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ABSTRACT 

 

Hassan, M. Switchable-Hydrophilicity Solvent Liquid-Liquid Microextraction of 

Non-Steroidal Anti-Inflammatory Drugs from Biological Fluids Prior to HPLC-

DAD Determination.  

Near East University, Institute of Health Sciences, Analytical Chemistry Program, 

Master of Science Thesis, Nicosia, 2019. 

 

Switchable-hydrophilicity solvent liquid-liquid microextraction was used prior to high-

performance liquid chromatography with a diode-array detector (HPLC-DAD) for the 

determination of four non-steroidal anti-inflammatory drugs (i.e., ketoprofen, etodolac, 

flurbiprofen, and ibuprofen) in human urine, saliva, and milk. Optimum extraction 

conditions were as follows: 500 µL of switched-on N,N-dimethylcyclohexylamine as the 

extraction solvent, 9.5 mL of the aqueous phase, 500 µL of 20 M sodium hydroxide as a 

switching-off trigger, and 30 s extraction time. A portion of the final extract was directly 

injected into HPLC. Under optimized extraction and chromatographic conditions, limits 

of detection ranged between 0.04 and 0.18 µg mL-1 in all matrices analyzed. Excellent 

linearity with coefficients of determination (R2) ranging between 0.9955 and 0.9998 and 

percent relative standard deviations (%RSD) of 0.9-7.7% were obtained. The proposed 

method was efficiently used for the extraction of the four analytes from the biological 

fluids with percent relative recoveries (%RR) ranging between 96 and 109%. 

 

Keywords: Biological fluids, Liquid-liquid microextraction, Non-steroidal anti-

inflammatory drugs, Switchable-hydrophilicity solvent. 
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ÖZET 

 

Hassan, M. Non-Steroidal Anti-İnflamatuar İlaçların Biyolojik Sıvılardan 

Değiştirilebilir Hidrofilik Çözücülü-Sıvı-Sıvı Mikroekstraksiyonu ve HPLC-DAD ile 

Tayini. 

Yakın Doğu Üniversitesi, Sağlık Bilimleri Enstitüsü, Analitik Kimya Programı, 

Yüksek Lisans Tezi, Lefkoşa, 2019. 

 

Değiştirilebilir hidrofilik çözücülü sıvı-sıvı mikroekstraksiyonu ve yüksek performanslı 

sıvı kromatografi-diyot dizisi dedektör (HPLC-DAD) ile non-steroidal anti-inflamatuar 

ilaçların (ketoprofen, etodolac, flurbiprofen ve ibuprofen) biyolojik sıvılarda (tükürük, 

idrar ve süt) tayin edilmiştir. Optimum ekstraksiyon koşulları aşağıdaki gibi bulunmuştur: 

500 μL N,N- dimetilsiklohekzilamin (ekstraksiyon çözücü), 9.5 mL sulu faz hacmi, 500 

μL, 20 M sodyum hidroksit (faz ayırıcı), ve 30 saniye ekstraksiyon süresi. Elde edilen 

ekstrakt HPLC’ye doğrudan  enjeksiyon için uygun olarak değerlendirilmiştir. Optimum 

ekstraksiyon ve kromatografik koşullarda, teşhis limitleri analiz edilen matrislerde 0.04 

ile 0.18 μg mL-1 arasında hesaplanmıştır. Kalibrasyon grafikleri, 0.9955 ile 0.9998 

arasında değişen tamamlayıcılık katsayıları (R2) ile iyi bir doğrusallık göstermiştir. 

Göreceli standart sapmalar (%RSD) 0.9-7.7% arasında elde edilmiştir. Önerilen yöntem, 

biyolojik sıvılardan dört analitin ekstraksiyonu için 96 ile 109% arasında değişen nispi 

geri kazanım yüzdeleri ile (%RR) verimli bir şekilde kullanılmıştır. 

 

Anahtar Kelimeler: Biyolojik sıvılar, Değiştirilebilir hidrofiliklik çözücü, Non-steroidal 

anti-enflamatuar ilaçlar, Sıvı-sıvı mikroekstraksiyonu. 
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1 CHAPTER 1 

CHAPTER 1 

 

INTRODUCTION 
 

1.1 Non-steroidal Anti-Inflammatory Drugs (NSAIDs) 

 

Non-steroidal anti-inflammatory drugs (NSAIDs) are a group of pharmaceutically active 

compounds having anti-inflammatory, analgesic and antipyretic properties. The common 

mechanism of action of NSAIDs is based on inhibition, mostly not chemically related, of the 

metabolism of arachidonic acid by inhibiting cyclooxygenase (COX) enzymes [1]. For many 

years, NSAIDs have been among the most world-widely consumed medicines due to their 

multiple activities. The use of NSAIDs is increasing contentiously; over 22 million 

prescriptions include those which are written every year in the UK, and over 70 million in the 

US [2]. However, the real consumption of these drugs is further higher, since they are also sold 

over the counter.  

 

 Usage of NSAIDs 

 

NSAIDs are used as a drug for humans and in veterinary. They help in the management of three 

common symptoms, i.e., fever, inflammation and pain. The analgesic property of these drugs 

expands its use to control a variety of conditions, including headaches and lower backache as 

the most common conditions controlled by NSAIDs, in addition to arthritis, cold or flu, period 

pains, injuries of joint, bone, sprains, or strains, muscle or joint complaints and toothache [3]. 

 

According to their inhibition selectivity, NSAIDs can be classified into two main classes: COX 

non-selective inhibitors and COX-2 selective inhibitors, and according to their chemical 

structure in ten categories [4] as shown in Figure 1.1  
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Figure 1.1 Classification of NSAIDs according to their chemical structures. 
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Recent studies support the use of NSAIDs in low doses, particularly aspirin, for the prevention 

of several types of cancer. According to the United States Preventive Task Force (USP-STF), 

the use of NSAIDs in low dose is recommended for individuals at the age of 50-59 having a 

risk of cardiovascular disease and colorectal cancer. This recommendation was based on 

reports of reduction of the risk associated with the use of aspirin [5]. The antineoplastic effect 

of aspirin is also effective in gastric and esophageal cancer, in addition to other types including 

breast, lung and prostate cancer. Furthermore, other studies indicated that it may improve 

survival rates by reducing the risk of metastasis [6, 7]. However, the results are generally 

conflicting and sparse [8].  

 

Although the exact mechanisms are not clear yet [9], several NSAIDs are experimentally 

approved to have antineoplastic effects throughout in vivo and in vitro evidence [10, 11]. The 

most susceptible histological tumors to the antineoplastic activity of NSAIDs are 

adenocarcinomas, which comprise the majority of ovarian as well as endometrial cancer [12, 

13]. 

 

In addition to the previously mentioned indications of NSAIDs, epidemiological studies have 

shown that long-term use of NSAIDs reduces the risk of developing Alzheimer’s disease and 

delays its onset [14]. 

 

 Side Effects of NSAIDs 

 

Despite the extensive usage and different indications of NSAIDs, it is well known that they 

have a wide range of side effects, among them gastrointestinal side effects are the most 

common. Others include skin rashes, hepatitis, nephropathies, in addition to interactions with 

other drugs such as antihypertensive or antihyperglycemic agents [2]. 

 

Gastrointestinal side effects of NSAIDs range from mild to severe dyspeptic symptoms, 

development of duodenal or gastric ulceration, perforation or hemorrhage, as well as other 

events, which may lead to hospitalization or even death [2]. Endoscopic studies have shown a 
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prevalence rate of 14–25% of duodenal and gastric ulcers in NSAID users. The relative risk for 

developing a serious gastrointestinal complication in patients on NSAIDs has been calculated 

in a large meta-analysis as 2.74 and 3.09 for upper gastrointestinal, 5.93 for perforation and 

7.62 for ulcer-related death. Nevertheless, Non-aspirin NSAIDs have been linked to increasing 

the risk of dose-dependent cardiovascular events [15, 16].  

 

Acute kidney injury (AKI) is another serious adverse effect of NSAIDs, especially in 

pediatrics.  AKI has an incidence of up to 30% of intensively cared [17]. In most of the cases 

of AKI, the causative agent is mainly a prescribed drug in more than 25% [18]. Besides 

NSAIDs, chemotherapeutics and antibiotics are the main causes of drug-induced AKI [19].  

Even more, kidney and liver tumors were reported in animal studies on rats and mice exposed 

to some NSAIDs [20, 21]. 

 

The half-life of ibuprofen is prolonged in neonates, and more particularly in preterm infants, 

and it is excreted into human milk in minimal amounts. The clearance of paracetamol is less in 

neonates compared to older infants. Despite their possible excretion in mother milk, ibuprofen 

and paracetamol are not contraindicated for nursing mothers [22].  

 

According to the American Academy of Pediatrics (AAP), the use of flurbiprofen, celecoxib 

and naproxen are compatible with breastfeeding, since the excretion is less than 1%. However, 

avoiding their usage if the infants have a ductal-dependent cardiac lesion is prudent. 

Furthermore, the long-term use, particularly of naproxen, is not recommended based on case 

reports of gastrointestinal tract bleeding and emesis due to the potential closure of the ductus 

arteriosus in neonates. Oral and injectable forms of ketorolac are entirely contraindicated in 

nursing mothers [23]. 

 

Food and Drug Administration (FDA) discourages the use of other NSAIDs in case of nursing 

due to limited published data and due to other various reasons. Diflunisal has a long half-life 

and adverse events, which may be severe, as cataracts or even fatality. Even more, the 
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concentrations of meloxicam in the milk of lactating animals was found to be higher than their 

plasma concentrations [23]. 

 

Veterinary use of NSAIDs, particularly in food-producing animals, may cause a long-term 

exposure of NSAIDs and their metabolites residues by consumers due to the possible entrance 

of these active residues into the food chain [24]. 

 

The chemical structures and physical properties of the four model NSAIDs used in this study 

[i.e., ketoprofen (KET), etodolac (ET), flurbiprofen (FBP) and ibuprofen (IBU)] are listed in 

Table 1.1. 
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Table 1.1 Chemical structures and physical properties of the studied NSAIDs. 

 

Analyte Chemical Structure 𝒍𝒐𝒈𝑷 𝒑𝑲𝒂 𝑴𝒓 (𝒈 𝒎𝒐𝒍−𝟏) 

Ketoprofen 

 

3.61 3.88 254.3 

Etodolac 

 

3.44 4.73 287.4 

Flurbiprofen 

 

3.94 4.42 244.3 

Ibuprofen 

 

3.84 4.85 206.3 

 

1.2 Sample Pretreatment 

 

Sample pretreatment or preparation is how the sample is treated before its analysis by the 

analytical instrument. This process may include extraction, pH adjustment, filtration, 

derivatization, in addition to any other clean-up or preconcentration procedures, necessary to 

isolate the analytes from a complex matrix and to enrich their concentration level [25]. 

 

Analytical techniques have undergone a great advancement and improvement during the last 

decades as a result of the improvement in technology and industry, which led to the 
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advancement of most analytical techniques including chromatography, electrochemistry, 

spectroscopy and microscopy. Despite this sample preparation is still needed with most of the 

analytical techniques to minimize matrix interferences and preconcentrate the analytes as much 

as possible. Otherwise, the method’s selectivity and sensitivity will be affected. Proper 

extraction of the analytes from the sample is the best choice as the sample preparation since it 

can significantly remove interferences and enrich the analytes which in turn would improve 

both selectivity and sensitivity [26]. 

 

Since it is a combination of several steps, sample preparation is the milestone of analytical 

method development [27], and in addition to the previously mentioned points, there is an 

agreement among analytical chemists that the sample preparation step itself, rather than the 

analytical instrumentation, is the “bottleneck” in the determination of trace and ultra-trace 

analytes [28]. The ideal sample preparation technique should be selective for the analytes, 

reproducible, and should result into a good clean-up of the sample and preconcentration of the 

analytes [29]. 

