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Abstract 18 

Herein, a dispersive suspended-solidified floating organic droplet microextraction method was 19 

first developed to improve some limitations of droplet-based microextraction methods including long 20 

extraction times and uncertainties in the collection of low volume of extraction solvents coupled with 21 

high-performance liquid chromatography (HPLC). To the best of our knowledge, neither the extraction 22 

efficiency of droplet- and dispersive-based liquid-phase microextraction methods, under disperser 23 

solvent-free conditions, and nor their ability to pre-concentrate nonsteroidal anti-inflammatory drugs 24 

(NSAIDs) from bio-fluid samples has been investigated so far. In this way, two droplet-based (directly 25 

suspended droplet and dispersive suspended), two solidified droplet-based (directly suspended-solidified 26 

floating organic droplet and dispersive suspended-solidified floating organic droplet), and two 27 

dispersive-based (air-assisted liquid–liquid and ultrasound-assisted emulsification) microextraction 28 

methods were studied and compared for the determination of three NSAIDs as model analytes. The 29 

influential parameters on the extraction efficiency of all methods were critically investigated and 30 

compared thermodynamically and kinetically. However, considering some advantages such as higher 31 

enrichment factors, shorter extraction time and simplicity in operation, the best results were obtained 32 

using the low density solvent-based air-assisted liquid–liquid microextraction (LDS-AALLME) method, 33 

which employed 65.0 µL of n-octanol as extraction solvent, 5 mL of sample at pH 2.5, without salt 34 

addition, and 10.0 extraction cycles (during 40s). This method was validated with satisfactory results 35 

including low limits of detection (1.1 to 1.7 µg L−1), wide linear dynamic ranges (3.5 to 2448 µg L−1), 36 

acceptable recoveries (94 to 102%) and relative standard deviations (in terms of repeatability, < 7.9%). At 37 

the end, the LDS-AALLME method coupled to HPLC was successfully applied for determination of 38 

ibuprofen, mefenamic acid and sodium diclofenac in human plasma and urine samples. 39 

Keywords: Disperser-free; nonsteroidal anti-inflammatory drugs; plasma; urine; suspended; air-assisted.  40 
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1. Introduction 41 

In chemical analysis, sample preparation is frequently considered the bottleneck of the 42 

entire analytical method. Various sample preparation strategies have been developed based on 43 

exhaustive or non-exhaustive extraction of analytes from matrices. The main reason for 44 

extraction is to obtain a more concentrated sample, to eliminate interfering substances and to 45 

improve detection limits for specific compounds. There have been substantial efforts in the past 46 

two decades to adapt the existing extraction methods and develop new approaches to save time, 47 

labor, and materials 1-4. In this way, recent research activities have been oriented toward the 48 

development of miniaturized extraction methods such as solid phase microextraction (SPME) 5 49 

and liquid-phase microextraction (LPME) 6, which are easy, fast and virtually-free or less 50 

organic solvent consumption. Although SPME has the advantages of portability and simplicity, 51 

the fiber is comparatively expensive, fragile, and has limited lifetime. In addition, sample carry-52 

over is also a problem for SPME. Therefore, LPME was developed in order to overcome the 53 

shortcomings of SPME 7.  54 

LPME has attracted increasing attention because it requires very little solvents and 55 

minimal exposure to toxic organic solvents, which make it a simple, quick, inexpensive and 56 

virtually solvent-free sample preparation method. Also, high enrichment factors are achievable 57 

because of the high ratio of sample volume to acceptor phase volume. Nowadays, LPME is 58 

widely used for the analysis of organic compounds 8 and inorganic trace elements 9 in 59 

environmental, biological, and food samples. Different configurations of LPME have recently 60 

emerged in three main categories including droplet-based LPME (D-LPME) 10, hollow fiber-61 

based LPME (HF-LPME) 11 and dispersive-based LPME (Dis-LPME) methods 12, 13.  62 
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In the simplest form of D-LPME modes, which termed direct immersion single-drop 63 

microextraction (DI-SDME), an organic solvent or ionic-liquid droplet is held at the tip of a 64 

microsyringe needle and is directly immersed in the sample 6. The major drawback of this mode 65 

is that the microdrop suspended on the microsyringe needle is easily dislodged during stirring of 66 

the aqueous sample 14. 67 

To overcome this drawback, a novel D-LPME method named directly suspended droplet 68 

microextraction (DSDME) was first introduced by Lu and coworkers in 2006 15. Compared to 69 

DI-SDME, DSDME does not require special equipment, the organic drop is more stable, and the 70 

equilibrium is more quickly reached. In this method, a stir bar is placed at the bottom of a vial 71 

containing an aqueous sample and rotated at a speed required to cause a gentle vortex. If a small 72 

volume of an immiscible organic solvent -with density lighter than water- is added to the surface 73 

of the aqueous solution, the vortex results in the formation of a single droplet at or near the 74 

center of rotation. The droplet itself may also rotate on the surface of the aqueous phase, thereby 75 

increasing mass transfer. Other advantages of DSDME are simplicity, fastness and easy 76 

operation, because it requires only common laboratory equipment 16.  77 

However, despite its advantages, DSDME has two drawbacks as follow: 78 

i) Relatively small interfacial area between extraction solvent and aqueous sample lead to a 79 

long extraction time, and 80 

ii) Collection of extraction solvent can be accomplished with some uncertainties, especially, 81 

when the volume of extraction solvent is low. 82 

To overcome the first drawback, a new version of DSDME i.e. dispersive suspended 83 

microextraction (DSME) was developed 17. In this technique, the extraction process is divided 84 
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into two critical steps: i) extraction, and ii) restoration. During the extraction step, a continuous 85 

agitation at a high speed is provided and the extraction solvent dispersed into fine droplets, at 86 

which target analytes are extracted into the dispersed extraction solvent. This could significant 87 

enlarge the contact surface between immiscible phases and greatly reduce the equilibrium time 88 

18. During the restoration step, two phases began to separate and the suspended extractant phase 89 

is formed, again. To overcome the second drawback, directly suspended-solidified floating 90 

organic droplet microextraction (DS-SFO) method was developed, at which the extractant is 91 

maintained as a micro-droplet throughout the extraction process and solidified after the 92 

extraction. This makes the extraction phase easy to collect 19.  93 

  Regueiro et al. reported the application of ultrasonic irradiation as a substitution for the 94 

disperser solvent and named the procedure ultrasound-assisted emulsification microextraction 95 

(USA-EME) 20. Ultrasound irradiation can lead to a process named cavitation. Cavitation is the 96 

creation and then immediate implosion of bubbles in a liquid. The physical process of cavitation 97 

is similar to boiling. The major difference between boiling and cavitation is the thermodynamic 98 

paths that precede the formation of the vapor. In cavitation process, bubble in a liquid rapidly 99 

collapses, producing a shock wave. Sufficient energy of this shock can break down the droplet of 100 

extraction phase and generate a smaller droplet size immediately after disruption, thus enhancing 101 

the emulsification 20-22. The consequence is a very efficient and relatively fast analyte extraction. 102 

After mass transfer, the two phases can be readily separated by centrifugation. In this way, USA-103 

EME can be employed as a simple and efficient disperser solvent-free extraction and 104 

preconcentration method for organic and inorganic compounds in aqueous samples 13, 23.  105 

