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Abstract 25 

A fully automated analytical methodology combining salting-out assisted liquid-liquid extraction (SALLE) 26 

and capillary electrophoresis (CE) for the analysis of three Tyrosine Kinase Inhibitors (TKIs) in plasma 27 

samples is proposed. The automated methodology, called A-SALLE-CE-UV, makes full use of the 28 

advantages of both techniques by combining desalting, protein precipitation, automated liquid-liquid 29 

extraction, in-line CE stacking and electrophoretic separation of analytes in plasma samples in a fully 30 

integrated way. At first, the capillary is used to deliver appropriate micro-volumes of extraction agent 31 

solutions (acetonitrile, salt) in the plasma sample. ACN and salting-out agent (NaCl) solutions are added 32 

by pressure from outlet vials into the sample vial (inlet) containing human plasma sample spiked with 33 

the three tested TKIs. After addition of both ACN and NaCl solutions, mixing is achieved by generating air 34 

bubbles leading to a two phases separation and extraction of TKIs in the upper mostly organic phase 35 

(ACN). The upper phase containing the TKIs is then injected and analyzed by CE-UV. Due to the presence 36 

of ACN, the analytes are stacked in-line and successfully separated in the same capillary. The results 37 

obtained in terms of limit of detection (LOD), limit of quantification (LOQ), sensitivity enhancement 38 

factor (SEF), repeatability and linearity demonstrate the applicability of the proposed method for 39 

possible therapeutic drug monitoring (TDM) of TKIs. 40 

  41 



1. Introduction 42 

Capillary electrophoresis (CE) is a separation technique extensively used for the analysis of a wide range 43 

of drugs in biological matrices such as plasma [1]. However, the presence of interfering compounds (e.g. 44 

protein, salts) in the sample can affect the analytical performances of CE methodologies causing peak 45 

broadening, baseline distortion and a lack of specificity [2]. Therefore, sample preparation techniques 46 

such as liquid–liquid extraction (LLE) and solid-phase extraction (SPE) are frequently used prior to CE 47 

analysis to remove proteins, desalt, concentrate the analytes of interest and obtain efficient 48 

electrophoretic peaks [3,4]. However, these methods are based on the use of complex, long procedure 49 

and expensive sample preparation protocols (multi-steps) which are not suitable for routine analysis. In 50 

the last decade, several improvements of extraction techniques have been reported to address these 51 

problems, such as the development of solid phase microextraction (SPME) and liquid phase 52 

microextraction (LPME) techniques [5,6]. More recently, new LLE technique based on salting-out 53 

assisted liquid–liquid extraction appeared to be well suited for the determination of drugs in plasma 54 

samples as it allows desalting, deproteinization and extraction of analytes in the same procedure [7]. 55 

SALLE is based on the addition of salts (e.g. sodium chloride (NaCl)) into a sample solution composed of 56 

a miscible mixture of water and an organic solvent (such as acetonitrile (ACN)), inducing a two phases 57 

separation (organic phase from bulk aqueous phase) [8]. SALLE can be easily coupled with CE technique 58 

(SALLE-CE-UV) since the high content of ACN in the upper phase allows the in-line CE stacking of the 59 

analytes in the capillary even for injected sample volumes exceeding 80% of the capillary volume till the 60 

detector window. Excellent peak efficiencies, good resolution and high sensitivity were obtained with 61 

SALLE-CE-UV methodology for the analysis of drugs in plasma [7].  62 

Since a few years, analytical strategies tend towards automation and on-line combination of sample 63 

preparation procedures with separation systems such as liquid chromatography (LC), gas 64 

chromatography (GC) and CE [9–11]. Indeed, automation offers many advantages including lab 65 



efficiency, reduced human errors and lower operating cost per sample. Many works dealt with the 66 

automation of LPME techniques including single drop microextraction [12,13], dispersive liquid-liquid 67 

microextraction [9,14–17] and hollow fiber-based microextraction [18–20]. However, only two reports 68 

mention the automation of SALLE. The first one is based on the oxidation of diclofenac with potassium 69 

ferricyanide in an alkaline medium, was followed by the separation of the ACN phase from the 70 

homogeneous sample solution, the simultaneous extraction of the derivative and in-line organic-phase 71 

detection by an optical probe [21]. The second work is based on the aspiration of 1-octylamine, urine 72 

sample solution containing tetracycline and salting-out agent solution (NaCl) into a mixing chamber of a 73 

flow system followed by air bubbles mixing, resulting in isotropic solution formation [11]. After phase 74 

separation, the micellar 1-octylamine phase containing analyte is mixed with methanol and analysed by 75 

a LC-UV. Both methods require special technical modifications of analytical materials and the use of 76 

additional instruments such as external syringe or peristaltic pumps, multi-port selection valves and 77 

cone-shaped glass. This include homemade modifications, which are difficult to realize, making them not 78 

suitable for routine analysis. 79 

Herein, we describe the first demonstration of a fully automated SALLE capillary electrophoresis (CE)-UV 80 

methodology, called A-SALLE-CE-UV. The applicability of the proposed A-SALLE-CE-UV methodology was 81 

evaluated for the analysis of 3 tyrosine kinase inhibitors (TKIs) namely lapatinib ditosylate, erlotinib 82 

