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Abstract 32 

 33 

Stir bar sorptive extraction (SBSE) is a sample preparation technique that allows the 34 

sorptive extraction and preconcentration of emerging organic contaminants (EOCs) 35 

from complex matrices. Since its introduction, this technique has been widely 36 

applied in the areas of environmental, food and biological research, followed by gas 37 

chromatography (GC) or liquid chromatography (LC). However, the single 38 

commercially available coating for SBSE, based on polydimethylsiloxane, has 39 

become its principal limitation and, as a consequence, the use of SBSE has been 40 

reduced to the extraction of apolar or moderately polar compounds. In recent years, 41 

there has been growing interest in developing more polar in-house coatings for 42 

SBSE and, therefore, extend the applicability of this sorptive extraction. In this 43 

context, different approaches for achieving the synthesis of polar coatings for SBSE 44 

have been developed, with sol-gel technology and monolithic materials being 45 

notable examples, among others. This review focuses on the most common and 46 

novel strategies for synthesising new coatings for SBSE to enhance the extraction of 47 

polar EOCs and their applications. 48 

49 
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1. Introduction 50 

 51 

Over the last few decades, scientific concern about environmental pollution has 52 

increased and environmentally friendly methodologies have gained popularity, 53 

including modified and less hazardous sample pre-treatments [1]. In addition, 54 

environmental analysis has focused on the extraction and determination of a wide 55 

range of emerging organic contaminants (EOCs) with an apolar or moderately polar 56 

character because sample preparation techniques were not capable of extracting 57 

many compounds with such different chemical properties simultaneously. Thus, the 58 

aim of sample pre-treatments has been to extract more polar contaminants, simplify 59 

the manipulation of the sample, reduce the sample and organic solvent volumes 60 

used, miniaturise the analytical devices, as well as achieving the maximum removal 61 

of interferences from complex matrices [2].  62 

 63 

Apart from conventional extraction techniques for environmental liquid or solid 64 

samples (solid-phase extraction (SPE), ultrasonic solvent extraction or microwave-65 

assisted extraction, among others), great efforts have been concentrated on the 66 

development of extraction techniques with lower solvent consumption and low 67 

sample handling, such as solid-phase microextraction (SPME), stir bar-sorptive 68 

extraction (SBSE), microextraction by packed sorbent, single-drop microextraction, 69 

liquid-phase microextraction or supported liquid membrane extraction [3,4].  70 

 71 

Regarding liquid samples, SPE is a well-established technique in environmental 72 

analysis. While the main advantage of SPE is the high availability of commercial 73 

sorbents, other sorptive techniques, such as SPME and SBSE, are still restricted in 74 

this respect, limiting the range of analyte classes that can be extracted. In 75 

particular, SBSE is an enrichment technique based on SPME principles [5], first 76 

introduced by Baltussen et al. [6]. The SBSE device consists of a magnetic stir bar 77 

covered with a polymeric coat which enables the distribution of the analytes 78 

between the sample and the small amount of extracting phase [7,8]. In contrast to 79 

SPME, higher extraction phase volumes are found in SBSE stir bars (24-126 µL) 80 
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than in SPME fibres (maximum 0.5 µL), which leads to a higher amount of analytes 81 

being extracted from the samples [9]. Many publications have demonstrated the 82 

applicability of SBSE in different research areas due to its versatility in both 83 

sampling (immersion and headspace (HS)) and desorption modes (liquid (LD) or 84 

thermal desorption (TD)) [4,8,10].  85 

 86 

In SBSE, to promote the transfer of the analytes onto the extracting phase, several 87 

variables affecting the extraction step should be evaluated, including extraction time 88 

and temperature, sample pH, addition of an inert salt, stirring rate and sample 89 

volume. As for TD, desorption time and temperature are the most important 90 

variables to be tested, while organic solvent nature, desorption time and volume are 91 

the most common variables studied in LD [4,5]. Moreover, another parameter to 92 

take into account in SBSE is the coating, being an essential factor in enhancing the 93 

retention of the analytes. However, the only commercially available coating for 94 