Air-assisted liquid-liquid microextraction (AALLME) is one of the most recently used 106 

dispersive solvent-free LPME methods, which has been reported by Farajzadeh in 2012 24. In 107 
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AALLME, a few microliters of a denser or lighter than water extraction solvent is transferred 108 

into an aqueous sample solution and then the mixture is repeatedly sucked into a glass syringe 109 

and then injected into the tube. After centrifugation of cloudy solution, the extractant is collected 110 

and used for further analysis 25, 26. This method has been proved to be simple, rapid, efficient, 111 

and environmentally friendly 27, 28. 112 

Most published analytical procedures focus on obtaining the very lowest possible limits 113 

of detection and limits of quantification. However, as a practical matter, it is just as important to 114 

focus on the time, precision, manual labor, and expense required for extraction. Hence, in the 115 

present study, the advantages of DSME and DS-SFO methods were emerged and a novel and 116 

efficient dispersive suspended-solidified floating organic droplet microextraction (Dis-S-SFO) method 117 

was first developed for the determination of non-steroidal anti-inflammatory drugs in bio-fluids 118 

by high performance liquid chromatography with ultra-violet detection (HPLC-UV). Then, it was 119 

compared with three suspended droplet-based LPME (including DSDME, DSME and DS-SFO) 120 

and two dispersive-based LPME (including USA-EME and low density solvent-based 121 

AALLME) methods. To the best of our knowledge, there is no report about the comparison of 122 

suspended droplet- and dispersive-based LPME methods basis on an identical term (i.e. 123 

enrichment factor) to evaluate their extraction and pre-concentrating abilities, under disperser 124 

solvent-free conditions.  125 

To achieve this purpose, three nonsteroidal anti-inflammatory drugs (NSAIDs), i.e. 126 

diclofenac sodium (Dic), ibuprofen (Ibu), and mefenamic acid (Mef), were used as model 127 

analytes. NSAIDs form a group of analgesic, antipyretic and anti-inflammatory agents that are 128 

used with great frequency in both humans and animals since they do not induce sedation, 129 

respiratory depression or addiction 29. Because of their effectiveness in suppressing or preventing 130 
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inflammation, NSAIDs are becoming the most commonly used medicines around the world. For 131 

the diagnosis or, more importantly, the differential diagnostic exclusion of cases of acute over-132 

dosage or chronic abuse, a simple and efficient analytical procedure is necessary for the 133 

detection of these drugs in bio-fluid samples 30, 31. After optimization, the results obtained 134 

showed that each of DSME, Dis-S-SFO, USA-EME and low density solvent-based AALLME 135 

(LDS-AALLME) methods has its unique capabilities, which could be applied as preferred 136 

method for extraction and determination of the analytes in human bio-fluid samples such as 137 

plasma and urine using high performance liquid chromatography with ultra-violet detection 138 

(HPLC-UV). However, the results showed that the LDS-AALLME is simpler, faster and more 139 

effective than the other methods, as it needed only 40s to achieve the equilibrium with acceptable 140 

repeatabilities. Hence, it was selected as a preferred method for analyzing of ibuprofen, 141 

mefenamic acid and sodium diclofenac in human plasma and urine samples. 142 

 143 

2. Experimental 144 

2.1. Reagents and solutions 145 

Standards of mefenamic acid (Mef), ibuprofen (IBP), and sodium diclofenac (DIC) were 146 

purchased from Sigma (Steinheim, Germany). 1-octanol, toluene, n-heptane, cyclohexane, 2-147 

dodecanol, 1-undecanol, n-hexadecane, acetone, methanol, sodium chloride, and ultra-pure water 148 

were all from Merck (Darmstadt, Germany). Trichloroacetic acid (TCAA) was obtained from 149 

Sigma. Sodium hydroxide and concentrated hydrochloric acid were bought from Merck, used to 150 

adjust the pH of the samples. Other reagents were of analytical grade and obtained from Merck. 151 
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Stock standard solutions of each analyte were prepared separately by dissolving proper 152 

amounts of each drug in methanol at 1000 mg mL-1 and stored at 4◦C. Mixtures of standard 153 

working solutions for extraction at different concentrations were prepared by dilution with ultra-154 

pure water for optimization of parameters. The working solutions were freshly prepared by 155 

diluting the mixed standard solutions in ultra-pure water for the concentrations required. All the 156 

standard solutions were stored at 4◦C.  157 

The optimum mobile phase consisted of water/acetonitrile/acetic acid (20:75:5, v/v/v) 158 

with a flow rate of 0.9 mL min−1. Prior to use, the mobile phase was filtered through a 0.45 µm 159 

membrane filter and degassed under vacuum. The analytes were monitored at 273 nm (at room 160 

temperature). The injection volume was 20 µL. 161 

 162 

2.2. Apparatus 163 

A Knauer HPLC system (Berlin, Germany), equipped with a K-1001 HPLC pump, D-164 

14163 degasser, and a K-2600 UV detector was used. Chromgate software (version 3.1) for 165 

HPLC system was employed to acquire and process chromatographic data. The chromatographic 166 

determinations were performed using an ODS III column (250 mm × ID 4.6 mm, 5 µm) from 167 

MZ-Analysentechnik (Mainz, Germany) basis on a simultaneous gradient elution and flow rate 168 

programming RP-HPLC method. The pH values for the solutions were measured using a PHS-169 

3BW model pH-meter (Bell, Italy). Dispersion of the extraction solvent was enhanced using a 170 

50/60 KHz (80 W) ultrasonic water bath (SW3, Switzerland). An EBA20 model centrifuge 171 

(Hettich, Germany) was used to accelerate phase separation.  172 

 173 
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2.3. Sample preparation 174 

Volunteers: the volunteers (between 25 to 35 years old) were recruited into the present 175 

study. The volunteers were all apparently healthy and none of them were taking medications. 176 

They were given oral instructions on the diet and also asked to restrain from using similar drugs 177 

or dietary supplements during three days before sampling. The experimentations in this study 178 

have absolutely served to maintaining, sampling, and analysis in accordance with ethical 179 

guidelines and recommendations for biomedical research and human laboratory of Declaration of 180 

Helsinki 32. Also, the research board of research & technology deputy of Semnan University has 181 

approved all results and the consent of all participants was obtained for research involving 182 

human subjects. 183 

 184 

2.3.1. Plasma 185 

A volume of 7.5 mL of blood samples were collected into Plasma Separation Tubes 186 

(PSTs) with polymer gel to favor plasma separation. The gel forms a physical barrier between 187 

plasma and blood cells during centrifugation, which allows setting a more efficient separation as 188 

compared to conventional tubes. All collection tubes were processed by centrifugation for 10 189 

min at 10000 rpm. After that, separated plasma was withdrawn into a Pyrex centrifuge tube and 190 

stored at -20 ˚C until analysis.  191 

Most of NSAIDs are extensively bounded to plasma proteins 33, and should be liberated 192 

prior to extraction. Blank plasma sample (2.5 mL) was spiked with particular level of the drug 193 

and sonicated for 5 min. The mixture was acidified with 200 µL hydrochloric acid (37%) to 194 

disturb the drug protein binding. Then, 250 µL TCAA (100%, w/v) was added to denature the 195 
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proteins. These processes eventually led to the precipitation of proteins. Subsequently, the 196 

sample was centrifuged at 10000 rpm for 5 min. A volume of 2 mL of the supernatant was 197 

transferred to the sample vial and diluted with doubly distilled water to 5 mL 34. The resulting 198 

solutions were adjusted at pH 3.0, filtered and subjected to the examined methods. 199 