 

Green Analytical Chemistry (GAC) is a concept that was firstly proposed in 1999 [30] and was 

simultaneously adopted by Anastas, the pioneer of green chemistry, as well. Since that time, 

the concept was intended to either remove or minimize the environmental impact that could be 

caused by analytical methodologies. Among the twelve principles of green chemistry, (Figure 

1.2) [31] six of them are related to GAC, which should be implemented to all steps of analytical 

methods [32]. These principles are shown in Figure 1.3. 
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Figure 1.2 Principles of green chemistry proposed by Anastas and Warner [33]. 

 

 
 

Figure 1.3 GAC principles. 
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It is important to mention that several innovative advancements in sample preparation since 

1970 were the main milestones of GAC, which would not be achievable without these 

advancements. The summary of these milestones is shown in Figure 1.4. Different method 

characteristics should be focused on to assign the greenness of the analytical method, including 

the type, volume and nature of the solvents used, safety of operation, energy consumption, 

required time and waste production [32]. 
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Figure 1.4 Milestones of GAC [34]. 
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The current trend in sample preparation is shifting towards environmental friendliness, 

miniaturization, simplicity, automation, and cost-effectiveness. Microextraction techniques, in 

general, are classified as environmentally friendly, due to the significant reduction of organic 

solvents, and minimal waste generation. Even more, microextraction techniques have several 

advantages over conventional extraction techniques, which include: 

 

1- Simplicity and ease of operation.  

2- Miniaturization.  

3- Low cost in general. 

4- Applicability to a variety of analytes and samples. 

 

Recently, combining microextraction techniques with other sample preparation steps such as 

another extraction step or sample pretreatment method are shown as a unique approach to 

improve the clean-up, which results in enhanced quality of the analysis [35]. 

 

1.3 Extraction Techniques  

 

Liquid-liquid extraction (LLE), also known as partitioning or solvent extraction, is probably 

the oldest extraction technique. In LLE, the separation depends mainly on the different 

solubility of the analytes in the organic and aqueous phase. The main drawback of this method 

is the massive consumption of toxic organic solvents, low selectivity, limited preconcentration 

factors and long equilibration time. 

 

Franz von Soxhlet invented Soxhlet extraction in 1879, who used a large sample size up to 30 

g, with continuous introduction of the extraction solvent into the sample by evaporation and 

condensation of the former. This method is matrix-independent and does not require filtration. 

However, the extraction time can range between 6 to 24 h, which is among the longest 

extraction procedures. Moreover, the volume of the organic solvents usually used in this 

technique is quite large, which may be up to 500 mL [36]. 
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In order to overcome the coherent drawbacks of LLE, another extraction technique was 

introduced in 1976 which proposed the use on a solid phase rather than a liquid phase for 

extracting the analytes. Solid-phase extraction (SPE) was able to decrease the volume of the 

organic solvents significantly as compared to LLE. Furthermore, it gave better extraction 

selectivity.  However, the procedure itself was still time-consuming and although the organic 

solvents consumption was less than those used in LLE, analytical chemists were still not 

satisfied with that large volume and tried to decrease it even more. Another concern about SPE 

was the use of disposable cartridges, which were neither biodegradable nor environmentally 

friendly. 

 

These drawbacks, mainly the massive consumption of toxic organic solvents as well as the long 

and time-consuming procedures, resulted into low sample throughput and non-green methods, 

which affected not only the environment and living microorganisms but also the researchers 

themselves [37]. This motivated analytical chemists to introduce contemporary extraction 

techniques, which would overcome these drawbacks and solve the problems of conventional 

extraction techniques. 

 

Later on, cloud-point extraction (CPE) and supercritical fluid extraction (SFE) techniques were 

introduced, which were much more environmentally friendly. However, these two techniques 

were still time-consuming, especially SFE, which usually takes up to 1 h per sample. Moreover, 

it needs expensive special apparatus and a limited amount of the sample can be analyzed [36]. 

 

In 1987, scientists started to be more concerned about the environment and the toxicity of 

organic solvent on the eco-system. Thus, the concept of ecological chemistry was introduced, 

which led to an evolution in separation science. Three years later, the micro total analysis 

system was developed. 

 

The first microextraction to evolve was termed as “solid-phase microextraction (SPME)”. 

Introduction of SPME by Pawliszyn and co-workers in 1990 [38] opened the door to a new era 

of extraction techniques and reduced the extraction volume from milliliter or even liter volumes 



 

13 

 

into microliters. SPME could solve many problems of conventional extraction techniques, 

which include: 

 

1- Reduction of organic solvent consumption. 

2- Miniaturization. 

3- Automation. 

4- Enhancement of analytes preconcentration. 

5- Short extraction time. 

 

SPME was applied for the first time to water samples in 1992 [39]. This technique provided 

numerous advantages, such as removing many tedious steps that were necessary for 

conventional methods, significantly high preconcentration factors leading to higher sensitivity 

and minimized analytes loss. These advantages made SPME to be widely accepted and gave it 

a unique reputation among analytical chemists. On the contrary, direct immersion SPME (DI-

SPME) suffered from critical drawbacks, the most important being the physical instability of 

the fibers used, stripping and breaking of the coating, which dramatically affected the lifetime 

of the fibers [40]. Then, headspace SPME (HS-SPME) was introduced to enhance the lifetime 

as compared to DI-SPME, but the cost was still another main drawback of the technique [41]. 

 

Liquid-liquid microextraction (LLME), which emerged in the mid-to-late 1990s and was 

considered as an alternative to SPME [42, 43], is a miniaturized form of LLE, where the volume 

of the extractant is limited to smaller volume in microliters. Since LLME techniques have 

several advantages over SPME, they are considered to be more favorable among researchers. 

These advantages are: 

 

1- Faster phase separation. 

2- Easier to modify. 

3- Greater extraction capability. 

4- Less capital-cost, due to the lower consumption of solvents. 

5- More environmentally benign. 



 

14 

 

 

LLME techniques can be categorized into two main categories, two- and three-phase LLME. 

In two-phase LLME, the extractant is in direct contact with the sample solution, which 

enhances the extractability but reduces the clean-up and selectivity. On the other hand, in the 

three-phase LLME, a third solvent, which is immiscible with the sample solution and 

extractant, is involved, that could increase the selectivity significantly by enhancing the clean-

up efficiency [44]. 

 

Single-drop microextraction (SDME) was the first LLME to be introduced and offered an 

extreme reduction of the volume of organic solvent [45]. The principle of SDME is based on 

partitioning the analytes between the sample solution and one droplet of the extraction solvent 

hanged by a syringe needle. The drop is either directly immersed into the sample solution or in 

the headspace mode, where the latter is limited to volatile analytes only [42, 43]. Despite, ease 

of automation, simplicity and other advantages of this method, it suffers from droplet instability 

and hence low reproducibility [44]. 

 

Dispersive liquid-liquid microextraction (DLLME) was introduced by Assadi et al. in 2006 

[26]. The principle of DLLME relies on the use of a third party (i.e., a disperser solvent) that 

is miscible with both the sample solution and the extractant. This leads to the formation of tiny 

droplets (emulsion) of the extractant inside the sample solution as shown in Figure 1.5. The 

emulsion formation largely increases the contact surface area between the sample solution and 

the extractant significantly leading to higher extraction efficiency. Hence, noticeable high 

preconcentration factors are obtained with this technique [44]. Besides, the equilibrium state 

can be achieved much faster due to the same reason, resulting in a short extraction time [46]. 

 

 

 

DLLME has gained a particular interest among researchers due to numerous advantages such 

as: 
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1- Simplicity. 

2- Ease of operation. 

3- Rapidness. 

4- Cost effectiveness. 

5- High recovery. 

6- High enrichment factors. 

7- Environmental benignity [26, 47]. 

 

 
 

Figure 1.5 Optical microscopic photography of dispersed tetrachloroethylene in the aqueous 

sample [26]. 

 

Despite its several advantages, DLLME needs a centrifugation step to break down the emulsion 

and recover the extraction solvent, which is the most time-consuming step and is considered as 

an obstacle in the way of automation as well as for in-situ analysis. Effort has been made to 

overcome this limitation. Among the solutions for this problem was the use of an in-line filter 

to separate the organic solvent from the aqueous phase [48], or the use of hollow fiber [49, 50], 

among others. 
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Other limitations of DLLME are that it may provide low clean-up, especially with complicated 

matrices [44], and the use of toxic extraction solvents, which are generally halogenated 

hydrocarbons such as chloroform, carbon tetrachloride, chlorobenzene and 

tetrachloroethylene. These solvents are also incompatible with most of the reversed-phase-

HPLC mobile phases. Due to this particular reason, combining DLLME with HPLC needs a 

further sample preparation step, mainly solvent reconstitution through evaporation-to-dryness 

(ETD) [46] or back-extraction (BE) [24, 51]. The general procedure of DLLME with heavy 

solvents is shown in Figure 1.6. 

 

 
 

Figure 1.6 General procedure of DLLME. 

 

Less toxic organic solvents proposed for DLLME to replace the heavy halogenated ones are 

low-density solvents such as 1-undecanol, 1-dodecanol, 2-dodecanol, and n-dodecanol or ionic 

liquids (ILs). ILs are a group of ionic organic salts with a melting point below 100 C, which 

keeps them in the liquid form at room temperature [52]. They are known as “green solvents” 

that can replace conventional toxic organic solvents. Whilst several studies applied ILs in 

DLLME [53-57]; the main disadvantage of these solvents is their high cost due to laborious 

and complicated synthesis. 
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Low-density solvents are a good alternative for the dense chlorinated ones. However, since 

their densities are lower than that of water, they float on the surface after conducting DLLME, 

which makes their collection problematic. Several work has been conducted to overcome this 

limitation. Among the first attempts was the injection of deionized (DI) water to increase the 

level of the extractant before its collection into a capillary part in special compartment [58]. 

Saleh et al. [59] introduced another set, which contained a centrifuge-vial that had a conical 

top attached to capillary. Another study used a squeezable sample vial to direct the extractant 

into the capillary [60].  However, all of these methods required special tools, unlike the 

solidification of floating organic droplet microextraction (SFOD-ME), which was developed 

in 2007 [61]. SFOD-ME is simpler compared to other methods discussed previously [62]. In 

SFOD-ME, a low-density extraction solvent with a melting point close to room temperature is 

used. In such case, the floating organic drop can easily be solidified for easy collection [44]. 

 

As can be noticed, the recent trend in separation science is to modify microextraction to result 

in efficient, economical, miniaturized and green techniques that can overcome the limitations 

and disadvantages of the conventional ones. 

 

1.4 Switchable-Hydrophilicity Solvents-Based Liquid-Liquid Microextraction 

 

Switchable-hydrophilicity solvents (SHSs) were first introduced by Jessop et al. in 2005, and 

were described as “smart solvents” [63]. SHSs can be defined as a group of solvents that are 

immiscible with water in one form and are completely miscible in the other form. These 

solvents can, therefore, be switched between these two forms by changing some 

physicochemical properties of the system [64]. 

 

SHSs can be considered as a form of ILs but are much cheaper. The simplicity of preparing 

these solvents and their low cost gained them particular interest among researchers in different 

fields. The switching mechanism between the two forms can take place at ambient temperature 

and pressure by direct addition or removal of carbon dioxide, CO2 (Figure 1.7). CO2 can lead 

to protonation of the SHS, e.g., a tertiary amine, through to an acid-base reaction of hydrated 
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CO2 or carbonic acid in the carbonated water and SHS, resulting in the hydrophilic bicarbonate 

salt of the SHS according to Equation 1.1 [64]. Synthesis of SHS by purging CO2 is shown in 

Figure 1.7. 

 

 

Equation 1.1 

 

 
 

Figure 1.7 Synthesis of SHS by purging CO2. 

 

The first SHS reported by Jessop et al. was 1,8-diazabicyclo-[5,4,0]-undec-7-ene [63]. Then, 

others like amidines as well as tertiary and secondary amines have been identified as SHSs [63-

66]. A list of solvents studied for their use as SHSs by Jessop et al. and their physical properties 

[64] are shown in Table 1.2 and Table 1.3. 