SBSE, until recently, is polydimethylsiloxane (PDMS). This fact is its main 95 

disadvantage as it limits extraction to apolar compounds [4,9].  96 

 97 

In the present review, the current state of the synthesis of novel coatings for SBSE 98 

is extensively described, as well as their application in the analytical field for the 99 

extraction of polar pollutants from complex matrices. 100 

 101 

2. Commercially available coatings for SBSE 102 

  103 

For years, PDMS has been the only commercially available extracting phase for 104 

SBSE, commercialised under the name Twister® by Gerstel. Current reviews [4,10-105 

12] highlight a great number of publications in which PDMS coating has been 106 

applied to the extraction of many EOCs from environmental, food and biological 107 

matrices. Nevertheless, this fact has become the principal disadvantage of SBSE, 108 

focusing on the extraction of apolar or moderately polar analytes (generally for 109 

those with log Ko/w>3) [11]. As a consequence, the present trend in both analytical 110 
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chemistry and environmental analysis is controlling and determining EOCs, mainly 111 

with polar behaviour, in the environment.  112 

 113 

In this respect, very recently, SBSE stir bars with polar coatings have been 114 

marketed by Gerstel. These new stir bars are coated with poly(ethyleneglycol) 115 

(PEG) modified silicone (EG Silicone Twister®) and polyacrylate (PA) with a 116 

proportion of PEG (Acrylate Twister®). It should noted that EG Silicone Twister® is 117 

widely commercially available, while Acrylate Twister® is still undergoing pilot tests. 118 

The structures of these new coatings are presented in Table 1, which shows the 119 

enhancement of polarity through hydroxyl and ester groups from PEG and PA 120 

structures, respectively. Although they have been synthesised to improve PDMS stir 121 

bar performance, both Acrylate and EG Silicone Twisters® are PDMS-based, which 122 

might influence the proper retention of polar compounds. Currently, few publications 123 

have reported the use of these polar commercial coatings. These are detailed in 124 

Table 1. 125 

 126 

In 2011, Fries [13] was the first to use Acrylate Twister® for SBSE to extract 127 

benzothiazole from wastewaters, using TD coupled to gas chromatography-mass 128 

spectrometry (GC-MS). The authors emphasised that the proposed analytical 129 

method enabled the improvement of extraction efficiencies compared to SPME, as 130 

well as saving time and costs, since no filtering, clean-up steps or organic solvents 131 

were required. Recently, Sgorbini et al. [14] evaluated both EG Silicone and 132 

Acrylate Twisters® for the SBSE of volatile organic compounds (VOCs) from food 133 

and cosmetic samples analysed by GC-MS and subsequently compared to the 134 

PDMS coating. When both polar coatings were used under immersion and HS 135 

modes, it was observed that these coatings provided better performance by 136 

immersion in comparison to HS mode. Moreover, EG Silicone Twister® provided 137 

higher percentage concentration factors for most of the target analytes than 138 

Acrylate Twister®, being able to extract a wider range of analytes with different 139 

polarities (log Ko/w between -0.2 and 4.6) and improving PDMS limitations. In our 140 

research group, these novel polar coatings were first applied for the SBSE of 141 
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pharmaceuticals and personal care products (PPCPs) by immersion from 142 

wastewaters, followed by liquid chromatography-tandem mass spectrometry (LC-143 

MS/MS) [15]. In this study, all three commercial stir bars were evaluated in terms of 144 

recovery values and matrix effect. While the matrix effect was generally low using 145 

this extraction technique, there were significant differences with the recovery values 146 

obtained. EG Silicone Twister® provided the best results when moderately polar and 147 

apolar compounds were extracted, compared to PDMS and Acrylate Twister®, 148 

which were able to extract only the more apolar compounds (% recovery values 149 

(%R) < 43%). However, it was demonstrated that even EG Silicone Twister® is still 150 