hydrochloride and sorafenib in human plasma samples as proof-of-concept analytes. These basic 83 

molecules are extensively used for the treatment of malignant tumors such as renal cell carcinoma, lung 84 

cancer and breast cancer [22–24]. Different factors including the effects of filling schemes of the sample 85 

vial by several solutions (ACN, salt), time/volume of mixing using air bubbles and the type of salting-out 86 

agents on the performance of A-SALLE-CE-UV methodology were optimized. Several analytical 87 

performances such as the limit of detection (LOD), the limit of quantification (LOQ), sensitivity 88 

enhancement factor (SEF), repeatability, and linearity were determined. 89 



 90 

2. Experimental: 91 

2.1.    Chemicals and reagents: 92 

All reagents were of analytical grade and used as received without further purification. Acetonitrile 93 

(ACN, purity ≥ 99.9%) was from Honeywell Riedel de Haen (Seelze, Germany). 6-amino caproic acid 94 

(purity ≥ 99%) was from Acros organics (Geel, Belgium). Ammonium acetate (purity ≥ 99%), potassium 95 

chloride (KCl, purity ≥ 99%), sodium chloride (NaCl, purity ≥ 99.5%), sodium hydroxide (NaOH, purity ≥ 96 

99%), citric acid (purity ≥ 99%), dimethylsulfoxide (DMSO) were purchased from Sigma Aldrich (Saint-97 

Quentin-Fallavie, France). Sorafenib (purity ≥99%), erlotinib hydrochloride (purity ≥99%) and lapatinib 98 

ditosylate (purity ≥99%) were purchased from Molekula (Munich, Germany).  99 

2.2. Apparatus and CE software: 100 

All CE separations were carried out using a Beckman P/ACE-MDQ instrument (Fullerton, USA) equipped 101 

with a UV detection system. 600 µL eppendorf tubes (Thermoscientific, Pittsburgh, USA) used as mixing 102 

chamber between plasma sample, ACN and NaCl stock solution. The eppendorf containing the solutions 103 

was placed in a plastic 2 ml vial (P/ACETM MDQ, reference number 970657, France) covered with plastic 104 

cap (P/ACETM MDQ, reference number 144656, grey, France).  The cap and the crown of the eppendorf 105 

tube was cut to be adjusted in the CE plastic vial (see Figure 1S in supplementary information). 2 ml glass 106 

vials (P/ACETM MDQ, reference number 358807, France) covered with vial caps (P/ACETM MDQ, 107 

reference number 144648, red, France) were filled with other solutions. Data were acquired by 32 Karat 108 

software (Version 8.0, Beckman Coulter, Fullerton, USA). Uncoated fused-silica capillaries (50 µm ID) 109 

were obtained from Polymicro Technologies (Phoenix, USA). The length of the capillary was 31 cm (21 110 

cm effective length to the detector). 111 

2.3. Preparation of background electrolyte and stock solutions: 112 



The background electrolyte (BGE) was chosen based on our previous studies [7,25] and was a mixture of 113 

citric acid (1800 mM) and 6-amino caproic acid (137 mM) at pH 2.0 and ionic strength (IS) 150 mM. BGE 114 

composition with the desired IS and pH was calculated with the software “Peakmaster” 5.3 (Prague, 115 

Czech Republic, https://web.natur.cuni.cz/∼gas/). Stock solutions of erlotinib hydrochloride, sorafenib 116 

and lapatinib ditosylate were prepared in DMSO solvent at the concentration of 1.0 g/L due to their low 117 

solubility in water. NaCl, ammonium acetate and KCl solutions were prepared at a concentration of 25% 118 

(m/v) in water. All stock samples were stored frozen at −20°C. All other solutions were stored in 119 

refrigerator at 4°C. 120 

2.4. Samples preparation 121 

- Standard sample solution: relevant volumes of distilled water and the three TKIs stock solutions 122 

were mixed in an eppendorf tube of 600 µL to obtain a final volume of 80 µL. Then, the 123 

eppendorf tube containing the standard solution was placed in the CE plastic vials. 124 

- Plasma sample solution: relevant volumes of plasma solution and the three TKIs stock solutions 125 

were mixed in an eppendorf tube of 600 µL to obtain a final volume of 80 µL. Then, the spiked 126 

plasma was mixed during 1 hour at room temperature. Then, the eppendorf tube containing the 127 

spiked plasma solution was placed in the CE plastic vials. 128 

2.5. The A-SALLE-CE-UV procedure: 129 

New capillaries were pre-conditioned with 1.0 M NaOH for 3.0 min under 20 psi followed by distilled 130 

water for 3.0 min under 20 psi. Then, the capillary was flushed with BGE for 5.0 min under 20 psi. The A-131 