Monophasic SHS systems are solvents which are completely miscible with water in their 

“switched-off” unprotonated form (i.e., before introducing CO2 into the system). On the 

contrary, if the solvent is still immiscible even after introducing CO2 into the system, it is 

referred to it as a biphasic. SHSs are immiscible with water in their “switched-off” or 
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unprotonated from (i.e., before introducing CO2). However, upon purging CO2 into the mixture, 

they are “switched-on” to their protonated form, which is completely miscible with water. 

 

Some guanidines are immiscible with water and can be switched on successfully, but the 

process is irreversible (i.e., they cannot be switched off to their unprotonated form), mainly due 

to their high basicity as compared to others. 

 

It was observed that switchable amines have 𝑙𝑜𝑔𝑃 values ranging between 1.2 and 2.5, 

otherwise, the amines will be too hydrophilic or hydrophobic and will form monophasic or 

biphasic, respectively. In addition, they have 𝑝𝐾𝑎 values higher than 9.5; amines with less 𝑝𝐾𝑎 

do not react with carbonated water sufficiently due to insufficient basicity, preventing the 

switching process. 

 

It is worth mentioning that although some amines fulfill these two criteria, they are not 

switchable, meaning that these criteria are necessary but not sufficient requirements for the 

switchable behavior. Furthermore, N,N-dimethylbenzylamine has a 𝑝𝐾𝑎 of 9.03 and could form 

a SHS, and to the best of our knowledge it, is the only exception. 
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Table 1.2  Tertiary amines solvents tested for their ability to use as SHS. 

 

Behavior Solvent 

Ratio of 

compound 

to water (𝑣: 𝑣) 

𝑙𝑜𝑔𝑃 𝑝𝐾𝑎  

Monophasic Triethanolamine 1:1 -1.51 7.85 

Monophasic N,N,N′,N′-Tetramethylethylenediamine 1:1 0.21 9.20 

Monophasic N-Ethylmorpholine 1:1 0.30 7.70 

Monophasic  N,N-Dimethylaminoethanol  1:1 −0.44  9.31 

Monophasic  N,N-Dimethylaminopropanol  1:1 −0.08  9.76 

Monophasic  N,N-Diethylaminoethanol  1:1 0.41 9.87 

Monophasic  N,N-Diethylglycine methyl ester  1:1 0.76 7.75 

Monophasic  N,N-Diethylaminopropanol  1:1 0.77 10.39 

Monophasic  5-(Diethylamino)pentan-2-one  1:1 1.21 10.10 

Monophasic  Ethyl 3-(diethylamino)propanoate  1:1 1.40 9.35 

Switchable Triethylamine 1:1 1.47 10.70 

Switchable N,N-Dimethylbutylamine 1:1 1.60 10.00 

Switchable N-Ethylpiperidine 1:1 1.75 10.50 

Switchable N-Methyldipropylamine 1:1 1.96 10.40 

Switchable N,N-Dimethylcyclohexylamine 1:1 2.04 10.50 

Switchable N-Butylpyrrolidine 1:1 2.15 10.40 

Switchable N,N-Diethylbutylamine 1:1 2.37 10.50 

Switchable N,N-Dimethylhexylamine 1:1 2.51 10.20 

Switchable N,N-Dimethylbenzylamine  5:1 1.86 9.03 

Switchable 5-(Dipropylamino)pentan-2-one  2:1 2.15 10.15 

Switchable  Diisopropylaminoethanol  1:1 1.16 10.14 

Switchable  4,4-Diethoxy-N,N-dimethylbutanamine 1:1 1.48 9.83 

Switchable  Ethyl 4-(diethylamino)butanoate  1:1 1.82 10.15 

Switchable  N,N-Dimethylphenethylamine  1:1 2.18 9.51 

Switchable  Dibutylaminoethanol  1:1 2.20 9.67 

Biphasic N,N-Dimethylaniline 1:1 2.11 5.10 

Biphasic N,N-Diisopropylethylamine 1:1 2.28 11.00 

Biphasic Tripropylamine 1:1 2.83 10.70 

Biphasic N″-Hexyl-N,N,N′,N′-tetrabutylguanidine 2:1 7.91 13.60 

Biphasic Trioctylamine 1:1 9.45 10.90 

Biphasic  Propyl 3-(diethylamino)propanoate  1:1 1.85 9.45 

Biphasic  N,N-Dibutylaminopropanol  1:1 2.56 10.50 

Biphasic  Ethyl 3-(dipropylamino)propanoate  1:1 2.72 9.29 

Biphasic  N,N-Dibutylaminobutanol  1:1 2.93 10.70 
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Table 1.3 Secondary amines, amidines, and guanidines solvents tested for their ability to be 

used as SHS. 

 

Behavior Solvent 
Ratio of compound  

to water (𝑣: 𝑣) 
𝑙𝑜𝑔𝑃 𝑝𝐾𝑎  

Monophasic  Diethylamine  1:1 0.71 10.92 

Monophasic  Ethyl 3-(tert-butylamino)propanoate  1:1 1.38 10.09 

Monophasic  tert-Butylethylamine  1:1 1.42 11.35 

Monophasic  Diisopropylamine  1:1 1.46 11.07 

Monophasic N,N,N′,N′-Tetramethylguanidine 2:1 0.30 13.60 

Monophasic 1,8-Diazabicycloundec-7-ene 2:1 1.73 12.00 

Monophasic N-Hexyl-N′,N′-dimethylacetamidine 2:1 2.94 12.00 

Switchable N,N,N′-Tripropylbutanamidine 2:1 4.20 12.00 

Switchable N,N,N′-Tributylpentanamidine 2:1 5.99 12.00 

Switchable Butyl 3-(isopropylamino)propanoate 1:1 1.90 9.77 

Switchable Propyl 3-(sec-butylamino)propanoate  2:1 1.95 9.80 

Switchable  Ethyl 3-(sec-butylamino)propanoate 1:1 1.53 9.73 

Switchable  Dipropylamine  1:1 1.64 11.05 

Switchable  N-Propyl-sec-butylamine  1:1 2.03 11.05 

Switchable  Di-sec-butylamine  1:1 2.43 11.02 

Irreversible N″-Hexyl-N,N,N′,N′-tetramethylguanidine 2:1 2.82 13.60 

Irreversible N″-Butyl-N,N,N′,N′-tetraethylguanidine 2:1 3.52 13.60 

Irreversible N″-Hexyl-N,N,N′,N′-tetraethylguanidine 2:1 4.43 13.60 

Precipitates tert-Butylisopropylamine 1:1 1.84 11.39 

Precipitates  Ethyl 3-(isobutylamino)propanoate  1:1 1.46 9.45 

Precipitates  Ethyl 4-(tert-butylamino)butanoate  1:1 1.75 10.77 

Precipitates  Dibutylamine  1:1 2.61 11.28 

Precipitates  Dihexylamine  1:1 4.46 11.02 

 

Secondary amines have a different reactivity pathway, faster than the bicarbonate salt 

formation, which allows them to react with CO2 directly and form ammonium carbamate salts 

(Equation 1.2), resulting in faster CO2 uptake. Accordingly, less time is needed, i.e., less than 

10 min, for switching secondary amines as compared to tertiary amines and amidines, the time 

for which ranges between 20 and 120 min. However, it requires higher energy to remove the 

CO2 from ammonium carbamate than ammonium bicarbonate [64, 67]. 
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Equation 1.2 

 

It was observed that some secondary amines precipitated during the switching on, as confirmed 

by X-ray crystallography [64], which is due to low solubility of their salts in water, limiting 

their use as SHS. 

 

Despite the sparse data in the literature about biodegradation of amines, it is thought that 

secondary amines are more biodegradable than tertiary ones, with some exceptions [68]. (e.g., 

N,N-dimethylcyclohexylamine) (IUCLID Dataset for Cyclohexyldimethylamine, European 

Commission – European Chemicals Bureau, 2000). 

 

Due to their several fascinating advantages besides the complete miscibility with water 

providing infinite surface area with aqueous solutions, the synthesis procedure itself is neither 

expensive nor complicated as compared to ILs. Phase separation can be instantaneous if a 

proper method is used (i.e., addition of a strong base), and nonetheless, the extraction system 

is not complicated and does not need a tertiary solvent as compared with other microextraction 

techniques (e.g., DLLME). SHSs were applied in the field of extraction just as soon as they 

have been introduced. Furthermore, no special tool or apparatus is needed for switchable-

hydrophilicity solvents-based extraction (SHS-LLE) or microextraction (SHS-LLME), unlike 

other techniques (e.g., HF-LPME). 

 

The first studies using SHSs as an extractant for a large scale (SHS-LLE) [65, 66, 69-71], and 

later on for microextraction purpose (SHS-LLME), started to gain popularity. However, the 

studies using SHSs as an extractant for microextraction is still growing and not yet routinely 

used [72]; further exploration in this field is still required. 

 

The extraction takes place just at the phase separation step. Different methods for removing 

CO2 or phase separation were examined in the literature as shown in Figure 1.8. Among them, 

the addition of a strong base such as sodium hydroxide at high concentrations seems to be the 
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most efficient for phase separation. Other physical and chemical methods are tedious, time-

consuming and may cause serious analyte loss [72]. 

 

 
 

Figure 1.8 Phase separation methods [72]. 

 

1.5 High-Performance Liquid Chromatography 

 

Chromatography is a separation method invented by Mikhail Tswett at the beginning of the 

20th century. This powerful separation method finds a variety of applications in all branches of 

science, which has grown explosively during the last half of 20th century, mainly due to the 

urgent need for a powerful method that can separate complex mixtures. Numerous types of 

chromatography were then introduced to the field. 
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High-performance liquid chromatography (HPLC) gained an exceptional reputation. Martin 

and Synge introduced the idea of liquid chromatography, which later on led to the invention of 

HPLC, and they won a noble prize in chemistry in 1952 for their studies. 

 

However, the main progress of liquid chromatography started to be noticeable in the 1960s, 

when scientists found that the separation may be enhanced by decreasing the inner diameter or 

size of the packing materials. The separation time was extremely long and separation took place 

at atmospheric pressure. To be able to solve this problem, scientists started to increase the flow 

rate of the mobile phase by merely increasing the pressure, and by doing so, they shortened the 

analysis time and could also increase the resolution of separation as well [73]. 

 

Chromatographic methods can be classified into two main groups based on the physical contact 

between the mobile phase (MP) and stationary phases (SP). Column chromatography can be 

further categorized into three main groups according to the mobile phase used, i.e., gas, liquid 

and supercritical, as shown in Figure 1.9. 

 

 
 

Figure 1.9 Classification of column chromatographic methods. 

 

Liquid chromatography is considered as the most widely used analytical separation technique. 

The reasons behind this reputation is its applicability to a variety of analytes covering polar 

and nonpolar molecules, as well as inorgani, and organic ones such as amino acids, nucleic 
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acids, proteins, and many other macromolecules. The main advantages of liquid 

chromatography are listed in Figure 1.10. 

 

 
 

Figure 1.10 Advantages of LC. 

 

Among others, partition liquid chromatography is the most commonly used one, which has two 

different modes depending on both mobile and stationary phases. The first is a normal phase 

(NP), which uses nonpolar mobile phases (e.g., n-hexane, ethyl acetate, etc.) and polar 

stationary phase (e.g., silica gel, alumina, etc.) and is mainly used for polar analytes. On the 

contrary, in the reversed-phase (RP) mode, the mobile phase is relatively polar (e.g., water, 

ACN, MeOH, THF) and the stationary phase is made of nonpolar particles such as octadecyl 

(C-18) group-bonded silica gel (ODS). The latter is more favorable since the solvents used are 

much less toxic as compared to the NP mode. Furthermore, the majority of analytes having low 

polarity would show more interactions with the stationary phase in the RP as compared to NP. 

Choosing the mode depends mainly on the suitability of the analytes under investigation as 

illustrated in Figure 1.11. 