limited in terms of more polar analytes, achieving %R ranging from 24% to 80% for 151 

compounds with log Ko/w > 3. Finally, a recent publication [16] has also described 152 

the use of EG Silicone Twister® for SBSE of a group of bisphenols in personal care 153 

products (PCPs) by SBSE(TD)-GC-MS, avoiding the need for a derivatisation step, 154 

which is frequently necessary using PDMS coating. 155 

 156 

Even though there are still few publications reporting the use of these polar 157 

commercial stir bars, their SBSE performance could be improved in order to 158 

increase polar compound retention. For this reason, the following sections present 159 

the new polymeric phases recently developed in-house with polar behaviour and 160 

their analytical applications. 161 

 162 

3. Novel in-house coatings for SBSE 163 

 164 

Over the last few years, interest in novel SBSE coatings has grown significantly in 165 

order to promote the retention of polar compounds from complex matrices. To 166 

overcome the limitation of the commercial PDMS stir bar, the main requirements of 167 

the new SBSE coatings are the polarity of the coatings and mechanical stability. In 168 

Fig. 1, the most common approaches for synthesising in-house coatings for SBSE 169 

are detailed, such as sol-gel technology, the synthesis of monolithic materials, 170 

polyurethanes foams (PUFs), among others.  171 

 172 
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3.1. PDMS modified coatings 173 

 174 

The first in-house SBSE coatings were based on PDMS and obtained, basically, by 175 

sol-gel technology. Using this methodology, high thermally and mechanically stable 176 

films with a long lifetime were obtained because of the strong chemical bonding 177 

between the coating and the surface of the glass bar [4,7,17].  178 

 179 

As shown Fig. 1 (A), the sol-gel procedure consists of several reactions: starting 180 

with the hydrolysis of the coating precursors, followed by the polycondensation of 181 

the hydroxylated compounds and, finally, the chemical bonding of the coating to a 182 

glass bar, which is pre-treated to generate the superficial silanol groups [8,17,18]. 183 

Moreover, depending on the precursors used in the sol-gel reaction, the chemical 184 

properties of the final coating can be influenced to achieve the desired polarity. 185 

However, the sol-gel SBSE coatings are generally PDMS-based and a decrease in 186 

the affinity to polar compounds may be observed because of its apolar nature. 187 

Table 2 shows the structure of the monomers used in the synthesis of several sol-188 

gel SBSE coatings and their subsequent application. 189 

 190 

Liu et al. [19] were the first to synthesise an SBSE coating using the sol-gel 191 

procedure. In this study, the low polarity of the hydroxyl-terminated PDMS led to the 192 

extraction of a group of apolar compounds (n-alkanes, polycyclic aromatic 193 

hydrocarbons (PAHs)) and organophosphorus pesticides (OPPs) from aqueous 194 

samples. The authors highlighted the thermal stability and uniformity of the resulting 195 

coating, which are the principal advantages of this approach. 196 

 197 

In order to promote the polarity of the SBSE coatings, Yu et al. [20,21] developed 198 

several in-house coatings by sol-gel technology using more polar sol-gel 199 

precursors. Among them, a novel combined stir bar coated with PDMS and 200 

poly(vinylalcohol) (PVA) was prepared to extract OPPs from honey [20]. With a 201 

higher surface area (21.25 m2 g-1) but lower thickness (30 µm) than the commercial 202 