SALLE-CE-UV procedure (Fig. 1) consisted of a commercially available CE apparatus, a silica capillary and 132 

a 600 µL tube containing the standard or the plasma sample placed in a plastic vial (mixing chamber). At 133 

first, the capillary was used as a tool to deliver 150 µL of ACN and 20 µL of NaCl from outlet vials to the 134 

inlet vial holding the 600 µL tube filled with 80 µL of sample containing TKIs (60 psi pressure, reverse 135 

mode) were applied (see video 1 in the supplementary information). This was followed by a mixing step 136 



using air bubbles at 90 psi during 5.0 minutes (see video 2 in the supplementary information) leading to 137 

two phases separation and extraction of TKIs in the upper phase. The capillary was rinsed with water (60 138 

psi during 2.0 minutes) between each addition of liquids (sample, NaCl solution and ACN) in the 600 µL 139 

tube and dried with air (30 psi during 1.0 minutes), to start each filling of the sample vial from a cleaned 140 

and empty capillary. This rinsing procedure was optimized to ensure that NaCl solution doesn’t get in 141 

contact with ACN to avoid any precipitation of NaCl inside the capillary. Then, the upper phase 142 

containing TKIs was hydrodynamically injected (forward mode) in the capillary at 0.8 psi during 94 143 

seconds to obtain an injection volume equivalent to 287 nL (70% of the capillary effective length). All 144 

separations were carried out with an applied voltage of 15 kV. The capillary was thermostated at 25°C. 145 

The capillary usage life was between 45 to 50 analysis. UV detection was performed at 254 nm. The 146 

detailed A-SALLE-CE-UV methodology is mentioned in Table 1S in supplementary information. Corrected 147 

peak areas were calculated by dividing each peak area by its corresponding migration time.  148 

  149 



3. Results and discussion 150 

Automation and on-line combination of sample preparation with analytical separation techniques fit 151 

perfectly with the criteria required for analytical methods dedicated to routine analysis such as 152 

therapeutic drug monitoring (TDM): simple, fast and cost-effective. TDM of TKIs is required to evaluate 153 

the relation between dose and efficacy/toxicity of TKIs. As mentioned before, SALLE applies the salting-154 

out effect to separate water-miscible organic solvent such as ACN from aqueous/biological sample. The 155 

separation will result in two phases: upper mostly organic and lower mostly aqueous. SALLE-CE-UV 156 

methodology offers a number of features for the analysis of TKIs in human plasma including high 157 

separation ability between TKIs, applicability to saline sample matrix, easy operational procedure, low 158 

consumption of organic solvent, and environmental benignity. 159 

3.1. Preliminary Trials 160 

According to our previous work [7], SALLE methodology based on a ratio of 60/40 (v/v) ACN/sample in 161 

the presence of 2% (m/v) of NaCl gives the best compromise to obtain an efficient plasma protein 162 

precipitation, a good separation of the two phases and a moderate dilution of the samples. Moreover, a 163 

BGE composed of a mixture of 6-amino caproic acid and citric acid at pH of 2.0 with ionic strength (IS) of 164 

150 mM allows an efficient electrophoretic separation of the TKIs. Therefore, these SALLE-CE-UV 165 

conditions were used for the automation of the overall procedure of the A-SALLE-CE-UV methodology.  166 

The first experimental investigations were realized to check if it was possible to 1/ obtain a two phases 167 

separation, 2/ successfully extract the TKIs in the upper (mostly ACN) phase and 3/ separate the TKIs in 168 

an automated manner. Three TKIs (Fig. 2) were chosen as proof-of-concept analytes. The length of the 169 

capillary was adjusted to be immersed only in the upper phase (mostly organic) of the sample after 170 

SALLE extraction. The adjustment of the capillary length passed through several steps. At first, two 171 

samples were prepared by SALLE (manually) and by A-SALLE. In order to visualize properly the two 172 

phases separation, methyl red indicator was added (Fig. 2S, supplementary results). Estimated heights of 173 



the upper phase of both manually and automatically prepared samples was verified to be the same. 174 

Accordingly, the length of the capillary inlet was optimized and measured to be immersed only in the 175 

upper phase (Ltot = 31 cm, Leff = 21 cm). Both ends of the capillary were set at the same level to avoid 176 

siphoning effect that would affect the robustness of the proposed methodology. The filling scheme of 177 

the sample vial with the different extraction solutions (ACN, salt stock solution) allowing to automate 178 

the extraction procedure can be resumed as following: ACN/NaCl/air. ACN and NaCl stock solution were 179 

successively added from outlet vials (hydrodynamic injection, reverse mode) to the sample vial 180 

containing 160 µL of TKIs at 5 µg/mL at 80 psi during 8.5 min (300 µL) and at 80 psi during 3.5 min (40 181 

µL) respectively. The final volume was fixed at 500 µL for preliminary trials. Mixing of the different 182 

solutions was done by generating air bubbles from an empty outlet vial at 80 psi during 5 min. After this 183 

step, a two phases separation was observed in the inlet vial confirming the possibility to automate SALLE 184 

technique. The upper mostly organic phase was then injected. An electrophoretic separation between 185 

the 3 TKIs was obtained. Maximum upper phase injected volume was 10% of the capillary effective 186 

length (Fig. 3). This was less than what was obtained by manual preparation (80 % of the capillary 187 

effective length for SALLE-CE-UV methodology [7]). This could be attributed to the difference in 188 

composition of the obtained upper phases by automated and by manual methodologies in terms of 189 

ACN, NaCl and water. Moreover, extraction efficiencies (%) and sensitivity enhancement factors (SEF) of 190 

the 3 TKIs obtained by A-SALLE-CE-UV methodology were four and ten times less than those obtained by 191 

manual SALLE-CE-UV methodology (98 – 100 % for extraction efficiencies, 144-265 for SEF), respectively. 192 