 200 

2.3.2. Urine 201 

The sample was filtered through a 0.45 µm pore size cellulose acetate filter. The filtrate 202 

was collected in a glass container, which had been carefully cleaned with hydrochloric acid and 203 

washed with deionized water and stored at 4◦C to prevent bacterial growth. The hydrolysis 204 

reactions were performed during 30 min. 2.5 mL of the urine sample was diluted to 5.0 mL with 205 

deionized water. Urine samples were then alkalinized with 500 µL of 2 mol L-1 NaOH for the 206 

hydrolysis of acyl glucuronic acid conjugates 35. The hydrolysis reaction was left to proceed for 207 

30 min at room temperature and the hydrolyzed urine samples were then neutralized with proper 208 

amount of HCl solution to achieve pH value of 3.0. A certain amount of the sample was 209 

subsequently submitted to the examined methods. 210 

Baseline plasma and urine samples were obtained 30 min before drugs administration. 211 

 212 

2.4. Microextraction methods 213 

2.4.1. Directly suspended droplet microextraction method 214 

5.0 mL of a pH adjusted and spiked blank urine sample and a stir bar were placed in a 215 

10.0 mL glass vial. The magnetic stirrer was turned on and set to 700 rpm to stir the extraction 216 

Page 10 of 47RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



11 

 

mixture. The stirring bar was kept rotating smoothly to form a steady vortex.  Then, 50.0 µL of 217 

extraction solvent was injected at the bottom of the vortex and the vial capped, during the 218 

extraction process. After 15.0 min, the cap was removed and 20.0 µL of the remaining extractant 219 

was taken back into the syringe and injected into the HPLC-UV system for further analysis. 220 

 221 

2.4.2. Directly suspended-solidified floating organic droplet microextraction method 222 

The initial steps of this method were performed as same as the directly suspended droplet 223 

microextraction method, while the temperature of the sample solution was kept at ~30 ⁰C. After 224 

15 min of extraction, the stirring was stopped, the sample vial was transferred into an ice bath 225 

and the extraction phase solidified after 4.0 min. The solidified extractant (obtained from 40.0 226 

µL of an initial volume) was transferred into a 500.0 µL vial and diluted with 10.0 µL of 227 

methanol. Finally, 20.0 µL of diluted extractant was injected into the HPLC-UV system for 228 

subsequent analysis.  229 

 230 

2.4.3. Dispersive suspended microextraction method 231 

For the dispersive suspended microextraction, 5.0 mL of a pH adjusted and spiked blank 232 

urine sample was loaded into a 10.0 mL glass vial with a screw cap and 50.0 µL of extraction 233 

solvent was delivered to the surface of the aqueous sample as extraction solvent. The magnetic 234 

stirrer was turned on to stir the extraction mixture. The screw cap kept was closed during the 235 

extraction process (including extraction and restoration steps). 236 
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In the extraction step (from opening the magnetic stirrer to turning down its speed at the 237 

restoration speed), the mixture was agitated for 1.0 min (extraction time) at 1200 rpm (extraction 238 

speed) and formed a cloudy solution. The analytes were extracted into the fine droplets of 239 

extractant. 240 

In the restoration step (from ending the extraction step to the time when organic phase 241 

and aqueous phase were separated absolutely), the speed of the stirrer was turned down to 400 242 

rpm (restoration speed) so that a steady and gentle vortex was formed. During this step, the 243 

dispersive droplets began to gather up in the top-center position of the vortex. After 5.0 min 244 

(restoration time), the organic phase was separated from aqueous phase absolutely and formed 245 

the final suspended phase. Then, 20.0 µL of the suspended phase was withdrawn injected into 246 

HPLC-UV system for further analysis. 247 

2.4.4. Dispersive suspended-solidified floating organic droplet microextraction method 248 

The initial steps of this method were performed as same as the dispersive suspended 249 

microextraction method, while the temperature of the sample solution was kept at ~30 ⁰C. After 250 

the extraction process, the sample vial was transferred into an ice bath and the extraction phase 251 

solidified after 4.0 min. The solidified extractant (obtained from 40.0 µL of an initial volume) 252 

was transferred into a 500.0 µL vial and diluted with 10.0 µL of methanol. Finally, 20.0 µL of 253 

the diluted extractant was injected into the HPLC-UV system for subsequent analysis. 254 

 255 

2.4.5. Air-assisted liquid–liquid microextraction method 256 

5.0 mL of a pH adjusted and spiked blank urine sample containing 65.0 µL of the 257 

extraction solvent was transferred into a 10.0 mL glass centrifuge tube (at room temperature). 258 
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The mixture was rapidly withdrawn and pushed out into the tube (10 times) during 40s and using 259 

a gas-tight syringe. After centrifugation (4.0 min at 5000 rpm), 20.0 µL of the collected 260 

extractant was injected into the HPLC-UV system for further analysis. 261 

 262 

2.4.6. Ultrasound-assisted emulsification microextraction method 263 

5 mL of a pH adjusted and blank urine sample was transferred into a 10.0 mL glass 264 

centrifuge tube and 80.0 µL of extraction solvent injected into it. The tube was then immersed 265 

into an ultrasonic water bath, in such a way that the level of both liquids (bath and sample) was 266 

the same for 2 min of sonication. During the sonication, the solution became turbid due to the 267 

dispersion of fine extractant droplets into the aqueous bulk. The emulsion was centrifuged at 268 

5000 rpm for 4.0 min and phase separation was occurred. 20 µL of extractant was removed and 269 

injected into the HPLC system for subsequent analysis. 270 

 271 

3. Results and discussion 272 

In two-phase droplet-based liquid-phase microextraction methods (such as single-drop 273 

microextraction and directly suspended-droplet microextraction), the microdrop can be thought 274 

of as essentially spherical and thus the extraction solvent has a minimum surface area to volume. 275 

This is one reason why many these methods may require long extraction times (usually higher 276 

than 10 min) for a satisfactory extraction. Increasing the volume of the aqueous sample may 277 

increase the amount of analyte that can be extracted, but will also increase the extraction time 278 

significantly. In contrary, dispersive-based LPME methods involve the dispersion of organic 279 

solvent as a “cloudy mixture” of tiny nanoliter-scale droplets within the aqueous phase. The 280 
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extremely large interfacial area associated with these methods means that equilibrium can be 281 

reached rapidly have very large solvent to aqueous interfacial areas and reach equilibrium much 282 

faster. As a consequence, extraction equilibrium for USA-EME and AALLME (as instances of 283 

dispersive-based methods) is reached faster than droplet-based LPME extractions in part because 284 

the distances required for mass transfer are dramatically reduced in these methods, as well as 285 

larger accessible interfacial area of solvent.  286 

Although most published analytical procedures focus on obtaining the very lowest 287 

possible limits of detection, it is just as important to focus on the time, manual labor, and 288 

expense required for extraction method. In this way, six LPME methods were critically 289 

compared to consider all mentioned aspects, here. In order to simplify the experiments, the 290 

significant factors affecting the extraction efficiency of target analytes (in terms of EF) were 291 

divided into two categories as general and individual parameters. General parameters were first 292 

studied for all methods and individuals investigated for each method, afterwards. 293 