PDMS stir bar (0.5 mm thick), this novel coating was able to reach equilibrium in 203 
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just 15 min for all of the compounds studied, providing slightly more sensitive and 204 

less time-consuming performance than SPME. In the same respect, the same 205 

authors also synthesised a similar coating based on PDMS, PVA and carbowax 206 

(CW) to determine volatile organic sulphur compounds (VOSCs) in waters [21]. The 207 

addition of CW and PVA enhanced the polarity of the coating and promoted the 208 

retention of more polar VOSCs. The authors stated that this novel coating showed a 209 

higher sorption capacity than carboxen-PDMS SPME fibres or PDMS stir bars. In 210 

another study, a novel sol-gel polar precursor, cyanopropyltriethoxysilane 211 

(CNPrTEOS), was combined with PDMS for the SBSE of two non-steroidal anti-212 

inflammatory drugs (NSAIDs) from aqueous samples [22]. The cyano moieties 213 

present in the PDMS/CNPrTEOS coating were responsible for the extraction of 214 

relatively more polar compounds, such as diclofenac, while the PDMS moieties 215 

contributed to the extraction of a more apolar compound, such as ketoprofen. 216 

 217 

Of the sol-gel precursors, a common PDMS modifier for enhancing polarity is β-218 

cyclodextrin (β-CD). Several authors have frequently used PDMS and β-CD for the 219 

syntheses of coatings for the SBSE of brominated flame retardants in soil dust [23], 220 

steroid hormones in aqueous samples [24] and estrogens in pork and chicken [25], 221 

among others. As shown in Table 2, the structure of β-CD, which is a cyclic 222 

oligosaccharide, has become the main functional component for extracting these 223 

EOCs from complex matrices by SBSE thanks to its hydrophobic interior cavity and 224 

its hydrophilic exterior structure which is full of hydroxyl groups. For instance, Yu et 225 

al. [23] compared the synthesised coating based on PDMS/β-CD with the 226 

conventional PDMS and the former provided higher extraction efficiencies for 227 

brominated flame retardants when soil dust samples were analysed. Other authors 228 

have developed novel sol-gel SBSE coatings based on PDMS/β-CD/DVB to extract 229 

estrogens from pork and chicken samples [25], and based on PDMS/β-230 

CD/phenyltrimethylsiloxane (PTMS) to extract steroid hormones from aqueous 231 

samples [24]. Using PDMS/β-CD/DVB to extract estrogens from tissue samples 232 

after a solid-liquid extraction, high recovery values were achieved (>70%) for all of 233 

the target analytes, due to the β-CD and DVB structures, enabling both hydrophilic 234 
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and Π-Π interactions, respectively. Furthermore, the sol-gel coating based on 235 

PDMS/β-CD/PTMS [24] provided higher selectivity and polarity due to the β-CD and 236 

PTMS structures compared to the commercial PDMS stir bar for extracting steroid 237 

hormones from water samples. To demonstrate this, the recovery values for all of 238 

the target compounds using the in-house coating were higher than 75%, while using 239 

the PDMS stir bar, the values ranged from 25% to 95% in ultrapure water.  240 

 241 

Very recently, a sol-gel amino modified multi-walled carbon nanotubes-PDMS 242 

(AMMWCNTs-PDM) was first synthesised and used as a novel coating for the 243 

SBSE of phenols from environmental waters and soils [26]. Carbon nanotubes 244 

(CNTs) are very promising as adsorbents in SPE and SPME due to their thermal 245 

and chemical stability, their ease of functionalisation and large surface-to-volume 246 

ratio. The proposed SBSE coating offered higher extraction efficiencies for the 247 

studied analytes than the commercial PDMS coating, due to the Π-Π, electrostatic 248 

and hydrogen bonding interactions. 249 

 250 

Apart from sol-gel technique, other coatings based on PDMS have been 251 

synthesised using a different strategy, in which a magnetic stirring rod was inserted 252 

into a Teflon mold containing the polymerisation mixture, including PDMS, a 253 

modifier and a curing agent, for several hours at high temperature. For instance, 254 