 

In chromatography, the separation takes place due to the distribution of the analytes between 

the mobile and the stationary phases. Both phases should be carefully chosen in order to provide 
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a rational equilibrium of the analytes between the two phases for a good separation to be 

achieved. Distribution of the analytes among the two phases can be calculated from the 

distribution coefficient (𝐾) as shown in Equation 1.3. 

 

 
 

Figure 1.11 Modes for LC. 

 

𝐾 =  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑝ℎ𝑎𝑠𝑒

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑜𝑏𝑖𝑙𝑒 𝑝ℎ𝑎𝑠𝑒
 

Equation 1.3 

 

Choosing the suitable mode depends upon the polarity of the analytes, molecular weight, and 

degree of ionization. The logarithm of partition coefficient 𝑃 (i.e., 𝑙𝑜𝑔𝑃𝑂/𝑊) is an important 

parameter on which the chromatographer can depend to estimate the polarity of the analytes. 

This parameter can be defined as the ratio between the analyte concentration in two immiscible 

phases (i.e., octanol and water), which is calculated as follows: 
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𝑙𝑜𝑔𝑃𝑂/𝑊  = 𝑙𝑜𝑔
[𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑖𝑛 𝑛 − 𝑜𝑐𝑡𝑎𝑛𝑜𝑙]

[𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟]
 Equation 1.4 

 

As noticed in Equation 1.4, polar analytes are expected to have low 𝑙𝑜𝑔𝑃𝑂/𝑊 value since its 

concentration in water would be larger than its concentration in n-octanol, and vice versa. 

 

The degree of ionization can be calculated using graphs of percentage microspecies distribution 

versus pH. MarvinSketch is among the useful programs available for quick plotting of such 

graphs. In addition, several physicochemical properties can be predicted using this program. 

 

 HPLC Instrumentation  

 

HPLC has seven main components are shown in Figure 1.12, namely: mobile phase reservoir, 

pump, injection loop, column, detector, data acquisition and waste collection bottle. In addition 

to the main parts of HPLC, extra accessories can be combined to the instrument to enhance the 

performance, such as quaternary pump, degasser, autosampler, column thermostatic jacket or 

oven or fraction collector, etc. 

 

 
 

Figure 1.12 HPLC instrumentation. 

 

 



 

28 

 

 Elution Modes in HPLC 

 

Elution in HPLC can be either isocratic or gradient. The first is delivering a constant 

composition of the mobile phase during the analysis. Whereas, in the gradient elution, the 

composition of the mobile phase can be varied during the analysis. 

 

The isocratic elution is simpler and more common than the gradient one since it does not require 

a quaternary pump. Also, factors affecting the separation in the isocratic mode can be better 

understood. However, isocratic elution may suffer from the common “general elution problem” 

(i.e., a long time gap between analytes having different polarities) which prolongs the analysis 

time needed in the isocratic mode significantly. Gradient elution can solve this kind of problem 

with a proper resolution by varying the mobile phase composition during the analysis. Another 

superiority of gradient elution is that it can separate structurally similar analytes with a higher 

resolution which are difficult to achieve with the isocratic mode.  

 

When gradient elution is applicable, the preliminary gradient scan can provide a piece of 

valuable information and the chromatographer can analyze the peaks by some calculations 

(Equation 1.5) in order to decide whether isocratic elution can be possible or not, besides, the 

composition needed for isocratic elution can be estimated. 

 

                  ∆𝑡𝑔 =  𝑡𝑓 −  𝑡𝑖  
Equation 1.5 

 

where,  ∆𝑡𝑔 is the difference in the retention time of the final (i.e., 

𝑡𝑓) and initial peak (i.e., 𝑡𝑖). 

 

After running the gradient scan and calculating ∆𝑡𝑔, the final decision can be made depending 

on estimations related to 𝑡𝑔 (i.e., total gradient time) as given in Figure 1.13. However, if the 

∆𝑡𝑔 value is very small then gradient elution may be applied to enhance the resolution. If 
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isocratic elution is possible, then, the suitable composition of the mobile phase can be estimated 

by dividing ∆𝑡𝑔 by 2, and the composition corresponding to that retention time can be adopted. 

 

 
 

Figure 1.13: Deciding on the elution mode. 

 

 Optimization of HPLC Conditions 

 

In HPLC optimization, the systematic approach is always preferred over the “Random walk” 

(i.e., changing the HPLC conditions randomly or uncoordinatedly), because the first can 

provide the analyst with better understanding of the effect of separation conditions on the 

separation within a shorter time. It is possible to obtain a good separation with the “Random 

walk”. However, understanding the interactions and correlations between different parameters 

might be infeasible, resulting into a higher number of experiments as compared to the 

systematic approach. 

 

 Factors Affecting Resolution 

 

Resolution (𝑅𝑠) is a well-known term in chromatography that describes the degree of separation 

between neighboring bands or peaks. There are three factors affecting the resolution, i.e., 

retention (or capacity), number of theoretical plates (efficiency) and selectivity. 
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1. Retention (or capacity) factor (𝑘′) can be obtained from the chromatogram using Equation 

1.6. 

 

  𝑘′ =
𝑡𝑅−𝑡𝑀

𝑡𝑀
 

Equation 1.6 

 

where, 𝑡𝑅 is the retention time of the analyte and 𝑡𝑀 is the dead time (i.e., the retention time of 

an unretained species in the column). 

 

Improving (𝑘′) can be carried out by changing the mobile phase composition, the column 

temperature or the mobile phase pH either by adding pH modifier (e.g., acetic acid, 

trifluoroacetic acid, etc.) or a buffer (e.g., acetate, citrate, phosphate, etc.). 

 

2. Number of theoretical plates (efficiency) (𝑁) can be obtained from the chromatogram using 

Equation 1.7. 

 

      𝑁 = 16 (
𝑡𝑅

𝑊
)

2

 
Equation 1.7 

 

where, 𝑡𝑅 is the retention time of the analyte and 𝑊 is its peak width. 

 

The efficiency can be enhanced via increasing the column length, internal diameter, or 

decreasing particle size or by changing the flow rate. 

 

3. Selectivity factor (∝) can be obtained from the chromatogram using Equation 1.8. 

 

 ∝=
𝑘′

𝐵

𝑘′
𝐴

=
(𝑡𝑅)𝐵−𝑡𝑀

(𝑡𝑅)𝐴−𝑡𝑀
 

Equation 1.8 
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where, (𝑡𝑅)𝐴 and (𝑡𝑅)𝐵 are the retention times of the first and second analyte, respectively, in 

the critical pair and 𝑡𝑀 is the dead time. 

 

Changing the column type or the mobile phase identity can improve the selectivity. Unlike 𝑁 

and 𝑘′, ∝ describes a critical peak pair.  These factors can be combined to improve 𝑅𝑠, as given 

in Equation 1.9. 

 

𝑅𝑠 =
√𝑁𝑎𝑣

4
×

𝑘′
𝑎𝑣

𝑘′
𝑎𝑣 + 1

×
∝ −1

∝
 Equation 1.9 

 

As can be noticed from Figure 1.14, 𝑅𝑠 is so dependent on ∝, since any small change in the 

later can significantly improve 𝑅𝑠. Improving 𝑁 can also improve 𝑅𝑠 but less significantly. On 

the other hand, increasing 𝑘′ up to ca. 10 can improve 𝑅𝑠, beyond which it would have less 

effect on resolution. 

 

 
 

Figure 1.14: Effect of 𝑘’, ∝ and 𝑁 on  𝑅𝑠. 

 

In order to have a reasonable control of the different parameters and to minimize the number 

of optimization experiments, a good understanding of the various factors affecting the 
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separation is required. These parameters include the type of column packing, particle size, 

column dimensions, column temperature, flow rate, composition and identity of the mobile 

phase, pH of the mobile phase, type and concentration of the mobile phase modifier, etc.  In 

the systematic approach for optimizing HPLC conditions, the optimization should be 

dependent on how much change in resolution is needed, which in turn can be done by 

evaluating the chromatogram from preliminary experiments [74]. However, it is crucial to 

choose the most suitable HPLC methodology in the first place. After that, the chromatographer 

can decide which parameter to optimize according to the need for changing ∝,  𝑘′ or 𝑁. 

 

A systematic approach toward separation in RP-HPLC is summarized in Figure 1.15. First, an 

initial injection is done and the chromatogram is evaluated. For example, if the 𝑅𝑠 of the critical 

pair in the chromatogram is poor and 𝑘′
𝑎𝑣 is outside the optimum range (i.e., of 2 ≤ 𝑘′

𝑎𝑣 ≤

10), then improving 𝑘′
𝑎𝑣  should be the first choice, since ∝ may change the chromatogram 

completely and 𝑁 will not improve it enough to fit into the required range. On the contrary, if 

𝑅𝑠 is marginal and  𝑘′
𝑎𝑣 is already within the range, the best solution would be to improve 𝑁. 

 

Increasing ∝ can improve 𝑅𝑠 significantly as mentioned previously. However, it may change 

the selectivity (i.e., peak order). Mostly, the case where improving ∝ is desirable is when 𝑘′
𝑎𝑣 

is already within the optimum range but 𝑅𝑠 of the two adjacent peaks yet is much less than 

baseline resolution (i.e., 1.5). In such a case, trying to improve 𝑁 would require a very long 

separation time to achieve a sufficient resolution. 

 

Although increasing ∝ can provide the shortest possible separation times, it often involves 

much effort if the change is enormous. Since predicting the right conditions to improve ∝ is 

complicated and may bring the optimization back to the preliminary step, it is better to start 

with optimizing 𝑘′
𝑎𝑣. 
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Figure 1.15: A systematic approach to HPLC optimization [74]. 
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1.6 Literature review 

 

 SHS-LLME 

 

Although SHSs were introduced by Jessop et al. in 2005 [63], its first use in the microextraction 

context was done in 2014 [72]. In this study, benz[a]anthracene was extracted from water 

samples before its determination using fluorescence spectrophotometry. Since then, it started 

to grasp the attention of researchers working in this field. The rapid increase of publications 

where SHS-LLME was used is shown in Figure 1.16, reaching approximately 37 publications 

in about five years. 

 

 
 

Figure 1.16 Number of publications using SHS-LLME (Web of Science, May 2019). 

 

Although the first publication used SHS-LLME for studying molecular analyte, the technique 

was later applied for cadmium [75] and copper [76]. Just a few months later, the number of 

publications in both molecular (Table 1.4) and atomic (Table 1.5) fields is almost equal 

nowadays (Figure 1.17), which shows the applicability of this technique to a variety of atomic 

and molecular analytes. 
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Figure 1.17 Type of analytes studied using SHS-LLME (Web of Science, May 2019). 

 

Another point related to SHS-LLME, which drew the attention of researchers was the 

possibility to automate this method. The first attempt to automate SHS-LLME was done in 

2015. This was done using a syringe and peristaltic pumps prior to HPLC for the determination 

of ofloxacin in human urine samples [77]. 

 

During the last five years, researchers used SHS-LLME for studying environmental, biological 

and food samples as shown in Figure 1.18. Some studies used SHS-LLME for studying 

pharmaceuticals [78, 79], in addition to only one publication studying the applicability of this 

method to plant samples. In this study, SHS-LLME was used to determine protoberberine 

alkaloids in Rhizoma coptidis samples [80]. 

 

As mentioned earlier, the first application of SHS-LLME was done using fluorescence 

spectrometry [72], and it was the only one using this technique. Other two studies used SHS-

LLME prior to UV-Vis to determine uranium [81] and mercury [82] in environmental samples. 
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Figure 1.18 Type of samples studied using SHS-LLME (Web of Science, May 2019). 