This lack of performance was mainly attributed to an insufficient mixing of ACN, NaCl and sample 193 

solutions in the inlet vial affecting both extraction efficiency (%) and sensitivity. However, similar 194 

electrophoretic profiles were obtained from A-SALLE-CE-UV and manual methodology in terms of 195 

migration times. Good repeatability (n = 3) were obtained for the 3 TKIs with RSD of less than 0.7% and 196 

of less than 3.6% for migration times and corrected peak areas respectively, confirming the feasibility of 197 



combining SALLE preparation procedure with CE separation in an automated manner. Nevertheless, 198 

further optimizations were required to improve the efficiency of the A-SALLE-CE-UV methodology. 199 

3.2. Optimization of the mixing efficiency of standard sample solution with ACN and NaCl  200 

The first step in the optimization of the automated extraction procedure was to adjust both filling 201 

pressure and time to obtain accurate volumes of both ACN/NaCl solution to the standard sample 202 

contained in a 600 µL tube (mixing chamber). Five different pressures ranging from 5 to 80 psi were 203 

evaluated with a fixed filling time of 6 min. The mean added volume (n=3) of ACN or NaCl (Vx) to the 204 

sample was calculated based on mass differences (Vx (ml) = (mfilled - mempty)]/ρ), where mfilled is the mass 205 

(g) of the 600 µL eppendorf tube filled with ACN solvent or NaCl solution, mempty is the mass (g) of the 206 

empty 600 µL eppendorf tube and ρ is the density of the ACN solvent (0.79) or aqueous NaCl solution 207 

(1). The mean volumes of both ACN and NaCl increased linearly (correlation coefficient (r²) higher than 208 

0.999) from 4 to 317 µL with good repeatability (RSD < 1.53 %, n= 3) for the different tested pressures 209 

(Fig. 4A and B). Hydrodynamic pressure of 60 psi was chosen as the optimal pressure as it gave the best 210 

compromise between low RSD (less than 0.63 %, n=3) and rapidity of filling the vials. The same 211 

procedure was repeated varying the filling time from 1 to 8 minutes with fixed 60 psi pressure. Mean 212 

volumes of both ACN and NaCl increased linearly from 8 to 293 nL (r² > 0.999) for the different filling 213 

times (Fig. 4C and D) with high repeatability (RSD < 0.63 %, n= 3) whatever the injection time applied. 214 

The second step to ameliorate the mixing efficiency was to decrease the sample, ACN and NaCl volumes 215 

introduced in the 600 µL eppendorf tube. Indeed, more than 83 % (500 µL) of the 600 µL eppendorf 216 

tube was filled with solutions. Consequently, a loss of solutions and a lack of mixing efficiency could 217 

occur during the mixing step with air bubbles affecting the repeatability and the performance of the A-218 

SALLE-CE-UV methodology. Moreover, decreasing the solution volumes helps to reduce the time needed 219 

to fill the inlet vial. Therefore, the volumes of sample, ACN and NaCl were divided by a factor of 2 and 220 

the total volume was fixed at 250 µL. NaCl and ACN were added to the standard samples at 60 psi during 221 



2.4 (20 µL) and 4.0 minutes (150 µL), respectively. The pressure applied for the mixing by air bubbles 222 

was increased to 90 psi during 5 min without risk of loss of sample. Improvements in the injected sample 223 

volume (up to 40%), SEF (up to 125) and extraction efficiencies (up to 45%) for the 3 TKIs were observed 224 

confirming the benefit of decreasing ACN, NaCl and sample volumes besides increasing the air pressure 225 

used for mixing.  226 

The third step in the optimization of the extraction procedure, was to modify the filling scheme of the 227 

sample vial by ACN and NaCl. Instead of adding the entire volume of these solutions to the standard 228 

sample at once as previously described, NaCl and ACN solutions were added to the sample in 2 steps 229 

each to obtain total added volumes of 20 and 150 µL, respectively. So, 75 µl of ACN and 10 µl of NaCl 230 

were successively added to the standard sample solution at 60 psi during 2.0 minutes and at 60 psi 231 

during 1.2 minutes, respectively. Mixing by air bubbles at 90 psi during 2.0 minutes was performed after 232 

the first addition of ACN and salt, and repeated after the next addition of ACN. After the second NaCl 233 

solution addition, a final mixing was realized at 90 psi during 5.0 minutes after addition all solutions 234 

(Vtotal = 250 µL). The filling scheme of sample vial can be resumed as following: 235 

ACN/NaCl/air/ACN/air/NaCl/air. The injected volume of the upper phase could be successfully increased 236 

to 287 nl (corresponding to 70% of the capillary effective length) without peak broadening due to in-line 237 

acetonitrile CE stacking increasing the sensitivity of the A-SALLE-CE-UV methodology (Fig. 5). Moreover, 238 

TKIs were efficiently extracted (60–62% of extraction efficiency) in the upper phase. The injection was 239 

repeated three times. RSD ranging from 0.85 to 1.12 % for migration times and from 1.40 to 2.40 % for 240 

peak areas were obtained. SEF factors of 94.1, 134.1 and 196.3 were obtained for lapatinib, erlotinib 241 

and sorafenib, respectively. All results indicate an improvement of the analytical performances of the 242 

proposed A-SALLE-CE-UV methodology due to better mixing efficiency. However, the values obtained in 243 

term of extraction efficiency (%) and SEF were about 1.6 times less important than with SALLE-CE-UV (98 244 