Barletta et al. [27] used activated carbon (ACB) as a modifier to extract polar 255 

pesticides from juice samples and Melo et al. [28] decided to use polypyrrole (PPY) 256 

as a modifier to determine antidepressants in plasma samples. In the latter study, 257 

the modifier PPY was demonstrated to be extremely suitable for the extraction of 258 

the studied compounds, as it was able to establish hydrogen bonding and Π-Π 259 

interactions with recovery values in 1 mL of plasma samples between 38% and 260 

83% [28]. 261 

 262 

All of the above examples show how the polarity of SBSE coating using modifiers 263 

with polar functional groups is enhanced. However, all of them lack selectivity. 264 

Therefore, sol-gel technology was also proposed for synthesising molecularly 265 
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imprinted polymers (MIPs) for SBSE, but few publications have been reported. For 266 

instance, Si et al. [29] prepared a selective coating for molecularly imprinted stir bar 267 

sorptive extraction (MISBSE) by the sol-gel technique using nicosulfuron 268 

(sulfonylurea herbicide) as a template, methacrylic acid (MAA) as the functional 269 

monomer and methacryloxypropyltrimethoxysilane (MPTMS) as the crosslinker. 270 

The authors emphasised the high mechanical strength and efficiency of the 271 

developed sol-gel MIP coating, which provided good recoveries (96%) and high 272 

selectivity in comparison with non-imprinted polymer (NIP) when 25 mL of tap water 273 

was extracted over 2 h. Another example of an MISBSE coating using sol-gel 274 

technique is a dummy MIP for the extraction of bisphenol A from tap water [30]. In 275 

this study, a structural analogue similar to bisphenol A was used as a template in 276 

order to avoid possible leakage of the residual template molecules, which could 277 

interfere with the determination of trace amount of bisphenol A. As a result, a 278 

homogenous and stable coating surface was obtained with a thickness of 57 µm, 279 

showing high selectivity toward bisphenol A and high recovery values (>80%) in 280 

comparison with those obtained using the conventional PDMS coating (<20%). 281 

Although these two studies highlighted the promising MISBSE performance in terms 282 

of recovery values and selectivity, a washing or clean-up step was not included in 283 

their performance, making them susceptible to interfering compounds when 284 

analysing complex matrices.  285 

 286 

3.2. Monolithic coatings 287 

 288 

Over the last few years, there has been growing interest in the use of monolithic 289 

materials as SBSE coatings due to their numerous advantages: large pore 290 

structures, high permeability, high availability of commercial monomers with 291 

different polarities and functionalities and, in particular, simple and inexpensive 292 

preparation. Furthermore, monoliths have widely been applied as alternative 293 

stationary phases in LC and capillary electrochromatography (CEC) as well as 294 

extraction sorbents for several extraction techniques, such as SPE and SPME 295 

[31,32].  296 
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 297 

The preparation of a monolith consists of a polymerisation mixture, including 298 

adequate monomers (functional monomers and crosslinker), porogenic solvents 299 

and initiators, in an appropriate ratio, which is introduced into the desired mould and 300 

is initiated thermally or by UV radiation. Therefore, depending on the shape and 301 

size of the mould, SBSE coatings with a higher volume of extracting phase can be 302 

obtained and, consequently, an increase in capacity and recovery values may be 303 

observed [4,7]. In the synthesis of a monolithic coating for SBSE, apart from the 304 

mould, other important parameters should be taken into account to obtain the 305 

desired final product, such as the choice of monomers for enhancing the polarity of 306 

the coating and the porogenic solvent used for forming large pores in the monolithic 307 

structure and promoting high permeability. Therefore, the monolithic approach has 308 

become a successful option for obtaining chemically and physically stable coatings 309 

for SBSE [8]. 310 

 311 

In the monolithic approach, two different strategies have been developed for fixing 312 

the coating to the glass bar: chemical or physical attachment. The procedures for 313 

synthesising monolithic coatings using either chemical or physical attachment are 314 

detailed in Fig. 1 (B) and Fig. 1 (C), respectively, and are discussed in the following 315 

sections. 316 

 317 

3.2.1. Monolithic coatings by chemical attachment 318 

 319 

The chemical attachment of a monolithic SBSE coating has been extensively used, 320 