 294 

3.1. General parameters 295 

3.1.1. Type of extraction solvent 296 

3.1.1.1. Type of extraction solvent in DSDME, DSME, LDS-AALLME, and USA-EME 297 

methods 298 

The organic solvent used as the extraction solvent must have lower density than water (in 299 

the present work), a very low solubility in water and satisfactory extraction efficiency for 300 

analytes. Apart from these requirements, the organic solvent should also have a suitable viscosity 301 

to form a well-formed phase, especially in DSDME, DSME methods, and low volatility to 302 
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prevent loss during extraction due to the low solvent consumption. Moreover, it should have 303 

good chromatographic behavior during the chromatographic separation. On the basis of these 304 

considerations, four organic solvents with different physicochemical properties including 1-305 

octanol, toluene, n-heptane, and cyclohexane were tested. Among the studied solvents, toluene 306 

and n-heptane were not suitable solvents due to the instability and volatility of the extractant 307 

droplet in long times. 1-octanol and cyclohexane were found to be appropriate extractant phases, 308 

as well as their good chromatographic behavior. However, for DSDME, DSME, LDS-AALLME, 309 

and USA-EME methods, 1-octanol was finally selected due to its relatively higher viscosity, 310 

good extractability, and lower solubility and volatility which allow a lower solvent consumption 311 

per analysis (Fig. 1a-d). 312 

 313 

3.1.1.2.Type of extraction solvent in DS-SFO and Dis-S-SFO methods 314 

Convenient collection of extractant phase is a crucial characteristic of microextraction 315 

methods. For suspended droplet-based microextraction methods, this convenience necessitates a 316 

droplet height large enough for needle insertion. Intuitively, a droplet with a greater volume will 317 

result in an increase in droplet height and be more convenient for collecting. However, droplet 318 

height depends on both droplet volume and shape. When the volume of extraction solvent is 319 

enough large, the shape of solvent droplet was nearly independent of collecting needle insertion. 320 

In contrast, at low volume of extractant, some uncertainties can be observed. In these cases, 321 

utilization of organic solvents that can be solidified at lower temperatures than ambient 322 

temperature can be a smart solution. Hence, compared with non-solidified suspended droplet-323 
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based microextraction methods, their solidified modes allow an increase in the enrichment factor 324 

as well as a decrease in the limit of detection in subsequent analysis steps.  325 

As well as the criteria mentioned (in previous section) for suitable selection of solvents, 326 

they should have a melting point near room temperature in the range of 10 to 30 °C. In this way, 327 

three organic solvents including 1-undecanol (melting point (m.p.) = 13–15°C), 2-dodecanol 328 

(m.p.= 17–18°C) and n-hexadecane (m.p.= 18°C) were examined. Because of its easy 329 

solidification, higher extraction efficiency, and better chromatographic behavior (better peak 330 

resolution) compared to other solvents tested, 2-dodecanol was found to be the best as extractant 331 

phase (Fig. 1e & f). 332 

<Fig. 1> 333 

 334 

3.1.2. Volume of extraction solvent in DSDME, DSME, DS-SFO, Dis-S-SFO, LDS- 335 

AALLME, and USA-EME methods  336 

In liquid-phase microextraction methods, volume of extraction solvent is directly impacts 337 

the extraction efficiency. As can be seen from equation 1, EF has a reverse correlation with 338 

volume of the extraction phase (��). On the other hand, when the �� increases, the EF decreases 
339 

35. 340 

�� = 	 �	

�

���

 = 	 


�	�
	 ����

          (1)  341 
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Where ����  is equilibrium organic phase concentration,	�0�� is the initial aqueous phase 342 

concentrations,	�� and ��� are the organic and aqueous volumes, and � is the distribution 343 

coefficient. 344 

Furthermore, the kinetics of extraction depends upon the �� and �� (equation 2). A larger 345 

�� and lower �� provide higher �, which lead to faster equilibrium.  346 

���
�� =	 ���� 	� �	(
��
 − ��)        (2) 347 

where �� is the concentration of analyte in the organic phase at time t, $% is the interfacial 348 

area between the organic and aqueous layers, &̅� is the overall mass transfer coefficient for the 349 

organic phase in centimeters per second, � is the distribution ratio between the organic and 350 

aqueous phases, ��� is the analyte concentration in the aqueous phase at time t 36. 351 

Hence, in most cases, the lowest volume of the extraction solvent is the best choice to 352 

achieve the highest EF in a shorter time.  353 

Different volumes of 1-octanol (25–70 µL for DSDME and DSME, 40–80 µL for LDS-354 

AALLME, and 50–100 µL for USA-EME) and 2-dodecanol (20–50 µL for DS-SFO and Dis-S-355 

SFO) were tested. Although the use of lower volumes of extraction solvent leads to higher 356 

extraction efficiency, the repeatability values are poor when the volumes are lower than selected 357 

amounts, due to the difficulty to uptake the extractant phase. High extraction efficiencies along 358 

with good repeatabilities were obtained when 50, 50, 65, and 80 µL of 1-octanol, and 40 and 40 359 

µL of 2-dodecanol were used as extraction solvents in DSDME, DSME, LDS-AALLME, USA-360 

EME, DS-SFO and Dis-S-SFO methods, respectively (Fig. 2a-f). Therefore, these volumes were 361 

selected as the optimal volume of extraction solvent. 362 
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< Fig. 2 > 363 

 364 

3.1.3. pH in DSDME, DSME, DS-SFO, Dis-S-SFO, LDS-AALLME, and USA-EME 365 

methods 366 

For acidic and basic analytes, the sample pH should be one of the main areas of focus in 367 

the optimization of a microextraction method. When considering such compounds, it is best to 368 

adjust the solution pH to force the compounds to exist in the non-ionized state as completely as 369 

possible. It can change the partition coefficient of analytes between the sample solution and 370 

extraction solvent. Different pH values (ranges from 1.5 to 5.5) were investigated to study their 371 

influence on the extraction efficiency. The results obtained showed that the extraction efficiency 372 

is the highest when the pH value is 2.5. Thus, pH 2.5 was selected as optimum for sample (Fig. 373 

3a-f). The results can be explained by the principle that, the lower the pH value, the more 374 

inhibited the ionization of the analytes. The pKa values of ibuprofen, mefenamic acid and sodium 375 

diclofenac are 4.9, 3.9 and 4.0, respectively. Thus, they are in a less ionized condition at the 376 

lower pH than at a higher pH. At a such pH value, all drugs will be in the neutral form, which 377 

facilitates the extraction from sample. Therefore, this low pH value benefits to extract analytes in 378 

sample to the extractant phase. 379 

<Fig. 3> 380 

 381 

3.1.4. Ionic strength in DSDME, DSME, DS-SFO, Dis-S-SFO, LDS-AALLME, and 382 

USA-EME methods  383 
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Addition of salt to the sample is frequently used in LPME methods to adjust the ionic 384 

strength, improve the extraction efficiency, and reduce the detection limit. This can be due to salt 385 

may decrease analyte solubility in aqueous solution (and thus increase the partition coefficient of 386 

solvent/water), increase the mass transfer of hydrophobic compounds into the extraction solvent 387 

(salting-out effect), and at the same time it may decrease the solubility of the extraction solvent 388 

in the aqueous solution. Ionic effects are exponentially related to the concentrations of the salt. 389 

This can be seen in the following equations: 390 

 (()�*�) = 	(	 ×	���)[)�*�]        (3) 391 

��
()�*�) = 	�	 × 	��.)[)�*�]        (4) 392 

where (()�*�) is the ( value (solvent/water partition constant) corrected for the addition of salt, 393 