– 100 % for extraction efficiencies, 144-265 for SEF factors). The mixing generated by a stirrer and a 245 



centrifugator in the case of manual SALLE-CE-UV is more efficient than with air bubbles for A-SALLE-CE-246 

UV.  Other developments (time and pressure of mixing, volume and shape of the mixing chamber) were 247 

realized without technical modifications at the level of the commercially available CE apparatus but 248 

didn’t give significant improvements. Even though, the performances of the proposed A-SALLE-CE-UV 249 

methodology are sufficient to quantify TKIs in human plasma (see 3.4). Consequently, these conditions 250 

were defined as being the optimal A-SALLE-CE-UV procedure (see section 2.5; Table 1S in supplementary 251 

information) and were applied in the rest of this study. 252 

3.3. Effect of the type of the salting-out agent 253 

Different salts were studied with the aim to choose the optimal salting-out agent. NaCl, potassium 254 

chloride (KCl) and ammonium acetate were tested because these salting-out agents gave the best 255 

extraction efficiencies in many works [26,27]. It was found that corrected peak area values were 1.3 256 

times more important with KCl than for the two other salts (NaCl and ammonium acetate) suggesting 257 

better extraction efficiencies (Fig. 6A). However, KCl lead to the reduction of peak efficiencies compared 258 

to the other two salting-out agents (Fig. 6B). As KCl is more soluble in a 100% ACN phase (≈ 24 mg/L) 259 

than for the two other salts (≈ 3 mg/L), the amount of salt in the upper phase obtained with KCl was 260 

probably higher than that of NaCl and ammonium acetate. The presence of salt in the upper phase 261 

allows to extract more easily the 3 TKIs due to better solubility. However, the presence of salts in the 262 

injected sample, affects the performance of in-line acetonitrile stacking [28]. NaCl and ammonium 263 

acetate nearly lead to the same performance in terms of corrected peak areas of TKIs but, NaCl gave the 264 

most efficient peaks. Better repeatability (n=3) for corrected peaks areas was obtained with NaCl with 265 

values of less than 2.5 %. Therefore, NaCl was chosen as the salting out agent for the A-SALLE-CE-UV as 266 

it gives the best compromise between extraction efficiency, repeatability and peak efficiency. 267 

 268 

 269 



3.4. Analysis of human plasma spiked with TKIs: 270 

The performance of the proposed A-SALLE-CE-UV methodology was evaluated on plasma sample spiked 271 

with the three TKIs. The pH of the BGE was 2.0 and the ionic strength 150 mM. Protein precipitation was 272 

observed in the sample vial after the addition of ACN. Figure 7 shows the electropherograms obtained 273 

for blank plasma (no TKIs) and TKIs plasma sample (injected volume equal to 70% of the capillary 274 

effective length). No interfering peaks of endogenous proteins were observed at the migration time of 275 

the TKIs demonstrating the specificity of the proposed methodology. The maximum injected sample 276 

volume without peak broadening was similar to that obtained with a standard sample solution (287 nl 277 

corresponding to 70% of the capillary effective length). This result indicates that the in-line stacking 278 

performances were similar for standard and plasma solutions and confirmed the robustness of the 279 

proposed methodology. The analytical performances of the developed methodology were evaluated 280 

and are summarized in table 1. LOQ of lapatinib, erlotinib and sorafenib were determined at 1260, 200 281 

and 640 ng/ml respectively. These LOQ values were slightly higher than that obtained by manual sample 282 

preparation since the type of mixing process was different. However, these values are still lower than 283 

mean plasma levels observed for patients treated by TKIs, which are estimated at 1570, 1200 and 1440 284 

ng/ml for lapatinib, erlotinib and sorafenib respectively [29–31]. Good repeatability was obtained at the 285 

LOQ levels (n = 6) in term of migration time (RSD < 2.88 %) and corrected peak areas (RSD < 2.73%). 286 

Good linearity of the calibration curve from 200 to 5000 ng/ml was obtained with r² higher than 0.995. 287 

Moreover, several advantages are offered by the proposed A-SALLE methodology. The small volume of 288 

the sample used (80 µL compared to 2.0 mL of plasma for manual SALLE methodology) which will be 289 

more convenient for the patient’s quality of life i.e. less blood sample collected. The reduction in the 290 

volume of organic solvent used (about 20x less) compared to manual methodology which will effectively 291 

lower the cost and toxicity of analysis per sample. In addition, automation makes analyses easier to 292 

realize minimizing manual labor and human error. All the above results confirm the possibility to 293 



automate SALLE by CE without the need to make any modification at the level of the commercially 294 

available CE machine. Moreover, the applicability of the proposed A-SALLE-CE-UV for the routine 295 

analysis of these three TKIs was successfully tested against plasma sample spiked with the three TKIs. 296 

4. Conclusion 297 

A novel automated salting-out assisted liquid-liquid microextraction approach for plasma sample before 298 