consisting of the treatment of the glass surface of the bar in order to create double 321 

bonds through a silanisation agent and, then, the subsequent growing of the 322 

polymer to obtain the final coating, as shown Fig. 1 (B). Huang et al. [33] 323 

synthesised the first chemically attached monolithic coating for the SBSE of PAHs 324 

and steroid hormones from seawater and urine samples, respectively. The 325 

proposed monolithic coating was based on octyl methacrylate (OcMA) as the 326 

functional monomer and ethylene dimethacrylate (EDMA) as the crosslinker. Both 327 
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monomers with ester groups in their structure (Table 2) favoured the transfer of the 328 

polar analytes to the coating. In this study, the final dimension of the monolithic 329 

coating was evaluated and it was demonstrated that higher thickness led to higher 330 

adsorptive capacity. However, the desorption step took 2 h to release the extracted 331 

analytes, which is quite long in terms of desorption time. Moreover, the monomers 332 

to porogen ratio was also studied (40/60, 45/55 and 50/50, (%, w/w)) and it was 333 

observed that a decrease of the porogen content led to a polymer with small pore 334 

size and low permeability and, in view of this, the monomers to porogen ratio was 335 

kept to 40/60 (%, w/w).  336 

 337 

Since 2007, Huang and coworkers have synthesised several polar monoliths as 338 

SBSE coatings by chemical bonding. For instance, a novel polar stir bar coated with 339 

vinylimidazole (VI) and DVB was developed for the extraction of sulphonamides 340 

from milk [34]. Due to the imidazole groups in the monomer structure, hydrogen 341 

bonds and hydrophobic interaction were established with the polar analytes (log 342 

Ko/w<1.6), providing higher extraction capacity and lower MDLs than the commercial 343 

PDMS stir bar. Furthermore, Huang et al. [35] synthesised three in-house 344 

monolithic coatings for the SBSE of polar aromatic amines (PAAs) from lake and 345 

sea waters. The proposed coatings were based on VI and DVB, vinylpyrrolidone 346 

(VPD) and DVB and, finally, vinylpyridine (VP) and EDMA. Their SBSE 347 

performance was subsequently compared between them, as well as with the 348 

commercial PDMS coating. Fig. 2 shows the extraction of PAAs from water samples 349 

using the in-house and the commercial PDMS SBSE coatings under the same 350 

conditions (2.5 h and 1h as extraction and desorption times, respectively). The 351 

target compounds, PAAs with log Ko/w <2.7, were successfully extracted using all 352 

three in-house coatings, in contrast to the PDMS coating, which completely failed, 353 

since only hydrophobic interactions contributed to the extraction of PAAs. Of the 354 

three in-house coatings, the VI/DVB provided the best extraction efficiencies for all 355 

PAAs (57-114 %), due to the imidazole and phenyl groups in its structure.  356 

 357 
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More recently, a new monolithic SBSE coating was synthesised using two less 358 

common monomers but with high polar functionalities: vinylphthalimide (VPH) as 359 

the functional monomer and N,N’-methylenebisacrylamide (MBAA) as the 360 

crosslinker [36]. This novel coating was applied for the SBSE of two benzimidazoles 361 

(oxfendazole and mebendazole) in milk and honey samples. Thanks to the 362 

hydrophilic and Π-Π interactions established by these monomers, promising SBSE 363 

performance was achieved for both compounds with recovery values between 71% 364 

and 102% when 5 mL of milk and 2.5 g of honey were extracted for 2.5 h, with a 365 

significant improvement compared to the conventional PDMS coating. Moreover, 366 

the authors evaluated the porogen content and observed that lower porogen 367 

content in the polymerisation mixture led to lower peak areas of the analytes due to 368 

a decrease in the pore size and thus, in the permeability of the polymer.  369 

 370 

In order to enhance the extraction of polar compounds with carboxyl or amino 371 

functional groups, anion- or cation-exchange monolithic coatings have been 372 

required for SBSE over the last few years. In this respect, the combination of the 373 