 

Most of the studies used atomic absorption spectrometry (AAS), as shown in Figure 1.19, 

which were as follows: Copper in environmental sample using flame-atomic absorption 

spectrometry (FAAS) [76], lead and cadmium in water, tea and human hair samples using 

graphite-furnace atomic absorption spectrometry (GFAAS) [83], cadmium in water, vegetable, 

fruit and cigarette samples using FAAS [75], palladium in water samples using GFAAS [84], 

vanadium in water and food samples using GFAAS [85], cobalt in tobacco and food samples 

using FAAS [86], nickel in tobacco and food samples using FAAS [87], silver and cobalt in 

bovine milk, orange juice, vitamin B12 (methylcobalamin) pill and tap water using FAAS [79], 

cadmium, nickel, lead and cobalt in water, urine and tea infusion samples using FAAS [88], 

cobalt in egg yolk and vitamin B12 pill using slotted quartz tube (SQT-FAAS) [78], arsenic  in 

water samples using HG-AAS [89], cadmium in environmental samples using  SQT-

FAAS [90], palladium in water samples using SQT-FAAS [91], palladium in automotive 

catalytic converters, roadside dust and river water using FAAS [92], and cadmium in baby 

food samples using FAAS [93]. In addition, one study applied hydride generation atomic 

fluorescence spectrometry (HG-AFS) to determine arsenic and selenium in environmental 
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water and liver samples [94]. A summary of analytical instruments applied after SHS-LLME 

is given in Figure 1.19. 

 

 
 

Figure 1.19 Type of instruments used with SHS-LLME (Web of Science, May 2019). 

 

Chromatography is another technique which had been combined with SHS-LLME in the 

literature, particularly, gas chromatography (GC) and HPLC. In general, SHS-LLME-GC does 

not require any further pretreatment after the extraction step, such as solvent reconstitution 

throughout evaporation-to-dryness (ETD), which is due to volatility of SHSs [95-98]. 

However, in some studies, ETD was applied for other reasons such as derivatization of the 

analyte [99] or when the solvent was incompatible with the detector used in GC [100, 101]. 

 

On the other hand, SHS-LLME-HPLC needed an extra step before injecting the extract into the 

instrument, which was due to the low solubility of the SHS in the switched-off form in the 

mobile phase. In cases where the mobile phase contained more than 90% of organic solvent, 

the extract could be injected directly into the system in its switched-off form without any 

further treatment [102-104]. However, the majority of chromatographic methods needed 

solvent reconstitution as the typical pretreatment method to overcome the miscibility problem 
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with the mobile phase [80, 105, 106]. Another solution was to dissolve or dilute the extract in 

a mixture of acid and/or organic solvent before injecting the extract into HPLC [77, 107, 108] 

or through back-extraction the analytes into an aqueous phase [109]. 

 

The majority of studies used tertiary amines as SHS, as shown in Figure 1.20, besides 

secondary amines, fatty acids, and amides. The main reason behind the widespread use of these 

solvents was the proper physical properties, low cost, applicability and stability of these 

solvents after being switched on. 

 

 
 

Figure 1.20 Type of SHS used in literature (Web of Science, May 2019).
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Table 1.4 Summary of SHS-LLME methods for molecular analytes (Web of Science, May 2019). 
 

Analyte Sample SHS/ Volume (µL) Instrument Ref. 

Nitrazepam Aqueous  N,N-Dipropylamine, 100 
Differential pulse 

voltammetry 
[110] 

Benz[a]anthracene Water  DMCA, 375 
Fluorescence 

spectrophotometer 
[72] 

Methadone, tramadol Human urine Dipropylamine, 400 GC-FID [96] 

4-n-Nonylphenol Municipal wastewater N,N-Dimethylbenzylamine, 1000 GC-ID4-MS [95] 

Methamphetamine Human urine Dipropylamine, 100 GC-MS [99] 

Endocrine disruptors, pesticides, 

hormones. 
Water  N,N-Dimethylbenzylamine, 750 GC-MS [97] 

Quaternary ammonium herbicide, 

paraquat 

Human urine, plasma, river 

water, apple juice 
TEA, 375  GC-MS [100] 

Fluoxetine, estrone, pesticides, 

endocrine disruptors  
Wastewater N,N-Dimethylbenzylamine, 500  GC-MS [98] 

11 Drugs  Human urine DMCA, 166  GC-MS [101] 

Chloramphenicol Water  DMCA, 333  HPLC-DAD [108] 

Protoberberine alkaloids Rhizoma coptidis TEA, 350 HPLC-DAD [111] 

Ofloxacin Human urine Hexanoic acid, 50  HPLC-FLD [77] 

Ofloxacin Chicken meat Dichloromethane and acrylic acid, 600  HPLC-FLD [106] 

Fluoroquinolones Shrimp  Nonanoic acid, 4  HPLC-FLD [109] 

Steroid hormones  Water Nonanoic acid, 100  HPLC-UV [107] 

Sudan dyes Solid food Hexanoic acid, 300  HPLC-UV [104] 

Sudan dyes Spices Hexanoic acid,130 HPLC-UV [102] 

Paraquat Biological, river water TEA, 250  HPLC-UV [103] 

Bisphenols  Beverages  DMCA, 391  HPLC-UV [105] 

 

 

 

 

 

 

 



 

 

 

4
0
 

Table 1.5 Summary of SHS-LLME methods for atomic analytes (Web of Science, May 2019). 
 

Analyte Sample SHS/ Volume (µL) Instrument Ref. 

Cadmium Water, vegetable, fruit, cigarette  TEA, 375  FAAS [75] 

Cobalt Tobacco, food  N,N-Dimethyl-n-octylamine, 200 FAAS [86] 

Nickel Tobacco, food  1-Ethylpiperidine, 400 FAAS [87] 

Silver and cobalt 
Bovine milk, orange juice, vitamin B12 pill, tap 

water 
Hexanoic acid, 300  FAAS [79] 

Cadmium, nickel, lead, cobalt Water, urine and tea infusion  TEA, 450  FAAS [88] 

Palladium 
Automotive catalytic converters, roadside dust, 

river water 
DMCA, 300  FAAS [92] 

Cadmium Baby food  TEA, 250  FAAS [93] 

Copper Environmental  TEA, 500 FAAS [76] 

Lead and cadmium Water, tea, human hair TEA, 1000  GFAAS [83] 

Palladium Water  TEA, 376  GFAAS [84] 

Vanadium Water, food Decanoic acid, 112,  GFAAS [85] 

Arsenic Water  Diethylenetriamine, 1400  HG-AAS [89] 

Arsenic, selenium Environmental water, liver Sodium nonanoate, 5.4 (mg)  HG-AFS [94] 

Cobalt Egg yolk and vitamin B12 pill N,N-Dimethylbenzylamide, 500  SQT-FAAS [78] 

Cadmium Environmental  N,N-Dimethylbenzylamine, 500  SQT-FAAS [90] 

Palladium Water samples N,N-Dimethylbenzylamine, 250  SQT-FAAS [91] 

Uranium Environmental  TEA, 500 UV-Vis [81] 

Mercury Environmental  DMCA, 500 UV-Vis [82] 

 

 



 

41 

 

 NSAIDs 

 

Due to several side effects of NSAIDs, possible over-dose consumption, high stability in eco-

system and possible accumulation in the environment, analytical chemists proposed numerous 

analytical methods to monitor NSAIDs and their metabolites in environmental, biological and 

food samples. 

 

NSAIDs were extracted from several matrices using a variety of extraction techniques. These 

methods include LLE [112, 113], SPME using polymer monolithic column based on deep 

eutectic solvents which was connected directly to HPLC to determine NSAIDs in aqueous 

samples [114], HF-LPME to determine some NSAIDs and their metabolites during wastewater 

treatment [115], hyperbranched polyglycerol/graphene oxide nanocomposite (HBP/GO−HF-

SLPME) to determine NSAIDs in hair and wastewater samples [116]. 

 

DLLME was combined with field-amplified sample stacking in capillary electrophoresis 

(FASS-CE) for the determination of NSAIDs in milk and dairy products [24], IL-DLLME was 

used to determine NSAIDs in tap and river water samples [117], as well as ultrasound-assisted 

emulsification microextraction after in situ derivatization of NSAIDs was used prior to GC-

mass spectrometry (MS) analysis [118]. 

 

In a study, two extraction methods were combined [i.e., ultrasound-assisted dispersive micro-

solid-phase extraction (UA-Dµ-SPE) and salting-out ultrasound-assisted liquid-liquid 

microextraction based on solidification of a floating organic droplet (S-UA-LLME-SFO)] to 

determine NSAIDs in wastewater, human urine and plasma samples [119]. 

 

Microextraction by packed sorbents (MEPS) was also applied to extract NSAIDs from human 

urine [120], besides, selective extraction with molecularly imprinted polymers (MIPS) [121], 

and magnetic solid-phase extraction (MSPE) [122]. 
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1.7 Aim of This Study 

 

This study aimed at expanding the applicability of switchable-hydrophilicity solvent liquid-

liquid microextraction (SHS-LLME) throughout direct injection into the HPLC column, which 

eliminates centrifugation, back-extraction (BE) or evaporation-to-dryness (ETD). The 

proposed method was applied for the extraction and determination of four NSAIDs [i.e., 

ketoprofen (KET), etodolac (ET), flurbiprofen (FBP) and ibuprofen (IBU)] in biological fluids 

(i.e., milk, saliva and urine). Relevant experimental parameters affecting the method efficiency 

were systematically studied and optimized, which included the type and volume of the 

extraction solvent, volume of phase separator, volume of the aqueous phase, extraction and 

centrifugation time as well as type of sample introduction. 

 

To the best of our knowledge, this is the first report on the application of SHS-LLME prior to 

HPLC for the determination of NSAIDs in biological fluids. Other novelties include the first 

attempt to combine salting-out extraction (SOE) with SHS-LLME in order to minimize the 

complexity of the biological samples and the introduction of the extract resulting from SHS-

LLME directly into HPLC by online switching on. 
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2 CHAPTER 2: EXPERIMENTAL 

CHAPTER 2 

 

EXPERIMENTAL 

 

2.1 Instrumentation 

 

The experiments were performed using an Agilent Technologies 1200 series HPLC system 

(USA) equipped with a degasser, a quaternary pump, an autosampler, a column thermal jacket 

and a diode-array detector (DAD). ChemStation (Rev. B.03.01, Agilent Technologies, USA) 

was used for evaluating chromatograms. Separation of the analytes was carried out using a 

reversed-phase column (i.e., Grom-Sil 80 Octyl-4 FE, 4.6 mm ID x 250 mm, 3 μm, Alltech 

Grom, Germany), a mobile phase consisting of ACN:1.0% TFA (in aqueous solution), 40:60 

(%, v/v) at pH* 1.4, a flow rate of 0.8 mL min-1, a separation temperature of 40 °C and an 

injection volume of 20 μL. The DAD detector was operated at a wavelength of 230 nm during 

optimization of separation and extraction conditions for monitoring the analytes. However, for 

quantitation, the maximum wavelength (λmax) of each analyte was used (i.e., KET 256 nm, ET 

224 nm, FBP 246, and IBU 224 nm). 

 

2.2 Reagents and Solutions 

 

KET (𝑙𝑜𝑔𝑃 3.61, 𝑝𝐾𝑎 3.88) and ET (𝑙𝑜𝑔𝑃 3.44, 𝑝𝐾𝑎 4.73) were kindly provided by Nobel İlaç 

(Istanbul, Turkey), FBP (𝑙𝑜𝑔𝑃 3.94, 𝑝𝐾𝑎 4.42) and IBU (𝑙𝑜𝑔𝑃 3.84, 𝑝𝐾𝑎 4.85) were obtained 

from Abdi İbrahim İlaç Sanayi ve Tic. A.Ş. (Istanbul, Turkey). HPLC-grade acetonitrile (ACN) 

was acquired from VWR (France), N,N-dimethylcyclohexylamine (DMCA, 𝑙𝑜𝑔𝑃 1.99, 𝑝𝐾𝑎 

10.2) and sodium hydroxide were from Sigma-Aldrich (Germany), triethylamine (TEA, 𝑙𝑜𝑔𝑃 

1.26, 𝑝𝐾𝑎 10.2) was from Sigma-Aldrich (Belgium), sodium chloride was from Merck 

(Denmark), phosphoric acid was from Merck (Switzerland), and trifluoroacetic acid (TFA) was 

from Merck (France). All reagents were at least of analytical grade unless otherwise stated. 