CE analysis was developed. The capillary was used as a tool to deliver appropriate microvolumes of ACN 299 

and NaCl to the inlet vial containing the plasma sample. This was followed by mixing using air bubbles 300 

leading to a two phases separation and extraction of the TKIs in the upper phase. NaCl was chosen as 301 

the salting out agent as it gives the best compromise between high extraction and peaks efficiency. The 302 

A-SALLE-CE-UV methodology has the advantages to eliminate simultaneously biological proteins, salts 303 

and to extract the molecules of interest from the sample matrix. This new approach, A-SALLE-CE-UV, 304 

was successfully applied for the analysis of 3 TKIs in plasma samples. The extracted solution (upper 305 

phase, mostly ACN solvent) could be injected up to 70% of the capillary effective length due to the 306 

existence of in-line acetonitrile stacking phenomenon inside the capillary. Thus, it can be considered as a 307 

rapid, simple, cheap, convenient and well suited for possible TDM of TKIs and for further applications 308 

concerning the use of SALLE. This A-SALLE-CE-UV methodology does not require to make any technical 309 

modifications at the level of the commercially available CE apparatus. 310 

Acknowledgments 311 

This work was supported by a PhD grant from Misr University for science and technology (MUST), 6th 312 

October City, Egypt. The authors would like to thank Prof. Laila Abdel Fattah, Prof. Joseph Joachim and 313 

Prof. Emmanuel Cornillot the coordinators of the collaboration between MUST University and the 314 

University of Montpellier. The authors would like also to thank Mr Khaled El-toukhy chancellor, 315 

chairman of trustees in MUST university, Pr Mohamed Mostafa, the vice president of MUST university 316 

and Dr Yasmin El kashef, the responsible of foreign affairs in MUST university for their support.  317 



References 318 

[1] C.M. Boone, J.C.M. Waterval, H. Lingeman, K. Ensing, W.J.M. Underberg, Capillary 319 

electrophoresis as a versatile tool for the bioanalysis of drugs - A review, J. Pharm. Biomed. Anal. 320 

20 (1999) 831–863. 321 

[2] J.R. Veraart, H. Lingeman, U.A.T. Brinkman, Coupling of biological sample handling and CE, J. 322 

Chromatogr. A. 856 (1999) 483–514. 323 

[3] D.K. Lloyd, Chapter 7 Sample preparation for capillary electrophoresis, Prog. Pharm. Biomed. 324 

Anal. 2 (1996) 309–326. 325 

[4] A.N. Anthemidis, K.I.G. Ioannou, Recent developments in homogeneous and dispersive liquid-326 

liquid extraction for inorganic elements determination. A review, Talanta. 80 (2009) 413–421. 327 

[5] S. Risticevic, D. Vuckovic, H.L. Lord, J. Pawliszyn, Solid-phase microextraction, Compr. Sampl. 328 

Sample Prep. 2 (2012) 419–460. 329 

[6] A. Sarafraz-Yazdi, A. Amiri, Liquid-phase microextraction, TrAC - Trends Anal. Chem. 29 (2010) 1–330 

14. 331 

[7] O.S. Ahmed, Y. Ladner, J. Montels, L. Philibert, C. Perrin, Coupling of salting-out assisted liquid–332 

liquid extraction with on-line stacking for the analysis of tyrosine kinase inhibitors in human 333 

plasma by capillary zone electrophoresis, J. Chromatogr. A. 1579 (2018) 121–128. 334 

[8] J. Liu, M. Jiang, G. Li, L. Xu, M. Xie, Miniaturized salting-out liquid-liquid extraction of 335 

sulfonamides from different matrices, Anal. Chim. Acta. 679 (2010) 74–80. 336 

[9] L. Guo, S. Tan, X. Li, H.K. Lee, Fast automated dual-syringe based dispersive liquid-liquid 337 

microextraction coupled with gas chromatography-mass spectrometry for the determination of 338 

polycyclic aromatic hydrocarbons in environmental water samples, J. Chromatogr. A. 1438 (2016) 339 

1–9. 340 

[10] S. Clavijo, J. Avivar, R. Suárez, V. Cerdà, Analytical strategies for coupling separation and flow-341 



injection techniques, TrAC Trends Anal. Chem. 67 (2015) 26–33. 342 

[11] A. Lezov, C. Vakh, A. Pochivalov, A. Bulatov, S. Lebedinets, L. Moskvin, K. Cherkashina, An 343 

automated salting-out assisted liquid-liquid microextraction approach using 1-octylamine: On-344 

line separation of tetracycline in urine samples followed by HPLC-UV determination, Talanta. 184 345 

(2018) 122–127. 346 

[12] A.N. Anthemidis, I.S.I. Adam, Development of on-line single-drop micro-extraction sequential 347 

injection system for electrothermal atomic absorption spectrometric determination of trace 348 

metals, Anal. Chim. Acta. 632 (2009) 216–220. 349 

[13] I. Timofeeva, K. Medinskaia, L. Nikolaeva, D. Kirsanov, A. Bulatov, Stepwise injection 350 

potentiometric determination of caffeine in saliva using single-drop microextraction combined 351 

with solvent exchange, Talanta. 150 (2016) 655–660. 352 

[14] I. Timofeeva, S. Timofeev, L. Moskvin, A. Bulatov, A dispersive liquid-liquid microextraction using 353 

a switchable polarity dispersive solvent. Automated HPLC-FLD determination of ofloxacin in 354 

chicken meat, Anal. Chim. Acta. 949 (2017) 35–42. 355 

[15] A. Bulatov, K. Medinskaia, D. Aseeva, S. Garmonov, L. Moskvin, Determination of antipyrine in 356 

saliva using the dispersive liquid-liquid microextraction based on a stepwise injection system, 357 