��
()�*�) is the � value (water solubility) corrected for the addition of salt, S is the Setschenow 394 

constant for NaCl and a specific organic analyte (for phenols = ~ 0.15), and [salt] is the molar 395 

concentration of added NaCl. On the other hand, it should be noted that addition of salt can be 396 

considerable for the extraction of volatile and/or polar chemicals with ( values of approximately 397 

1000 or less 36. Hence, it seems that addition of salt can increase the extraction efficiency of 398 

target analytes, in the present work. 399 

In some cases, there is no observed effect of salt addition or it can even suppress the 400 

extraction efficiencies. Relatively high concentrations of salts, as well as prohibition of phase 401 

separation, may modify the physical properties of the Nernst diffusion film and slow down the 402 

extraction kinetics which leads to decrease the extraction efficiency (salting-in effect). Also with 403 

increase in the viscosity and density of the medium due to the salt addition, ultrasound irradiation 404 

can be absorbed and dispersed as heat. This undesirable effect can prevent the extractant phase 405 
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from being dispersed into fine droplets and, therefore, the efficiency of dispersion can be 406 

drastically reduced. 407 

However, the outcome of salt addition is difficult to predict and only practical 408 

experiments can verify the effect of the addition of salts.  409 

In this way, influence of ionic strength on the extraction efficiency was investigated by 410 

adding different amounts of NaCl (0–10% (w/v)) into the model sample. The salt addition had no 411 

significant effect on the extraction efficiency of DSDME, DSME, DS-SFO, Dis-S-SFO, slightly 412 

increased the efficiency of LDS-AALLME, and decreased the efficiency of USA-EME. Hence, 413 

salt addition was not used in the subsequent experiments. 414 

 415 

3.1.5. Temperature of sample solution in DSDME, DSME, DS-SFO, Dis-S-SFO, LDS-416 

AALLME, and USA-EME methods  417 

Temperature induces numerous physico-chemical changes in liquids. When two 418 

immiscible liquids are put in contact with each other, any temperature change has a further 419 

influence on the solubility of an analyte and its partition coefficient and transfer kinetics between 420 

the two liquids.  421 

If a solute introduces in a biphasic liquid system (including organic and aqueous phases), 422 

it distributes between the two phases. Assuming ideal mixtures, in the aqueous phase, the Gibbs 423 

free energy of analyte (A), or chemical potential, /��	0, is expressed by: 424 

1�
	� =	1�
	�� + 34*5	6�
	�         (5) 425 
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where /��	07  is the standard chemical potential of A at infinite dilution in aqueous phase. 426 

Similarly, in the other phase (organic phase), the chemical potential, /�	0, is: 427 

1�89	� =	1�89	�� + 34*5	6�89	�        (6) 428 

If the chemical potential is not identical in the two phases, mass transfer of A occurs, the mole 429 

fractions x change so that the chemical potential of A becomes equal in both phases, i.e. the 430 

equilibrium is reached. Then: 431 

1�
	�� −	1�89	�� = 34*5	(6�89	�6�
	� )        (7) 432 

in which 
6�89	�
6�
	�  is the distribution coefficient, K, which is usually expressed as molarity ratio and 433 

can be shown as: 434 

6�89	�
6�
	� = [�]�89	

[�]�
	 = ( = 	6: ;1�
	�
� .	1�89	��

34 <      (8) 435 

Equations (7) and (8) show that the distribution coefficient is sensitive to temperature. Equation 436 

(9) expresses the free energy of transfer, ∆>: 437 

∆? = 34*5	(          (9) 438 

Assuming the standard molar enthalpy is constant in a limited temperature range, the plot 439 

of @A	B versus (1D) (classical Van’t Hoff plots) should produce a straight line with slope 
∆?
E . As a 440 

general rule, it is possible to consider that the effect of temperature on the B	value is not great if 441 

the solvents are not very miscible and the temperature change is not dramatic (an average change 442 

of 0.009@FG	B unit per degree, either positive or negative) 37. Meanwhile, increase in temperature 443 
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also decreases the viscosity of solvent droplet which in turn facilitates the smooth and fast mass 444 

transfer of analytes from the aqueous phase into the organic droplet. It seems that the effect of 445 

temperature on the kinetics of analytes transfer between two phases is more significant. In other 446 

word, increase in the temperature can increase the mass transfer rate of the analytes. This 447 

increases	&̅� (Eq. 2), and as a consequence, extraction will be performed in a shorter period of 448 

time.  449 

However, the mutual solubility of the two phases is also temperature dependent and, at 450 

high temperatures, the over-pressurization of the sample vial could also make the extraction 451 

system unstable. On the other hand, in LPME boiling point of the solvents is a limiting factor. 452 

Considering the melting point of the extractant used in this method, the effect of 453 

extraction temperature on the extraction efficiency of target analytes was checked by varying the 454 

temperature within 25–45 ⁰C. The results obtained illustrated that the extraction efficiency 455 

increased as the extraction temperature was increased up to ~35 ⁰C for DSDME, DSME,  456 

DS-SFO and Dis-S-SFO methods. After reaching a maximum at these temperatures, the 457 

extraction efficiency was decreased. One possible reason for extraction amounts reaching a 458 

maximum and then declining as temperatures are increased is that the temperature of the 459 

extracting solvent also increases with temperature over time, resulting in less favorable 460 

distribution coefficients. With increasing the temperature, upper than 30 ⁰C, the extraction 461 

efficiency of USA-EME was slightly decreased. However, further increase can cause to the loss 462 

in the volume of organic solvent and so, in extraction efficiency. The increase of temperature up 463 

to 45 ⁰C had no significant effect on the LDS-AALLME efficiency. It can be due to high mass 464 

transfer rate of the analytes between two phases, at a short period of time. 465 
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 466 

3.2. Individual parameters 467 

3.2.1. Time 468 

3.2.1.1. Extraction time in DSDME, DSME, DS-SFO, Dis-S-SFO methods 469 

Mass transfer of the analytes between the two immiscible phases involved (sample 470 

solution and extraction solvent) is time dependent in droplet-based LPME methods. For precision 471 

and sensitivity in these methods, a reasonable extraction time is necessary to guarantee 472 

equilibrium between the samples and extractants and appropriate recovery of the analytes. 473 

Regarding equation 10, one can be seen the increase in the extraction time (t) leads to the 474 

decrease in theH.IJand as a result the increase in the (1-H.IJ). The maximum ��(K)  is obtained 475 

when H.IJ is the minimum and (1-H.IJ) is the maximum (preferably near unity). However, a 476 

long extraction time of microextraction to reach complete equilibrium may result in drop 477 

dissolution and a high rate of drop loss.  478 

Bearing in mind that the whole analysis time depends directly on the time needed to 479 

perform all process (including extraction and restoration steps), 15, 6, 15, and 6 min were finally 480 

selected as suitable extraction times for DSDME, DSME, DS-SFO, Dis-S-SFO methods, 481 

respectively (Fig. 4a-d). 482 

<Fig. 4> 483 

 484 

3.2.1.2. Sonication time in USA-EME method 485 
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Sonication plays an important role in the USA-EME method because it provokes the 486 

dispersion of extractant into the aqueous phase in the form of fine droplets that accelerate the 487 

transfer of analyte into the extraction phase. Hence, the effect of sonication time was evaluated 488 

in the range of 30-180 s (Fig. 5a). The results obtained showed that the extraction efficiency 489 

increased till 120 s of sonication and then decreased slightly. 490 

 491 

<Fig. 5a> 492 

 493 

3.2.2. Number of extraction cycles in LDS-AALLME 494 

The number of extraction cycles is defined as the number of repeated withdrawing 495 

extraction solvent and sample solution mixture into the glass syringe and then pushing out into 496 

the test tube. It is predictable that by increasing the number of extraction cycles, the extraction 497 

efficiency should increase. In this way, the extraction cycles were repeated 3 to 15 times. The 498 

results obtained showed that with increase in the cycles, the extraction efficiency increased till 499 

the 10th cycle and then slightly decreased, may be due to the increase of the extractant solubility. 500 