Deionized (DI) water (18.2 MΩ-cm), obtained using Purelab Ultra Analytic (ELGA LabWater, 
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UK), was used for all aqueous solutions. 𝑙𝑜𝑔𝑃 and 𝑝𝐾𝑎 values were calculated using 

MarvinSketch (Version 5.3.8, ChemAxon, USA). 

 

2.3 Apparatus 

 

Isolab digital ultrasonic bath (Germany) was used for ultrasonication and degassing of solvents. 

Centrifugation was performed with Hettich Eba 20 centrifuge (Germany), while vortexing was 

performed on a Heidolph Reax top Vortex. Eppendorf micropipette (Sigma-Aldrich, USA) and 

tips were used for sample collection and transfer, Borucam glass vacuum filtration set, 

Whatman (Germany) regenerated cellulose membrane filters (0.2 μm), and Chromfil (China) 

sterile nylon syringe filters (0.22 μm) were used for filtering the solvents and sample solutions. 

A Blomberg refrigerator was used for sample preservation. All pH measurements were 

performed using pH meter (Mettler Toledo, SevenEasy, Switzerland) with a pH electrode 

(InLab Micro Pro-ISM, Mettler Toledo, Switzerland). 

 

2.4 NSAIDs Standard Solutions 

 

Individual stock solutions of the four NSAIDs were prepared at a concentration of 1000 mg L-

1 in ACN and stored at -15 °C until use. At each working session, mixed standard working 

solutions were prepared from the stock solutions by appropriate dilution with DI water. 

Filtration of all solutions and samples was carried out before use via vacuum filtration. 

 

2.5 Synthesis of SHSs 

 

Three SHSs were prepared using TEA, DMCA and a mixture of both at a 1:1 (v/v) ratio. Equal 

volumes of DI water and the tertiary amine were transferred into a screw-capped glass bottle, 

and then CO2 was gently purged into the immiscible mixture through a capillary Teflon tube 

passing from the cap, which had another hole to prevent pressure build-up in the bottle. Purging 

of the gas was stopped when a transparent one-phase solvent was obtained, which was stored 

at 4 °C and used on need. These solvents were stable as one phase for at least four months. 
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2.6 Sample Collection and Pretreatment 

 

Human milk samples (around 50 mL) were collected from a 30-year old healthy volunteer, who 

had breastfed for twelve months. Saliva and urine samples were obtained from a 25-year old 

healthy male volunteer. The volunteers were instructed not to use any NSAID for at least one 

week and to discard the first few milliliters of the milk and urine before collection. The 

volunteer was asked to wash his mouth with DI water three times before collecting the saliva. 

All samples were analyzed on the same day as they were collected. 

 

Ethical approval was obtained from Near East University Ethical Committee (Project Number: 

YDU/2019/67-771) to evaluate the applicability of the proposed method, and then the 

volunteers were asked to use the drugs and samples were collected for genuine samples studies 

as described above. 

 

2.7 Salting-Out Extraction (SOE) 

 

The samples were transferred into a 15-mL screw-cap conical centrifuge graduated 

polypropylene test tube, spiked with prescribed concentrations of the NSAIDs and were 

vortexed for one minute before they were allowed to rest for 15 min in a dark place for 

equilibration to take place. Next, the mixture was centrifuged for 15 min at 6000 rpm at ambient 

temperature, and then 2.0 mL of the clear transparent solution were transferred into another 

test tube. Then, 100 µL of phosphoric acid were added, and the mixture was vortexed for 1 

min, followed by the addition of 4.0 mL of ACN and 1.0 mL of saturated sodium chloride. 

Upon vortexing (for 1 min) and centrifugation (for 3 min at 6000 rpm), the upper layer of ACN 

(c. 3.5 mL) was collected. 

 

2.8 SHS-LLME 

 

A portion of the ACN resulting from the SOE (i.e., 3.0 mL) was transferred into a test tube, 

500 µL of the switched-on DMCA were added, and the volume was completed to 13.0 mL with 
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DI water. The addition of 500 µL of 20 M sodium hydroxide immediately switched off the 

SHS, resulting into the formation of a cloudy solution. Vortexing the mixture for 30 s enhanced 

the extraction of the analytes into the SHS. Within about 1 min, phase separation occurred, 

resulting into a supernatant layer of the switched-off DMCA without the need for a 

centrifugation step. A representative portion of the switched-off DMCA was directly injected 

into HPLC without any further pretreatment. 

 

2.9 Sample Introduction into HPLC 

 

A portion of 100 µL of the amine layer resulting from SHS-LLME was collected using an 

HPLC syringe and 20 µL injected directly into HPLC after transferring it into a microvial 

without any further pretreatment except while studying the BE and ETD. A schematic 

presentation of the general SHS-LLME procedure with direct injection into HPLC is given in 

Figure 2.1. 

 

 
 

Figure 2.1 General SHS-LLME procedure. 
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3 CHAPTER 3: RESULTS AND DISCUSSION 

CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

3.1 Optimization of HPLC Conditions  

 

HPLC parameters were optimized in a previous work at our laboratory [123], the optimum 

conditions are summarized in table Table 3.1. 

 

Table 3.1 Optimum HPLC conditions. 

 

Column  Grom-Sil 80 Octyl-4 FE, 4.6 mm ID x 250 mm, 3 μm 

Flow rate 0.8 mL min-1 

Temperature  40 °C 

Detector/ Wavelength (for monitoring all 

analytes) 

DAD. 230 𝑛𝑚 (BW 4). Reference 360 nm (100 BW)  

Injection volume 20 μL 

Mobile phase ACN:1.0% TFA, 40:60 (%, v/v) 

pH* 1.4 

 

3.2 Sample Pretreatment 

 

The complexity of biological fluids and the presence of the analytes at trace or even ultra-trace 

concentrations necessitates the use of an efficient sample clean-up and preconcentration 

method prior to the determination to minimize matrix effect, increase selectivity, prevent 

damage to the instrument and to increase sensitivity. Also, the removal of significant 

interferences from the sample would result in proper control of the composition of the final 

extract, which improves reproducibility and robustness of the method. Furthermore, it is highly 

desirable to have a single extraction procedure that would be applied to a wide variety of 

samples (e.g., urine, saliva, milk) with minimum, if any, modifications due to the matrix-to-
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matrix difference (e.g., ionic strength or fat content). In this study, SHS-LLME combined with 

a simple SOE step is proposed to fulfill these requirements as mentioned earlier. 

 

SOE with ACN is a homogeneous liquid-liquid extraction method that involves a simple one-

step solvent extraction of analytes from biological samples (i.e., urine, saliva and milk) 

followed by salting-out the water-miscible organic solvent by adding an inorganic salt like 

sodium chloride. The use of ACN to induce protein precipitation is a simple and effective 

approach routinely employed in clinical and biomedical laboratories for sample clean-up [124]. 

Meanwhile, the addition of inorganic salt for salting-out may both greatly enhance the 

extraction efficiency of the analytes from the aqueous solution and further simplify the matrix. 

SOE has the advantages of high extraction rate, good reproducibility and simple operation 

process [125]. 

 

In any method development process, the preliminary experiments are of high importance. In 

order to minimize the time and effort during optimization, physicochemical properties of the 

analytes should be taken into consideration. The first physical property of the studied NSAIDs 

to be checked was the 𝑙𝑜𝑔𝑃 value (Table 1.1), which ranged between 3.44 and 3.94. These 

values indicate that the studied analytes have intermediate to low polarity; they were taken into 

consideration while choosing the extraction solvents. 

 

Although polarity has a high impact on choosing the solvents and preliminary conditions, it is 

not enough alone since NSAIDs are weak acids. Accordingly, ionization and 𝑝𝐾𝑎 values should 

also be considered. The microspecies distribution of the analytes was calculated using 

MarvinSketch application to be able to build the preliminary experiment method. The 

microspecies distribution of the analytes versus pH are shown in Figure 3.1, Figure 3.2, 

Figure 3.3 and Figure 3.4. 
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Figure 3.1 Microspecies distribution of KET. 
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Figure 3.2 Microspecies distribution of ET. 
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Figure 3.3 Microspecies distribution of FBP. 
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Figure 3.4 Microspecies distribution of IBU. 
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As noticed from the microspecies distribution (Figure 3.1, Figure 3.2, Figure 3.3 and Figure 

3.4) of the four NSAIDs, all of them may be present either in the neutral or ionized form, except 

for ET, which has a third form but with a negligible amount (< 1%). The first is generally 

dominant at pH below 4, whereas the ionized form starts to be dominant at higher pH. 

Accordingly, if the solutions containing these NSAIDs acidified, it would make the neutral 

form dominant for a better interaction with the reversed-phase stationary phase resulting in 

better resolution. The information revealed by the microspecies were also used in the SOE. 

Through acidifying the sample solution with 100 µL phosphoric acid, the neutral form was 

dominant, which increased the affinity of the analytes toward ACN. In addition, 

deproteinization of the samples was enhanced. 

 

The high fat, proteins and lipids content in biological fluids, particularly milk samples, can be 

lowered noticeably by simply centrifuging the sample before subjecting it to SOE, as shown in 

Figure 3.5. Hence, centrifugation for 15 min at 6000 rpm was applied before SOE. 

 

 
 

Figure 3.5 Milk sample after centrifugation at 6000 rpm for 15 min. 
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3.3 Salting-Out Extraction (SOE) 

 

SOE can fulfill GAC aspects, more than most other sample pretreatment techniques that either 

use larger amounts of organic solvents, have longer operation times or need expensive and 

special apparatus (Table 3.2). Using SOE is superior from a GAC perspective due to the 

following reasons: 

 

1. Elimination of tedious steps. 

2. Lower energy consumption. 

3. Less consumption of organic solvents. 

4. High safety. 

5. Low possibility of contamination, decomposition or analyte loss. 

6. Eco-friendliness. 

7. Low-cost. 

 

Table 3.2 Comparison of greenness issues of common sample preparation techniques. 
 

Extraction 

method 

Greenness Need for 

special 

equipment 

Ref. 
Time Energy Safety Solvent 

Soxhlet 

extraction 
6-24 h 

High 

consumption 

Exposure risk to organic 

vapors 

150-500 mL of organic 

solvents 
Yes 

[32] 

Microwave-

assisted 

extraction 

10-30 

min 

Moderate 

consumption 

Potential explosion risks 

with closed vessels 

10-40 mL of organic 

solvents 
Yes 

Supercritical-

fluid 

extraction 

10-60 

min 

Moderate 

consumption 

Unsafe (high pressure and 

temperature) 

2-5 mL (solid trap); 

Supercritical CO2 is used as 

an extraction solvent 

Yes 

Accelerated 

solvent 

extraction 

10-20 

min 

Moderate 

consumption 

Unsafe (high pressure and 

temperature) 

10-40 mL of organic 

solvents 
Yes 

Ultrasound-

assisted 

extraction 

<1 h 
Moderate 

consumption 

Safe; extractions performed 

at atmospheric pressure and 

room temperature 

Medium volume Yes 

SOE 
<5 

min 

Low 

consumption 

Safe; extractions performed 

at atmospheric pressure and 

room temperature 

4 mL of organic solvent No 
This 

study 
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In addition, SOE shows high defattening and deproteinization effect, unlike other some sample 

pretreatment techniques as can be seen from Figure 3.6. Among other solvents, ACN is the 

most commonly used solvent in SOE for this purpose [126, 127]. 

 

Using a centrifugation step before SOE, the SOE step itself, and using ACN results into a 

significant sample clean-up of biological samples. In the past, this could be achievable by using 

tedious conventional extraction methods that needed special apparatus and/or toxic non-polar 

solvents such as n-hexane. 

 

 
 

Figure 3.6 Clean-up of milk sample with SOE. 