Talanta. 133 (2015) 66–70. 358 

[16] M.L.M.F.S. Saraiva, F.R.P. Rocha, P.C.A.G. Pinto, S.P.F. Costa, M.A.S. Brasil, C.F. Nascimento, 359 

Exploitation of pulsed flows for on-line dispersive liquid–liquid microextraction: 360 

Spectrophotometric determination of formaldehyde in milk, Talanta. 144 (2015) 1189–1194. 361 

[17] F. Maya, B. Horstkotte, J.M. Estela, V. Cerdà, Lab in a syringe: fully automated dispersive liquid–362 

liquid microextraction with integrated spectrophotometric detection, Anal. Bioanal. Chem. 404 363 

(2012) 909–917. 364 

[18] A. Esrafili, Y. Yamini, M. Ghambarian, B. Ebrahimpour, Automated preconcentration and analysis 365 



of organic compounds by on-line hollow fiber liquid-phase microextraction-high performance 366 

liquid chromatography, J. Chromatogr. A. 1262 (2012) 27–33. 367 

[19] Y.Y. Chao, Y.M. Tu, Z.X. Jian, H.W. Wang, Y.L. Huang, Direct determination of chlorophenols in 368 

water samples through ultrasound-assisted hollow fiber liquid-liquid-liquid microextraction on-369 

line coupled with high-performance liquid chromatography, J. Chromatogr. A. 1271 (2013) 41–49. 370 

[20] A. Nazaripour, Y. Yamini, B. Ebrahimpour, J. Fasihi, Automated hollow-fiber liquid-phase 371 

microextraction followed by liquid chromatography with mass spectrometry for the 372 

determination of benzodiazepine drugs in biological samples, J. Sep. Sci. 39 (2016) 2595–2603. 373 

[21] A. Pochivalov, C. Vakh, V. Andruch, L. Moskvin, A. Bulatov, Automated alkaline-induced salting-374 

out homogeneous liquid-liquid extraction coupled with in-line organic-phase detection by an 375 

optical probe for the determination of diclofenac, Talanta. 169 (2017) 156–162. 376 

[22] J. Baselga, I. Bradbury, H. Eidtmann, S. Di Cosimo, E. De Azambuja, C. Aura, H. Gómez, P. Dinh, K. 377 

Fauria, V. Van Dooren, G. Aktan, A. Goldhirsch, T.W. Chang, Z. Horváth, M. Coccia-Portugal, J. 378 

Domont, L.M. Tseng, G. Kunz, J.H. Sohn, V. Semiglazov, G. Lerzo, M. Palacova, V. Probachai, L. 379 

Pusztai, M. Untch, R.D. Gelber, M. Piccart-Gebhart, Lapatinib with trastuzumab for HER2-positive 380 

early breast cancer (NeoALTTO): A randomised, open-label, multicentre, phase 3 trial, Lancet. 381 

379 (2012) 633–640. 382 

[23] M.-S. Tsao, A. Sakurada, J.-C. Cutz, C.-Q. Zhu, S. Kamel-Reid, J. Squire, I. Lorimer, T. Zhang, N. Liu, 383 

M. Daneshmand, P. Marrano, G. da Cunha Santos, A. Lagarde, F. Richardson, L. Seymour, M. 384 

Whitehead, K. Ding, J. Pater, F.A. Shepherd, Erlotinib in Lung Cancer — Molecular and Clinical 385 

Predictors of Outcome, N. Engl. J. Med. 353 (2005) 133–144. 386 

[24] B. Escudier, T. Eisen, W.M. Stadler, C. Szczylik, S. Oudard, M. Siebels, S. Negrier, C. Chevreau, E. 387 

Solska, A.A. Desai, F. Rolland, T. Demkow, T.E. Hutson, M. Gore, S. Freeman, B. Schwartz, M. 388 

Shan, R. Simantov, R.M. Bukowski, Sorafenib in Advanced Clear-Cell Renal-Cell Carcinoma, N. 389 



Engl. J. Med. 356 (2007) 125–134. 390 

[25] O.S. Ahmed, M. Malý, Y. Ladner, L. Philibert, P. Dubský, C. Perrin, Influence of salt and 391 

acetonitrile on the capillary zone electrophoresis analysis of imatinib in plasma samples, 392 

Electrophoresis. (2019). doi:10.1002/elps.201900188. 393 

[26] A.M. Hyde, S.L. Zultanski, J.H. Waldman, Y.-L. Zhong, M. Shevlin, F. Peng, General Principles and 394 

Strategies for Salting-Out Informed by the Hofmeister Series, Org. Process Res. Dev. 21 (2017) 395 

1355–1370. 396 

[27] I.M. Valente, L.M. Gonçalves, J.A. Rodrigues, Another glimpse over the salting-out assisted liquid–397 

liquid extraction in acetonitrile/water mixtures, J. Chromatogr. A. 1308 (2013) 58–62. 398 