monomers acrylic acid (AA) with EDMA and methacrylic acid-3-sulphopropyl ester 374 

potassium salt (MASPE) with DVB (structures shown in Table 2) have been used to 375 

synthesise cation-exchange monolithic SBSE coatings and apply them to the 376 

analysis of soluble cations in milk [37] and nitroimidazole antibiotics in honey [38], 377 

respectively. Using MASPE/DVB coating, the authors highlighted that the sulphonic 378 

and phenyl groups present in the monolithic structure were essential for the 379 

extraction of polar nitroimidazole antibiotics from honey, which had a log Ko/w 380 

ranging from -0.38 to 0.31. This novel coating with strong cation-exchange 381 

behaviour enabled better SBSE performance than the PDMS coating, with high 382 

extraction efficiencies (%R > 71%), great enhancement of the peak height and, as a 383 

result, lower MDLs. However, with the analytes being retained by ion-exchange 384 

interactions, no washing or clean-up step with organic solvent was included in the 385 

SBSE protocol to remove interferences from the matrix, which is the recommended 386 

protocol for ion-exchange materials.  387 

 388 
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3.2.2. Monolithic coatings by physical attachment 389 

 390 

As mentioned earlier, the synthesis of monolithic SBSE coatings can be also 391 

achieved using physical attachment. While the polymerisation procedure for 392 

obtaining the desired product was the same as those described previously, the 393 

immobilisation of the coating on the glass bar was significantly easier than with the 394 

chemical attachment, without losing mechanical stability. As can be seen in Fig. 1 395 

(C), the stir bar set-up consists of a glass bar introduced in an iron spring to give 396 

stability to the whole monolithic coating. Subsequently, the stir bar and the spring 397 

were together placed in a glass tube (with the desired dimensions) and immersed in 398 

the polymerisation mixture. 399 

 400 

To demonstrate the viability of this novel monolithic approach, our research group 401 

pioneered this strategy and synthesised several monolithic SBSE coatings. 402 

Bratkowska et al. [39,40] developed two monolithic coatings for extracting polar 403 

PPCPs from environmental waters by SBSE(LD)-LC-MS/MS. The monolithic 404 

coatings were based on VPD [39] and MAA [40] as functional monomers and DVB 405 

as the crosslinker. Using the VPD/DVB coating, great results were obtained for all 406 

the studied compounds in terms of recovery values in 50 mL of ultrapure water (42-407 

110%) after being extracted for 4 h. In addition, better SBSE performance was 408 

achieved using the MAA/DVB coating, which provided excellent recovery values in 409 

ultrapure water (61-107%). In both cases, the highly polar analytes, such as 410 

paracetamol and caffeine, were poorly recovered (9-45%). These promising results 411 

were compared with those obtained using the commercial PDMS coating, in which 412 

the studied analytes were hardly recovered. Therefore, the high potential of these 413 

two monolithic coatings for the extraction of polar compounds was demonstrated, 414 

which may be attributed to the nitrogen and oxygen atoms and to the phenyl 415 

groups, being able to establish hydrogen bonds and hydrophobic interactions, as 416 

can be seen in Table 2. Following the corresponding procedure, the same research 417 

group synthesised another monolithic SBSE coating using two novel monomers: 418 

poly(ethyleneglycol) methacrylate (PEGMA) as the functional monomer and 419 
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pentaerythritol triacrylate (PETRA) as the crosslinker [41]. This monolithic material 420 

contained a great number of hydroxyl and ester groups, providing a polar SBSE 421 

coating for extracting PPCPs from wastewater samples. Using PEGMA/PETRA 422 

coating, even the recovery values for the studied analytes in ultrapure water were 423 

slightly lower than those achieved with the MAA/DVB and VPD/DVB coatings, the 424 

analytes were almost fully extracted in just 1 h. Moreover, these results were much 425 

better than those provided by the commercial polar coatings (EG Silicone Twister® 426 

and Acrylate Twister®) under their optimised SBSE conditions. 427 

 428 

3.2.3. MIPs as monolithic coatings for SBSE 429 

 430 

As mentioned previously in section 3.1, MIPs have recently gained popularity as 431 