 

In addition to all above-mentioned advantages of using SOE before SHS-LLME, it is worth 

mentioning that SHS-LLME would be difficult to perform with biological samples if the SOE 

step is eliminated, since the organic extraction solvent would be saturated with fats, lipids, and 

proteins coming from the sample, as shown Figure 3.7. Even more, combining SOE with SHS-

LLME follows the current trend in bioanalysis that using two extraction steps, where the first 
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is a simple technique intended mainly for clean-up, while the second is a microextraction 

technique for preconcentration of the analyte(s) and further clean-up. 

 

 
 

Figure 3.7 Milk sample after (a) SHS-LLME, (b) SOE-SHS-LLME. 

 

In conclusion, the centrifugation step can enhance the sample clean-up, acidifying the sample 

solution before starting with SOE would increase the recovery of the analytes. Furthermore, 

the use of SOE before SHS-LLME is necessary to have a “cleaner” extract that can be injected 

into HPLC. 

 

3.4 Optimization of SHS-LLME Parameters 

 

The most influential parameters on SHS-LLME, which included the type and volume of the 

extraction solvent, volume of sodium hydroxide as a switching-off trigger, volume of the 

aqueous phase, addition of n-hexane, extraction time, centrifugation time and type of sample 

introduction into the instrument were all studied in detail and optimized. Peak areas were used 

to evaluate the impact of each parameter on the extraction efficiency of the method using the 

one-factor-at-a-time approach. Optimization of SHS-LLME conditions was performed using 

spiked human milk samples. 
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 Optimization of the Type and Volume of Extraction Solvent 

 

The selection of an appropriate SHS as the extraction solvent should consider specific 

properties such as: (a) the solvent should have extractive tendency towards the target analytes, 

(b) it must have two forms (hydrophilic and hydrophobic) that are interconvertible by the 

addition or removal of CO2 from the system, and (c) as hydrophobic solvents, they should be 

immiscible with water in their neutral unprotonated form (switched-off) and, when CO2 is used 

as a switching trigger, they should be converted into their water-miscible protonated forms 

(switched-on) to establish a stable two-phase system [128]. Tertiary amines, including TEA 

and DMCA, are ideal solvents for SHS-LLME and are the most commonly used ones for this 

purpose [103, 105]. 

 

In order to evaluate the effect of the type of SHS, TEA, DMCA, and a mixture of both at a 1:1 

(𝑣/𝑣) ratio were studied. It was observed that DMCA gave the highest peak area, in average, 

for the four analytes (Figure 3.8), which might be due to higher hydrophobicity of DMCA as 

compared to TEA as revealed by their 𝑙𝑜𝑔𝑃 values (2.2). 

 

 
 

Figure 3.8 Effect of the type of SHS used as extraction solvent in SHS-LLME. 
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The volume of the extraction solvent can directly affect the volume of the resulting SHS phase 

and analyte recovery. Different volumes of the switched-on DMCA (i.e., 200, 250, 500, 750, 

1000 and 1250 µL) were studied. As shown in Figure 3.9, 500 µL was found to be optimum. 

Beyond this volume, peak areas generally decreased due to the increase of the supernatant 

volume. 

 

 
 

Figure 3.9 Effect of the volume of extraction solvent in SHS-LLME. 

 

 Optimizing the Volume of Sodium Hydroxide as a Switching-Off Trigger 

 

The addition of high concentration of sodium hydroxide (e.g., 20 M) to the homogeneous 

extraction system is a crucial step in SHS-LLME, which was necessary to induce phase 

separation through switching off the tertiary amine via removal of CO2. Another important 

aspect is that such a high concentration would increase the ionic strength in the donor phase 

significantly minimizing the effect of ionic matrix-to-matrix difference. Different volumes of 

20 M sodium hydroxide ranging from 300 to 700 µL were tested. As shown in Figure 3.10, 
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there was a slight increase in peak area up to 500 µL, beyond which it remained constant except 

for ET. Hence this volume was considered optimum for subsequent experiments. 

 

 
 

Figure 3.10 Effect of the volume of sodium hydroxide used as switching-off trigger in SHS-

LLME. 

 

 Optimization of the Volume of the Aqueous Phase 

 

Addition of water to ACN resulting from the SOE step (Section 2.7) was necessary for 

triggering off the SHS to take place since sodium hydroxide (20 M) would be immiscible with 

ACN containing the switched-on SHS. However, the volume of water in the donor solution 

would also affect the extraction efficiency from several points of view. It would change the 

polarity of the donor solution, the donor-to-acceptor ratio, and solubility of the switched-off 

SHS. Furthermore, due to its high concentration, sodium hydroxide would have a salting-out 

effect on the analytes, the switched-off SHS and ACN, which is eventually affected by the 

volume of water. 
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The overall effect of adding different volumes of water on extraction efficiency was 

investigated within the range of 2.5 to 10.5 mL. As can be seen from Figure 3.11, peak areas 

generally increased up to 9.5 mL, after which they decreased. Consequently, 9.5 mL was taken 

as the optimum volume for water in the donor phase. 

 

 
 

Figure 3.11 Effect of the aqueous phase in the SHS-LLME. 

 

 Effect of Addition of n-Hexane 

 

The low polarity of conventional organic solvents used in DLLME, when applied for the 

extraction of analytes from biological samples, generally necessitates the use of n-hexane as a 

defattener solvent for a better sample clean-up, which decreases the greenness of the method 

and complicates the procedure. 

 

Up to this point, n-hexane was added for the same purpose. In this experiment, the effect of 

removing n-hexane from the procedure was examined. It was found that neither peak areas 
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(Figure 3.12) nor the chromatograms were affected. Based on these results, the experiments 

were continued without the addition of n-hexane in later experiments. 

 

 
 

Figure 3.12 Effect of addition of n-hexane prior to SHS-LLME. 

 

The high clean-up efficiency obtained in this method was linked to (i) the use of ACN 

deproteinization through SOE, in addition to SOE itself (ii) the use of 20 M sodium hydroxide, 

and (iii) the higher polarity of the SHSs used in this study. This significant sample clean-up 

can be considered as one of the main advantages of the proposed method and further contributes 

to its greenness. 

 

 Effect of Extraction Time 

 

In SHS-LLME, extraction time (or period) can be defined as the time interval between the 

addition of sodium hydroxide and phase separation, which corresponds to the vortex time in 
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probability of collision between sodium hydroxide and the switched-on SHS as well as between 

the switched-off SHS and the analytes. 

 

The effect of extraction time was examined in the range of 0–60 s. The results, shown in Figure 

3.13, indicated that extraction efficiency increased up to 30 s, beyond which it remained 

constant. In SHS-LLME, expectedly, equilibrium should be reached very rapidly since it is a 

homogeneous extraction, whereby the surface area of contact between the extraction solvent 

and the analytes is infinitely large. Considering these results, 30 s was considered optimum for 

extraction time. 

 

 
 

Figure 3.13 Effect of extraction time in SHS-LLME. 

 

 Effect of Centrifugation Time 

 

Many LLME techniques (e.g., DLLME) require centrifugation to separate the donor phase 

from the acceptor phase, especially when further sample preparation is needed like BE or ETD. 
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This centrifugation step was always considered as one of the main limitations of those methods 

due to more prolonged procedures and difficulty in automation and in-situ analysis. 

 

In this experiment, optimization of the centrifugation time was studied using direct injection of 

the acceptor phase as a sample introduction technique. Therefore, it was not necessary to collect 

all of the acceptor phase. Moreover, peak areas were not affected by the centrifugation time 

even when the centrifugation step was eliminated entirely (Figure 3.14). Accordingly, the rest 

of the optimization studies and quantitation experiments were performed without 

centrifugation for direct injection. It was only used when BE and ETD were investigated in the 

sake of comparison with direct injection. 

 

 
 

Figure 3.14 Effect of centrifugation time on SHS-LLME. 
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extract with the mobile phase. When the final extract is immiscible with the mobile phase, BE 

or ETD are generally applied. However, these two steps are time-consuming, tedious, cost-

ineffective and may result in analyte loss. Therefore, it is highly desirable that the final extract 

be miscible with the mobile phase for direct injection to be applied. 

 

The presence of TFA in the mobile phase [i.e., 40:60 (a:b, v/v) at pH* 1.4] immediately 

switched on the SHS (𝑝𝐾𝑎 values are given in 2.2) to its ionized form upon injection, resulting 

in complete miscibility of the SHS and reduced the retention time significantly (close to the 

solvent front), which prevented any peak overlap with the analytes and gave a “clean” baseline. 

It is noteworthy that DMCA and TEA absorbed up to 240 nm. 

 

BE and ETD were also conducted for a comparison purpose. Even though BE was fast, low 

recoveries were obtained due to the low solubility of the analytes in the BE solution (i.e., 60 

µL of 1.0 M NaOH). ETD not only resulted in low recoveries due to loss of analytes but was 

also tedious and time-consuming (ca. 200 µL of DMCA evaporated in approximately 40 min). 

After ETD, the residue was reconstituted into 200 µL of the mobile phase. Therefore, the 

superiority of direct injection over the other two methods is that direct injection provides the 

highest possible recovery without any further pretreatment step. Also, unlike for the other two 

methods, there is no need to collect all of the upper acceptor phase, which is a tedious step and 

requires centrifugation. A representative volume was enough for direct injection. Extraction 

recoveries (shown in terms of peak areas) obtained with the three methods are shown in Figure 

3.15. 
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Figure 3.15 Effect of the type of sample introduction. 

 

Miscibility of the two SHSs used in this study (i.e., DMCA and TEA) with different mobile 

phases containing ACN or MeOH with and without 1.0% TFA was investigated using a 1:1 

(𝑣/𝑣) ratio in a test tube. Centrifugation was also performed to confirm miscibility. As shown 

in Figure 3.16, miscibility of the SHSs increased with increasing the organic solvent in the 

mobile phase. Addition of TFA to the mobile phase expanded the range of miscibility due to 

switching-on of the SHS. TEA was found to be miscible over a wider range of mobile phase 

compositions than DMCA. ACN and MeOH showed similar ranges of miscibility with both 

SHSs. 

 

0

500

1000

1500

2000

2500

3000

Direct Injection ETD BE

P
e

ak
 a

re
a

Type of sample introduction

KET

ETO

FBP

IBU



 

66 

 

 
 

Figure 3.16 Miscibility of SHSs used in this study with different mobile phases. The ratio of 

SHS to the mobile phase was 1:1 (v/v). 

 

3.6 Optimum SHS-LLME Conditions 

 

The optimum SHS-LLME parameters in this study are summarized in Table 3.3. 

. 

Table 3.3: Optimum SHS-LLME conditions. 

 

Extraction solvent DMCA 

Volume of extraction solvent 500 μL 

Volume of sodium hydroxide 500 μL 

Volume of the aqueous phase 9.5 mL 

Extraction time 30 s 
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3.7 Analytical Performance 

 

In order to evaluate the performance of the proposed method, matrix-matched calibrations were 

constructed using drug-free saliva (Figure 3.17), milk (Figure 3.18) and urine (Figure 3.19) 

samples and spiking the samples at concentration levels of 1.0, 2.0, 3.0, 4.0 and 5.0 µg mL-1 

for each analyte, with three parallel replicates at each level. Analytical performance parameters 

including regression equations, coefficients of determination (R2), limits of detection (LOD), 

limits of quantitation (LOQ), linear dynamic ranges (LDR), and percentage relative standard 

deviations (%RSD) are listed in Table 3.4. 
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Table 3.4 Figures of merit of SHS-LLME-HPLC. 
 