Hence, extraction cycles of 10 times (~40 s) were selected in the subsequent experiments. 501 

 502 

3.2.3. Stirring rate  503 

3.2.3.1. Stirring rate in DSDME and DS-SFO methods 504 

According to the film theory of convective-diffusive mass transfer for LPME system, 505 

high stirring rate can decrease the thickness of the diffusion film in the aqueous phase, so the 506 

aqueous phase mass-transfer coefficient will be increased with increased stirring rate (rpm). 507 
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Furthermore, the rotation of the micro-droplet around a symmetrical axis may cause an internal 508 

recycling and intensify the mass transfer process inside the droplet. Since restoration of 509 

extractant phase is not considered for DSDME and DS-SFO methods, increasing stirring rate 510 

must be controlled, because it may be cause to sputtering of the solvent drops and influence the 511 

extraction efficiency. 512 

Different stirring rates (500–800 rpm) were examined to achieve higher extraction 513 

efficiencies. The extraction efficiency increased and reached its maximum as the stirring rate was 514 

increased to 700 rpm, but declined obviously with greater agitation. It may be that a higher 515 

stirring rate (more than 800 rpm) generates a more unstable fluid field, thereby breaking the 516 

droplet, resulting in its dispersion in the aqueous phase. Therefore, the stirring rate was selected 517 

at 700 rpm for further analysis. 518 

 519 

3.2.3.2. Stirring rate in DSME and Dis-S-SFO methods 520 

In these methods, two stirring rates (extraction and restoration rates) were used. The first 521 

one was extraction rate under which a cloudy solution was formed and extraction solvent was 522 

dispersed as the fine droplets. The other was the restoration rate under which a vortex was 523 

obtained during the restoration step. In this step, the energy created by slow agitation is not 524 

enough for maintaining the fine droplets dispersed but can make the fine droplets gather up in the 525 

top-center position of the vortex.  526 

The influence of the extraction rate was studied in the range of 900–1200 rpm. The 527 

results revealed that the extraction efficiency improved as the stirring rate increased. Hence, 528 

1200 rpm (the maximum achievable stirring speed of the magnetic stirrer) was used for DSME 529 

and Dis-S-SFO methods. 530 
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The effect of restoration rate was examined in the range of 200–500 rpm in constant 531 

experimental conditions. Restoration speed below 200 rpm was not investigated, because it could 532 

not create a vortex which is easy to withdraw the suspended phase into the microsyringe. When 533 

the restoration speed was higher than 400 rpm, the suspended phase was not stable and is hard 534 

for the dispersive droplets to gather up. The extraction efficiencies were seen to increase when 535 

the restoration rate was held at 400 rpm. Hence, this rate was used for further analysis. 536 

 537 

 538 

3.2.4. Effect of centrifugation time in USA-EME and LDS-AALLME methods 539 

A good selection of centrifugation interval can insure satisfactory phase separation and 540 

sequentially lead to higher extraction efficiency. In general, a higher rate of centrifugation can 541 

lead to a shorter centrifugation time and better phase separation. So, the maximum rate of the 542 

centrifuge (5000 rpm) was applied in the experiments. Centrifugation time in the range of 1–5 543 

min was investigated and the best extraction efficiencies were achieved at 4 min for both 544 

methods. The extraction efficiencies were decreased when the centrifugation time was lower 545 

than 4 min, while longer times had no significant effect on the extraction efficiency. Therefore, 4 546 

min was selected as centrifugation time. 547 

 548 

3.3. Method validation 549 

Based on the obtained results, DSME, Dis-S-SFO, USA-EME, and LDS-AALLME were 550 

shown to be faster and more efficient than DSDME and DS-SFO methods. To select the best 551 

method, limits of  detection (LODs), limits of  quantification (LOQs), linear dynamic ranges 552 

(LDRs), and relative standard deviations (in terms of repeatability) of four methods were 553 
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calculated (Table 1). Sensitivity of the method was evaluated in terms of LOD and LOQ, which 554 

were statistically calculated as 3 and 10 times of the standard deviations of seven replicate 555 

extractions of analyte minimum detectable concentrations divided on the calibration slope. 556 

Repeatabilities (intra-day and inter-day precisions) were evaluated by analyzing five replicates of 557 

the model sample at three different concentration levels (low, middle, and high) in the same day 558 

and five different days. Enrichment factor (EF), and relative recoveries (RR) of the analytes were 559 

used as the parameters to evaluate the method efficiency. The EF was calculated by Eq. (10). 560 

�� = 	 �)L:��           (10) 561 

where �MNO is the concentration of analytes in the extractant phase and �7 is the initial 562 

concentration of analytes within the sample solution. 563 

 564 

The RR was calculated by Eq. (11). 565 

33 = �P�L5�.�8	�*
���� × ���%        (11)	566 

where �R�NST represents the concentration of analytes after adding a known amount of standard 567 

to the real samples, �U��V is the concentration of the analytes in real samples and ��TT refers to a 568 

standard solution that was spiked in the real samples.  569 

However, in order to achieve this purpose, Consumptive index (CI) was considered as a 570 

useful criterion and defined as: 571 

CI = 
�)
��          (12) 572 

where �M is the required volume of the sample (in mL) to achieve one unit of EF. Lower 573 

CIs mean that higher enrichments could be achieved using lower required volumes of the 574 

Page 27 of 47 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



28 

 

sample. It is an interesting parameter to compare the methods which their influencing parameters 575 

are dissimilar or have low similarities.  576 

Three replicate extractions were performed in all calculations. 577 

After optimization, the results showed that the DSME, Dis-S-SFO, LDS-AALLME and 578 

USA-EME methods have similar extraction efficiencies for the analytes. Although these methods 579 

are all simple, disperser solvent-free and convenient with organic solvent consumption at µL 580 

level, each of them has its unique capabilities and can be considered as a preferred 581 

microextraction method for the extraction of target analytes.  The main advantages of DSME and 582 

Dis-S-SFO methods are; (i) the controlled stirrings for splitting and rejoining the organic 583 

droplets have avoided the use of centrifugation step, and (ii) the entire process involves only one 584 

step to extract target analytes as well as to separate and pre-concentrate the extracted phase. In 585 

contrary, they need more extraction times than USE-EME and LDS-AALLME methods. 586 

Under the optimum conditions, the results showed that the repeatability and linearity of 587 

