HLLME method were examined. Under optimum conditions, satisfactory figures of merit were observed. Finally, the proposed method was successfully employed for determining the target analytes in real urine samples. It can be concluded that the herein developed analytical scheme can serve as a good alternative to conventional protocols used in routine bioanalytical applications.
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Figure 1. Pareto charts regarding the main effects of the SI-HLLME parameters for (A) piroxicam and (B) meloxicam using 2-level FFD. Orange and blue bars indicate the positive and negative effects, respectively. 
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Figure 2. Three-dimensional response surface and contour plots for (A) PIR and (B) MEL determination using BBD. 
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Figure 3. Contour desirability plots for PIR and MEL determination using BBD. 
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Figure 4. Representative HPLC-PDA chromatograms of a sample spiked with (A) ISTD and (B) ISTD and mixture of PIR and MEL at a concentration level of 0.1 μg mL−1. 
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Figure 5. Accuracy profiles for the determination of (A) MEL and (B) PIR in human urine samples using unweighted linear regression models. The relative error (%) is represented by the red plain lines, the accuracy profiles are represented by the blue dashed lines and the acceptance limits λ (±15%) are represented by the blank dotted lines. 
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Figure 6. GAPI pictogram for the SI-HLLME-HPLC-DAD method. 
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Table 1. Plans of experiments generated by 2-level FFD for the screening of SI-HLLME procedure.
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	Standard Run
	VACN (μL)
	VS (μL)
	Sample pH
	Centrifugation Time
	Vsalt (μL)





	14
	700
	400
	6
	10
	300



	10
	700
	400
	3
	10
	500



	3
	450
	700
	3
	1
	300



	5
	450
	400
	6
	1
	300



	15
	450
	700
	6
	10
	300



	2
	700
	400
	3
	1
	300



	11
	450
	700
	3
	10
	500



	8
	700
	700
	6
	1
	300



	6
	700
	400
	6
	1
	500



	7
	450
	700
	6
	1
	500



	13
	450
	400
	6
	10
	500



	1
	450
	400
	3
	1
	500



	12
	700
	700
	3
	10
	300



	16
	700
	700
	6
	10
	500



	4
	700
	700
	3
	1
	500



	9
	450
	400
	3
	10
	300
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Table 2. Experimental runs generated by BBD for the optimization of SI-HLLME procedure.
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	Standard Run
	VACN (μL)
	VS (μL)
	Vsalt (μL)
	% ER (PIR)
	% ER (MEL)





	11
	575
	400
	500
	95.45
	95.93



	7
	450
	550
	500
	82.27
	84.33



	14
	575
	550
	400
	100.38
	103.25



	15
	575
	550
	400
	101.38
	103.99



	4
	700
	700
	400
	76.77
	76.55



	1
	450
	400
	400
	78.26
	76.83



	3
	450
	700
	400
	57.22
	58.36



	6
	700
	550
	300
	100.88
	101.43



	13
	575
	550
	400
	98.16
	99.66



	16
	575
	550
	400
	99.92
	100.29



	5
	450
	550
	300
	85.78
	88.05



	9
	575
	400
	300
	70.42
	68.56



	8
	700
	550
	500
	98.84
	97.62



	17
	575
	550
	400
	94.81
	97.41



	12
	575
	700
	500
	79.42
	78.63



	2
	700
	400
	400
	85.04
	82.28



	10
	575
	700
	300
	84.96
	89.31










[image: Table] 





Table 3. Validation results for the determination of PIR in urine.
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Validation Criteria

	

	

	






	
Response function (linear regression)

	
Slope

	
Intercept (×103)

	
r2




	
(k a = 3; m = 5; n = 3) (0.1–4.0 μg mL−1)

	

	

	




	
Day 1

	
0.6971

	
−0.0375

	
0.9998




	
Day 2

	
0.7015

	
−0.0367

	
0.9996




	
Day 3

	
0.7066

	
−0.0399

	
0.9995




	
Precision (k = 3; n = 3)

	

	

	




	
C (μg mL−1)

	
sr (%) b

	
sR (%) c

	




	
0.1

	
2.5

	
2.6

	




	
0.5

	
2.9

	
4.4

	




	
1

	
2.8

	
3.9

	




	
2

	
2.0

	
2.8

	




	
4

	
2.8

	
2.6

	




	
Trueness (k = 3; n = 3)

	

	

	




	
C (μg mL−1)

	
Relative bias (%)

	




	
0.1

	
−2.2

	

	




	
0.5

	
−5.7

	

	




	
1

	
−0.62

	

	




	
2

	
+ 1.2

	

	




	
4

	
+ 3.4

	

	




	
Accuracy (k = 5; n = 3)

	

	

	




	
C (%)

	
Relative β-ΕΤΙ (%)

	




	
0.1

	
[−12.92, 8.61]

	




	
0.5

	
[−12.82, 1.40]

	




	
1

	
[−7.54, 6.30]

	




	
2

	
[−10.49, 12.96]

	




	
4

	
[−4.50, 11.16]

	




	
Linearity (k = 3; n = 3; m = 5)

(0.1–4.0 μg mL−1)

	

	




	
Slope

	
1.042

	




	
Intercept

	
−0.024

	




	
r2

	
0.9998

	




	
LOD (μg mL−1)

	
0.02

	




	
LLOQ (μg mL−1)

	
0.1

	








ak: number of experiments, m: calibration levels and n: replicates. b sr (%): relative standard deviation for repeatability. c sR (%): relative standard deviation for intermediate.
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Table 4. Comparison of the SI-HLLME method with other microextraction approaches.
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	Analyte
	Sample
	Sample Preparation 1
	Analytical Determination 2
	RR%
	RSD%
	LOD

(μg mL−1)
	Ref.





	PIR
	Horse urine
	SDME
	CEC-DAD
	94.8
	<4.32
	0.01764
	[34]



	MEL
	Human plasma
	IL-UA-ISFME
	HPLC-UV
	82.1–93.6
	<5.1
	0.0001
	[35]



	PIR
	Water samples
	HF-SLPME
	HPLC-DAD
	70.02–110.98
	<4.27
	0.00458
	[36]



	MEL
	Human serum
	Cloud-point extraction
	HPLC-UV
	>92
	6.9
	0.01
	[37]



	PIR
	Pharmaceutical formulations, human urine
	DLLME
	Spectrophotometry
	97–110
	2.83
	0.058
	[2]



	PIR

MEL
	Human urine
	SI-HLLME
	HPLC-DAD
	94.3–103.4
	<4.4
	0.02–0.03
	This study







1 SDME: single drop microextraction, IL-UA-ISFME: ionic liquid-based ultrasound-assisted in situ solvent formation microextraction, HF-SLPME: hollow fiber solid/liquid microextraction, DLLME: dispersive liquid–liquid microextraction, SI-HLLME: salt-induced homogeneous liquid–liquid microextraction. 2 CEC-DAD: capillary electrochromatography–diode array detection, HPLC-DAD: high-performance liquid chromatography–diode array detection, HPLC-UV: high-performance liquid chromatography–ultraviolet detection.
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