Matrix NSAID Regression Equationa R2 
LODb 

(µg mL-1) 

LOQc 

(µg mL-1) 

LDRd 

(µg mL-1) 

%RSDe 

Intraday Interday 

Saliva KET 𝑦 = 69.05(±0.524)𝑥 − 2.91(±1.59) 0.9994 0.06 0.22 0.22-100 1.3 2.1 

ET 𝑦 = 245.23(±3.94)𝑥 − 16.39(±11.94) 0.9974 0.14 0.46 0.46-100 3.3 6.5 

FBP 𝑦 = 144.74(±0.70)𝑥 − 3.76(±2.12) 0.9998 0.04 0.14 0.14-100 0.9 1.5 

IBU 𝑦 = 67.41(±1.14)𝑥 + 6.17(±3.46) 0.9971 0.14 0.48 0.48-100 4.2 7.7 

Urine KET 𝑦 = 81.34(±0.37)𝑥 + 2.06(±1.12) 0.9998 0.04 0.13 0.13-100 0.9 1.4 

ET 𝑦 = 318.80(±4.75)𝑥 + 32.81(±14.39) 0.9978 0.13 0.42 0.42-100 3.4 6.3 

FBP 𝑦 = 171.98(2.47)𝑥 + 17.43(7.49) 0.9979 0.12 0.41 0.41-100 2.5 3.5 

IBU 𝑦 = 68.62(1.47)𝑥 + 7.17(4.44) 0.9955 0.18 0.61 0.61-100 3.7 7.3 

Milk KET 𝑦 = 76.63(±0.60)𝑥 + 4.27(±1.80) 0.9994 0.07 0.22 0.22-100 1.7 3.7 

ET 𝑦 = 311.29(±4.23)𝑥 + 24.35(±12.81) 0.9982 0.12 0.39 0.39-100 2.8 5.9 

FBP 𝑦 = 167.62(±2.41)𝑥 + 9.78(±7.31) 0.9979 0.12 0.41 0.41-100 2.4 4.2 

IBU 𝑦 = 64.37(±1.33)𝑥 + 9.17(±4.02) 0.9958 0.18 0.59 0.59-100 3.4 5.4 

 

a 𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 =  𝑠𝑙𝑜𝑝𝑒(±𝑆𝐷) ×  [𝑁𝑆𝐴𝐼𝐷 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝜇𝑔 𝑚𝐿−1)] +  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡(±𝑆𝐷). 

b Limit of detection. 

c Limit of quantitation. 

d Linear dynamic range. 

e Percentage relative standard deviation (𝑛 = 3).
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Figure 3.17 (a) Calibration curves of NSAIDs in saliva (b) LDR. 
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Figure 3.18 (a) Calibration curves of NSAIDs in milk (b) LDR. 

 



 

71 

 

 

 
 

Figure 3.19 (a) Calibration curves of NSAIDs in Urine (b) LDR. 

 

The response was linear over the concentration range from their corresponding LOQ to 100 µg 

mL-1 for all analytes, with R2 ranging between 0.9955 and 0.9998. LODs (calculated based on 

3Sb/m, where Sb is the standard deviation of the intercept and m is the slope of the regression 

equation) ranged between 0.04 and 0.18 µg mL-1 and LOQs (calculated based on 10Sb/m) 
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ranged between 0.13 and 0.61 µg mL-1. Reproducibility of the proposed method was evaluated 

in terms of intra-day and inter-day precision, by repeating the calibration graphs for each 

NSAID in the same day and within three consecutive days, respectively. The results, expressed 

as the average %RSD of peak areas, were in the range of 0.9-4.2 and 1.4-7.7% for intra-day 

and inter-day, respectively, despite the complexity of the studied matrices. 

 

3.8 Matrix Effect and Recovery Studies 

 

In order to evaluate the applicability of the proposed SOE-SHS-LLME-HPLC method and to 

investigate the presence of any potential matrix effect, recovery studies were performed by 

spiking milk, saliva, and urine at three concentration levels. Percentage relative recoveries 

(%RR) obtained for spiked samples are listed in Table 3.5. Accordingly, %RR values obtained 

from matrix-matched calibrations were in the range of 95.7-109.2%. 

 

Table 3.5 Percentage relative recoveries of NSAIDs from biological fluids. 
 

NSAID 
Added  

(µg mL-1) 

Found  

(µg mL-1) 
%RRa 

Milk Saliva Urine Milk Saliva Urine 

KET 

- <LOD <LOD <LOD - - - 

2.00 2.02 1.98 2.01 100.9 98.3 101.2 

3.00 2.99 2.93 2.95 99.5 98.1 100.6 

4.00 4.05 4.11 4.06 101.2 101.5 99.0 

ET 

- <LOD <LOD <LOD - - - 

2.00 2.01 2.00 2.06 100.4 99.5 103.2 

3.00 2.97 2.91 2.86 99.0 98.0 98.3 

4.00 4.11 4.27 4.36 102.7 104.0 102.2 

FBP 

- <LOD <LOD <LOD - - - 

2.00 2.01 1.98 2.03 100.4 98.7 102.5 

3.00 2.97 2.95 3.01 98.9 99.4 102.1 

4.00 4.14 4.18 4.25 103.4 101.1 101.6 

IBU 

- <LOD <LOD <LOD - - - 

2.00 2.13 2.22 2.43 106.5 104.5 109.2 

3.00 3.03 2.99 2.99 101.1 98.5 99.9 

4.00 4.10 3.97 3.80 102.5 96.8 95.7 
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Matrix effect was studied by calculating the 𝑝-value of the calibrations in the different 

biological fluids using one-way ANOVA and it was found that it is significant at 𝑝 < 0.01, 

which indicated no matrix effect between these three matrices. Typical chromatograms of 

unspiked and spiked samples are shown in Figure 3.20, Figure 3.21 and Figure 3.22. Absence 

of interfering peaks at the retention times of the analytes indicated good selectivity of the 

proposed method. 

 

 
 

Figure 3.20 Representative chromatograms of mother milk samples extracted and analyzed 

under optimum SHS-LLME-HPLC conditions. (Top chromatogram: sample spiked at 5.0 µg 

mL-1 of each analyte; bottom: unspiked sample). 
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Figure 3.21 Representative chromatograms of saliva samples extracted and analyzed under 

optimum SHS-LLME-HPLC conditions. (Top chromatogram: sample spiked at 5.0 µg mL-1 

of each analyte; bottom: unspiked sample). 

 

 
 

Figure 3.22 Representative chromatograms of urine samples extracted and analyzed under 

optimum SHS-LLME-HPLC conditions. (Top chromatogram: sample spiked at 5.0 µg mL-1 

of each analyte; bottom: unspiked sample). 
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3.9 Application to Genuine Samples 

 

For the milk samples, the volunteer was asked to take a tablet containing 200 mg of FBP, and 

the sample was collected after two hours. From the chromatogram shown in Figure 3.23, the 

excreted concentration was calculated as 0.16 µg mL-1. 

 

 
 

Figure 3.23 Top: genuine mother milk sample containing FBP, bottom: blank (drug-free) 

sample. 

 

For the saliva and urine, the volunteer was asked to take a tablet containing 400 mg of ET and 

to collect the samples after two hours. The concentration of ET in the urine was found as 31.37 

µg mL-1 (Figure 3.24), whereas, its concentration in saliva was below LOD (Figure 3.25). 
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Figure 3.24 Top: genuine urine sample containing ET, bottom: blank (drug-free) sample. 

 

 
 

Figure 3.25 Top: genuine saliva sample containing ET, bottom: blank (drug-free) sample. 

 

3.10 Comparison with Other Methods 

 

The proposed SHS-LLME-HPLC method for the selected NSAIDs was compared with other 

reported methods considering aspects such as extraction time, the volume of organic solvents, 

and sensitivity expressed in terms of LOD. In comparison with other methods, the main 

advantages of the proposed method are the elimination of centrifugation, BE or ETD, as well 

as significant reduction of time and amount of organic extraction solvents consumed. 
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As shown in Table 3.6, the extraction time in this study was only 0.5 min, which was due to 

complete miscibility of the switched-on form of the extraction solvent with the sample solution. 

Hollow-fiber liquid phase microextraction (HF-LPME) [115, 129] required a much longer time 

for equilibrium to be established. Liquid-liquid extraction (LLE) [112] required large amounts 

of organic solvents (i.e., 8000 µL) and a further step for preconcentrating the analytes through 

ETD (i.e., 1.5 h). Although single-drop microextraction (SDME) [130] used a small volume, 

this technique suffers from low robustness due to the ease of dislodgment of the suspended 

organic droplet during the extraction process. Both tandem air-agitated liquid-liquid 

microextraction (TAALLME) [131] and DLLME [24] used chlorinated solvents and required 

centrifugation in addition to BE or ETD steps. Mass spectrometry (MS) detectors are inherently 

more sensitive than UV/DAD, but they are much more expensive and are not affordable by 

many analytical laboratories. 
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Table 3.6 Comparison of SHS-LLME-HPLC with other reported methods for extraction and determination of NSAIDs. 
 

Sample 
Extraction method/ 

Techniquea 

Extraction 

time 

(min) 

Volume of organic 

solvents 

(µL) 

LODb 

(µg mL-1) 
Ref. 

Wastewater HF-LPME-LC-MS 300 - 
7.1-89.3  

(ng mL-1) 
[115] 

Human urine HF-LPME-HPLC-UV 45 - 
5-15  

(ng mL-1) 
[129] 

Bovine milk LLE-LC-MS/MS 10 8000 
0.10-62.96  

(µg kg-1) 
[112] 

Human urine SDME-CE-DAD 10 300 1.0-2.5 [132] 

Wastewater and human plasma TAALLME-HPLC-UV 9 99.5 
0.1-0.3  

(ng mL-1) 
[131] 

Bovine milk and dairy products DLLME-FASS-CE-DAD 2 2150 
3.0-13.1  

(µg kg-1) 
[24] 

Saliva, milk, and urine SHS-LLME-HPLC-DAD 0.5 250 0.04-0.18 This study 

 

a Hollow-fiber liquid phase microextraction (HF-LPME), Liquid-liquid extraction (LLE), Single-drop microextraction (SDME), 

Tandem air-agitated liquid-liquid microextraction (TAALLME), Dispersive liquid-liquid microextraction (DLLME). 

b Limit of detection. 

 



 

79 

 

4 CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS 

CHAPTER 4 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

In this study, a method based on salting-out extraction (SOE) combined with switchable-

hydrophilicity solvent liquid-liquid microextraction (SHS-LLME) is proposed prior to 

reversed-phase HPLC for the extraction and determination of four non-steroidal anti-

inflammatory drugs (NSAIDs) in human milk, saliva, and urine. 

 

Miscibility of the final extract with the mobile phase facilitated direct injection into the 

instrument, which could eliminate the need for centrifugation and any further treatment after 

the SHS-LLME. As a result, the extraction time of SHS-LLME was as short as 0.5 min. 

 

This method offered numerous advantages over conventional sample preparation techniques, 

which include environmental friendliness due to the use and generation of smaller volumes of 

nontoxic and biodegradable organic solvents, simplicity, cost-effectiveness, short extraction 

time, and ease of operation. 

 

Despite the complexity of the matrices studied, the method showed high relative recoveries, 

reproducibility and selectivity, which indicates significant cleaning up of the sample. 

 

The method was applied to a genuine sample containing NSAIDs, and the concentrations of 

excreted drugs were higher than LOQ, except for the saliva (below LOD), which gives the 

method a high potential to be used in routine analysis or for future studies. 

 

Different steps enhanced the clean-up process in this method, combining centrifugation before 

SOE, using ACN in the SOE procedure and the SOE itself cleaned up the samples efficiently, 

which was proved by the negligible matrix effect. 
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A rational combination of SHS-LLME and HPLC was introduced by this method, by adding 

acid modifier to the mobile phase in order to online switching on of the amine layer; as a result 

of this a lower UV cut-off of these amines was obtained. In addition, higher miscibility with 

mobile phase and fewer interactions between the amine and the stationary phase is achieved, 

which facilitate an early elution of the SHS (i.e., close to the solvent front). Moreover, the 

direct injection into HPLC after SHS-LLME was achievable, which provides superiority over 

other existing sample introduction techniques. 

 

The results proved that SOE-SHS-LLME could be of interest for the determination of NSAIDs 

in biological fluids. The extraction time of SHS-LLME was short (30 s), and the steps were not 

as complicated as in the other techniques. Moreover, superior analytical performance over 

other commonly applied methods, such as the ability to directly inject the final extract into 

HPLC gives SHS-LLME a high potential to be applied to other analytes with HPLC or other 

instruments. 
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