Dis-S-SFO were better than DSME and much better than that of USA-EME and LDS-AALLME 588 

methods. However, the sensitivity and extraction efficiency obtained by LDS-AALLME were 589 

higher than those obtained by other methods, reflecting that LDS-AALLME extracts the analytes 590 

much more efficiently as compared to examined methods. Besides, this method was faster and 591 

simpler than other examined methods. Altogether, the characteristics of LDS-AALLME were 592 

good enough for a practically reliable measurement, so that it was selected as a preferred method 593 

for extraction of target analytes (Table 1).  594 

 595 

< Table 1 > 596 
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 597 

3.4. Application to real samples 598 

After validation, the LDS-AALLME method was successfully applied to the analysis of 599 

plasma and urine samples taken from six healthy volunteers who were orally treated with 200, 600 

250, and 250 mg of sodium diclofenac, ibuprofen, and mefenamic acid, respectively. The 601 

samples were collected 1, 2, 4, 8 and 12h (after administration of tablets) and the maximum 602 

plasma and urinary excretion of the analytes were determined after 2 and 4h, respectively. The 603 

quantification of the analytes was carried out using the standard addition method. Fig. 6 shows 604 

typical chromatograms obtained by analysis of standard mixture, plasma and urine samples 605 

extract from volunteers that was obtained 2 and 4h after target analytes intake.  606 

 607 

< Fig. 6 > 608 

 609 

Table 2 provides the results of three replicate plasma and urine analysis for all 610 

volunteers. To investigate accuracy of the method, the samples were spiked with certain amounts 611 

of under study drugs. The relative recoveries of the analytes were in the range of 94–102% 612 

(Table 2). The results showed that the LDS-AALLME can be useful for obtaining relevant 613 

clinical information related to bioactivity for these drugs. Also, this method can be used to 614 

determine the pharmacokinetic parameters of other NSAIDs analysed in these types of studies. 615 

 616 

< Table 2 > 617 

 618 

4. Conclusions 619 
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In the present study, a dispersive suspended-solidified floating organic droplet 620 

microextraction method was developed to overcome long extraction times (associated with 621 

suspended droplet-based microextraction methods) and uncertainties in collection of low volume 622 

of extraction solvent (associated with dispersive suspended droplet-based microextraction 623 

methods) coupled to HPLC. Although the method showed higher extraction efficiencies and 624 

lower RSDs, total extraction time was higher than DSME due to necessary solidification step. 625 

Until now, no or very few studies have been published regarding comparison of droplet- 626 

and dispersive-based microextraction methods. In this way, two droplet-based (directly 627 

suspended droplet and dispersive suspended), two solidified droplet-based (directly suspended-628 

solidified floating organic droplet and dispersive suspended-solidified floating organic droplet), 629 

and two disperser solvent-free dispersive-based (air-assisted liquid–liquid and ultrasound-630 

assisted emulsification) microextraction methods were critically compared for the determination 631 

of three NSAIDs as model analytes. The results obtained showed that all DSME, Dis-S-SFO, 632 

LDS-AALLME and USA-EME methods are enough sensitive with low limits of detection that 633 

can be successfully applied to separation, preconcentration, and determination of NSAIDs in bio-634 

fluid samples. Although these methods have good linear ranges, USA-EME and LDS-AALLME 635 

showed higher recoveries and enrichment factors. However, the final results showed that LDS-636 

AALLME is simpler, faster and more effective than the other methods, as it needed only 40s to 637 

achieve the equilibrium with acceptable repeatabilities. Furthermore, it is more cost effective 638 

than the USA-EME, because a sonicator apparatus is not required. Hence, LDS-AALLME was 639 

selected as a preferred method for analyzing of ibuprofen, mefenamic acid and sodium 640 

diclofenac in human plasma and urine samples. 641 
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In comparison with other published methods for extraction of target analytes, the 642 

AALLME method has some advantages (Table 3) including i) low amount of extraction solvent 643 

is consumed, ii) it is simple and performed in a short period of time, iii) the analytical merits are 644 

comparable to other extraction methods for the analytes, and iv) no toxic dispersive solvent –645 

used in other LPME-based methods such as ethanol, acetone, acetonitrile and methanol– is used 646 

in this method. These characteristics are of key interest for laboratories doing routine analysis of 647 

this type of analytes in different real samples. 648 

 649 

< Table 3 > 650 
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Figure captions 714 

Fig. 1. Effect of the type of extraction solvent on the analytes enrichment factors. 715 

a) DSME, b) DSDME, c) USA-EME, d) LDS-AALLME, e) Dis-S-SFO, f) DS-SFO 716 

Fig. 2. Effect of the volume of extraction solvent on the analytes enrichment factors. 717 

a) DSME, b) DSDME, c) USA-EME, d) LDS-AALLME, e) Dis-S-SFO, f) DS-SFO 718 

Fig. 3. Effect of the pH on the analytes enrichment factors. 719 

a) DSME, b) DSDME, c) USA-EME, d) LDS-AALLME, e) Dis-S-SFO, f) DS-SFO 720 

Fig. 4. Effect of the extraction time on the analytes enrichment factors. 721 

a) DSDME b), DSME, c) DS-SFO, d) Dis-S-SFO  722 

Fig. 5. Effect of the extraction time (USA-EME) (a) and extraction cycles (LDS-AALLME) (b) 723 

on the analytes enrichment factors. 724 

Fig. 6: Typical chromatograms of standards (20 µg mL−1) (a), spiked blank plasma (b), blank 725 

urine (c), plasma (d), and urine (e) after LDS-AALLME extraction, at optimum conditions  726 

1: Diclofenac, 2: Ibuprofen, 3: Mefenamic acid 727 

  728 
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Table 1. Analytical characteristics obtained with the proposed method and other microextraction 729 

methods reported for the determination of non-steroidal anti-inflammatory drugs by HPLC. 730 

Analytes LODa 

(////g L−1) 

LOQa     

(////g L−1) 

LDRb   

(////g L−1) 

Intra-day 

precision  

(%) 

Inter-day 

precision 

(%) 

EFc CId Extraction time  

(min) 

 

 

 

DSME1 
 

Diclofenac  

 
3.0 

 
11.0 

 
11.0-2200 

 
4.5 

 
5.3 

 
50±2 

 
~0.10 

 
6 
 
 
 

 

 

Ibuprofen 

 
3.5 

 
12.0 

 
12.0-2727 

 
4.4 

 
4.9 

 
44±2 

 
~0.11 

 

 

Mefenamic acid 

 
2.4 

 
8.0 

 
8.0-2093 

 
4.8 

 
5.7 

 
43±2 

 
~0.12 

 

 
Dis-S-SFO2 

 

Diclofenac  

 
2.0 

 
7.0 

 
7.0-2115 

 
3.3 

 
4.0 

 
52±1 

 
~0.10 

 
10 
 
 

 

 

Ibuprofen 

 
3.0 

 
10.0 

 
10.0-2608 

 
3.1 

 
4.2 

 
46±1 

 
~0.11 

 

 

Mefenamic acid 

 
1.9 

 
4.0 

 
4.0-1837 

 
3.6 

 
4.5 

 
49±1 

 
~0.10 

 

 
USA-EME3 

 

 

Diclofenac  

 
2.3 

 
7.5 

 
7.5-2037 

 
3.9 

 
5.0 

 
54±2 

 
~0.09 

 
6 

 

 

Ibuprofen 

 
2.0 

 
7.0 

 
7.0-2500 

 
4.1 

 
5.5 

 
48±2 

 
~0.10 

 

 

Mefenamic acid 

 
3.0 

 
10.0 

 
5.0-2093 

 
4.3 

 
5.7 

 
43±2 

 
~0.12 

 