[28] S. ZK, Sample stacking by acetonitrile-salt mixtures., J. Capillary Electrophor. 2 (1995) 267–271. 399 

[29] N.A.G. Lankheet, L.M. Knapen, J.H.M. Schellens, J.H. Beijnen, N. Steeghs, A.D.R. Huitema, Plasma 400 

concentrations of tyrosine kinase inhibitors imatinib, erlotinib, and sunitinib in routine clinical 401 

outpatient cancer care, Ther. Drug Monit. 36 (2014) 326–334. 402 

[30] H. Akaza, T. Tsukamoto, M. Murai, K. Nakajima, S. Naito, Phase II study to investigate the efficacy, 403 

safety, and pharmacokinetics of sorafenib in Japanese patients with advanced renal cell 404 

carcinoma, Jpn. J. Clin. Oncol. 37 (2007) 755–762. 405 

[31] B. Thiessen, C. Stewart, M. Tsao, S. Kamel-Reid, P. Schaiquevich, W. Mason, J. Easaw, K. Belanger, 406 

P. Forsyth, L. McIntosh, E. Eisenhauer, A phase I/II trial of GW572016 (lapatinib) in recurrent 407 

glioblastoma multiforme: Clinical outcomes, pharmacokinetics and molecular correlation, Cancer 408 

Chemother. Pharmacol. 65 (2010) 353–361. 409 

 410 

  411 



Figures captions 412 

- Figure 1: A-SALLE-CE-UV procedure. Step (1) Delivering of appropriate micro-volumes of solutions (ACN 413 

and NaCl stock solution) from the outlet side to the inlet side (sample vial) by hydrodynamic injection, 414 

followed by mixing with air bubbles injected from an empty outlet vial. Step (2) Separation into 2 phases 415 

(upper phase: mostly organic phase. Bulk phase:  mostly aqueous) after mixing step. Step (3) 416 

hydrodynamic injection of the upper phase. Step (4) Separation and detection of the three TKIs by CE-417 

UV. 418 

- Figure 2: Molecular structures of the studied TKI: (1) lapatinib ditosylate, (2) erlotinib hydrochloride 419 

and (3) sorafenib. 420 

- Figure 3: Analysis of lapatinib, erlotinib and sorafenib after injecting the upper phase (mostly ACN) 421 

obtained by A-SALLE-CE-UV methodology. Analysis conditions: silica capillary 50 µm i.d., total length 31 422 

cm, effective length 21 cm. BGE: citric acid – ԑ-aminocaproic acid buffer IS 150 mM pH 2.0. 423 

Temperature: 25°C. Separation voltage: 15 kV. Sample injection volume: 39 nl (corresponding to 10% of 424 

the capillary effective length). Detection: 254 nm. 425 

- Figure 4: Effect of increasing the hydrodynamic pressure during 6 minutes on the volume obtained of 426 

(A) ACN and (B) NaCl. Effect of increasing the time at 60 psi on the volume obtained of (C) ACN and (D) 427 

NaCl.  428 

- Figure 5: Analysis of lapatinib, erlotinib and sorafenib after injecting the upper phase obtained by A-429 

SALLE-CE-UV methodology (3 repetitions). Analysis conditions: silica capillary 50 µm i.d., total length 31 430 

cm, effective length 21 cm. BGE: citric acid – ԑ-aminocaproic acid buffer IS 150 mM pH 2.0. 431 

Temperature: 25°C. Separation voltage: 15 kV. Sample injection volume: 287 nl (corresponding to 70% 432 

of the capillary effective length). Detection: 254 nm.  433 

- Figure 6: Effect of the type of salting-out agent on (A) corrected peak areas and (B) theoretical plates 434 

(N) for the 3 studied TKIs. 435 



- Figure 7: Electropherograms obtained for blank human plasma sample and human plasma samples 436 

spiked with the three TKIs using the A-SALLE-CE-UV procedure. Analysis conditions: silica capillary 50 µm 437 

i.d., total length 31 cm, effective length 21 cm. BGE: citric acid – ԑ-aminocaproic acid buffer IS 150 mM 438 

pH 2.0. Temperature: 25°C. Separation voltage: 15 kV. Sample injection volume: 287 nl (corresponding 439 

to 70 % of the capillary effective length). Detection: 254 nm. 440 
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Table caption 442 

- Table 1: Summary of the A-SALLE-CE-UV quantitative results obtained on human plasma samples 443 

spiked with lapatinib, erlotinib and sorafenib. Injected sample volume equals 70 % of the capillary 444 

effective length. 445 

 446 

















Table 1 

 

A-SALLE-CE-UV 

performance parameters 

Lapatinib ditosylate Erlotinib hydrochloride Sorafenib 

Extraction efficiency (%) 62 62 60 

Specificity Confirmed Confirmed Confirmed 

Linearity (ng/ml) 1360-5000 200-5000 640-5000 

Correlation coefficient (r²) 0.996 0.998 0.995 

LOD (ng/ml) 1100 80 200 

LOQ (ng/ml) 1360 200 640 

% RSDa (corrected peak area) 2.19 2.73 2.67 

% RSDa (migration time) 2.88 1.40 2.03 

a Calculated for 6 successive runs at the LOQ levels 

 