LDS-AALLME4 

 

Diclofenac  

 
1.1 

 
3.5 

 
3.5-1864 

 
6.2 

 
7.3 

 
61±2 

 
~0.08 

 
4 

 

 

Ibuprofen 

 
1.7 

 
5.5 

 
5.5-2448 

 
6.6 

 
7.9 

 
52±2 

 
~0.10 

 

 

Mefenamic acid 

 
1.5 

 
5.0 

 
5.0-1875 

 
6.3 

 
7.8 

 
50±2 

 
~0.10 

 

1Experimental conditions in DSME: “Extraction solvent: n-octanol, 50 µL; sample pH: 2.5; without salt addition; temperature of sample: 35 ⁰C; 731 
total extraction time: 6 min; stirring rate of extraction step: 1200 rpm; stirring rate of restoration step: 400 rpm”. 732 
2Experimental conditions in Dis-S-SFO: “Extraction solvent: 2-dodecanol, 40 µL; sample pH: 2.5; without salt addition; temperature of sample: 733 

35 ⁰C; total extraction time: 6 min; stirring rate of extraction step: 1200 rpm; stirring rate of restoration step: 400 rpm; solidification time: 4 734 

min”. 735 

3Experimental conditions in USE-EME: “Extraction solvent: n-octanol, 80 µL; sample pH: 2.5; without salt addition; temperature of sample: 30 736 
⁰C; sonication time: 120s; centrifugation time: 4 min”. 737 
4Experimental conditions in LDS-AALLME: “Extraction solvent: n-octanol, 65 µL; sample pH: 2.5; without salt addition; temperature of 738 
sample: 30 ⁰C; numbers of extraction cycles: 10 cycles in 40 s; centrifugation time: 4 min”. 739 
 740 

an = 7, bLinear dynamic range, cn=3,dConsumptive index  741 
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Table 2. Levels of target analytes in the plasma and urine samples using LDS-AALLME method. 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Experimental conditions in USE-AALLME: “Extraction solvent: n-octanol, 30 µL; sample pH: 4; without salt addition; simultaneous sonication and numbers of extraction cycles: 5 cycles in 20 s; 
centrifugation time: 4 min”. 
aAbsolute recovery 
bRelative recovery, n = 3 
cStandard deviation 

  

 
Sample 

 Ibuprofen   Diclofenac   Mefenamic acid  
 

Added 

(µg L-1) 

Found* 
(Found-Real)** 

(µg L-1) 

 
RRb

(%) 
  

Added 

(µg L-1) 

Found 
(Found-Real) 

(µg L-1) 

 
RR(%) 

  
A 

(µg L-1) 

Found 
(Found-Real) 

(µg L-1) 

 
RR(%) 

 

Plasma  
(after 12h of Ibuprofen administration) 

0.0 1029.3±61.7c* -  0.0 - -  0.0 - -  

 200.0 (202±12.5)** 101  10.0 (9.7±0.65) 97  10.0 (9.6±0.61) 96  

Urine  
(after 12h of Ibuprofen administration) 

0.0 879.8±56.3 -  0.0 -  -  0.0 - -  

 200.0 (198±12.8) 99  10.0 (9.8±0.61) 98  10.0 (10.2±0.68) 102  

Plasma 
(after 12h of Diclofenac administration) 

0.0 - -  0.0 487.9±32.2 -  0.0 - -  

 10.0 (9.5±0.60) 95  100.0 (98±6.1) 98  10.0 (9.4±0.62) 94  

Urine  
(after12h of  Diclofenac  administration) 

0.0 - -  0.0 325.3±21.5 -  0.0 - -  

 10.0 (9.8±0.64) 98  100.0 (101±6.4) 101  10.0 (9.6±0.64) 96  

Plasma 
(after12h of Mefenamic acid  administration) 

0.0 - -  0.0 - -  0.0 874.8±58.6 -  

 10.0 (9.6±0.66) 96  10.0 (9.9±0.63) 99  200.0 (190±12.7) 95  

Urine  
(after12h of Mefenamic acid  administration) 

0.0 
 

10.0 

- 

 
(10.1±0.63) 

- 
 

101 

 0.0 
 

10.0 

- 

 
(10.2±0.67) 

- 
 

102 

 0.0 
 

200.0 

795.3±51.7 
 

(194±13.1) 
 

- 
 

97 
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Table 3. Comparison of the LDS-AALLME method with other published procedures. 

 

1)  
2)  
3)  
4)  
5)  
6)  
7)  
8)  
9)  
10)  
11)  
12)  
13)  
14)  
15)  
16)  
17)  
18)  
19)  
20)  
21)  
22)  
23)  
24)  
25)  
26)  
27)  
28)  
29)  
30)  
31)  
32)  
33)  
34)  
35)  
36)  
37)  
38)  
39)  
40)  
41)  
42)  
43)  
44)  
45)  
46)  
47)  
48)  

1Hollow-fiber liquid-phase microextraction 
2Microextraction by packed sorbent 
3Hollow-fiber liquid-phase microextraction 
4Solid-phase extraction combined with supramolecular solvents 
5Rotating disk sorptive extraction 
6Liquid-liquid extraction 
*) Not reported 

  

Reference Extraction 

time (min) 

Total volume 

of extraction 

solvent  

EF LDR LOD Analyte Matrix Method 

[38] 30 15 µL 195-350 (for 5 mL  
of sample) 

1.0–5000 µg L-1 
 

0.5–1.25 µg L-1 
 

Salicylic acid, 
Ibuprofen, 
Naproxen, 
Diclofenac 

 

Real water, juice, 
soda, energy drinks 

HF-LPME1/UPLC-
MS/MS 

[39] 5 20 µL 0.9-1.0 (for 20 µL  
of sample) 

10–20000 µg L-1 1.07–16.2 µg L-1 Diclofenac,  
Ibuprofen, 

Acetylsalicylic 
acid, Ketoprofen, 

Naproxen  
 

Human urine MEPS2/UHPLC 

[40] 15 50 µL 70-1060 (for 50 mL 
of sample) 

41.0–10000 µg L-1 12.3–52.9  µg L-1 Diclofenac, 
Salicylic acid, 

Ibuprofen  

Human urine HF-LPME3/HPLC-DAD 
and  HPLC-FLD 

[28] 25 1500 µL 431–489 (for 30 mL 
of sample) 

1.0–300.0 µg L-1 0.4–7.0 µg L-1 Diclofenac, 
Mefenamic acid 

Human urine, water SPE-SUPRASF4/HPLC-
UV 

[41] 20 200 µL 15–18 (for 5 mL  
of sample) 

200.0–2000.0 µg L-1 21.7–44.0 µg L-1 Diclofenac,  
Ibuprofen, 

Ketoprofen, 
Naproxen  

 

Human urine RDSE5/HPLC-UV 

[42] *NR 600 µL *NR 100.0–100000.0 µg L-1 11.5–75.0 µg L-1 Ketoprofen, 
Naproxen, 

Fenoprofen, 
Flurbiprofen, 

Ibuprofen, 
Diclofenac   

 

Human plasma LLE6/HPLC-UV 

This work ~4 65 µL 50-61 (for 5 mL  
of sample)  

3.5–2448 µg L-1 1.1–1.7 µg L-1 Ibuprofen, 
Diclofenac,  

Mefenamic acid 

Human plasma, 
human urine 

AALLME/HPLC-UV 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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