SBSE coatings in order to promote selectivity. In this respect, a higher number of 432 

studies have been reported in which MIPs were synthesised as monolithic coatings 433 

for MISBSE application rather than using the sol-gel methodology. The classic 434 

approach for obtaining MIPs was the copolymerisation of an appropriate template, 435 

functional monomer and crosslinker in a suitable porogenic solvent. Subsequently, 436 

the MIP could be chemically or physically attached to a glass bar. Thus, Xu et al. 437 

[42] were the first to synthesise a monolithic SBSE coating with a MIP for 438 

ractopamine chemically attached. In this study, the silanisation reagent, the 439 

crosslinker, the functional monomer and the template were 3-440 

(methacryloxy)propyltrimethoxysilane (MPTS), EDMA, MAA and ractopamine, 441 

respectively. Finally, the MISBSE coating was successfully applied for the 442 

extraction of a group of β2-agonists from pork, liver and feed samples, achieving 443 

recovery values between 74% and 93%. The same research group applied this 444 

synthetic procedure to obtain several coatings for the MISBSE of triazine herbicides 445 

from food and soil samples [43], and trimethoprim from biological samples [44], 446 

among others. The authors highlighted the good mechanical and chemical stability, 447 

selectivity and physical properties (homogenous and porous) of the resulting 448 

MISBSE coatings. It should be highlighted that, in these studies, the proposed 449 

MISBSE procedures were not able to offer a washing step to reduce interfering 450 
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compounds and, consequently, losses in selectivity and sensitivity could be 451 

observed. Therefore, efforts should focus on the development of completely 452 

selective MISBSE coatings through effective washing and loading steps.  453 

 454 

An interesting study was developed by Turiel et al. [45], who proposed both 455 

physical and chemical attachment of a monolithic coating for the MISBSE of 456 

thiabendazole from citrus samples. While the chemical attachment of the coating 457 

was the same as those described above, physical attachment was achieved by pre-458 

treating the glass bar with a commercial epoxy adhesive and then immersing it in a 459 

vial containing MIP particles. Although the physical attachment of the MIP coating 460 

was easier to perform than the chemical one, the former procedure was not 461 

completely able to obtain a homogenous immobilisation of the MIP particles onto 462 

the glass bar surface. Besides, the chemically attached MISBSE coating allowed 463 

the performance of selective loading and washing steps to remove all of the 464 

interferences bonded by non-specific interactions to the MIP. 465 

 466 

3.3. Other sorptive materials and formats 467 

 468 

Apart from these two main approaches, other novel strategies and synthetic routes 469 

have been developed to obtain coatings for SBSE, such as PUFs or immersion 470 

precipitation technique.  471 

 472 

PUFs are defined as plastic materials and are easily obtained by combining all of 473 

the required reagents (an isocyanate, a polyol (or polyalcohol), expansion agents, 474 

catalysts and surfactants), as described in Fig. 1 (D). After polymerisation, the 475 

PUFs were cleaned with an organic solvent and cut to the desired shape and 476 

dimensions. Thus, these materials offered high chemical stability, flexibility and 477 

simplicity, being really promising as SBSE coatings. Nogueira’s research group was 478 

the first to develop and apply PUFs, using different polyol types, in the SBSE of 479 

organic compounds from aqueous matrices [46]. In this study, high stability and 480 

mechanical resistance to organic solvents were the main advantages of PUF 481 
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coatings, providing better SBSE recoveries for the studied compounds (25-70%) 482 

than the PDMS coating (5-25%). In addition, the same research group developed 483 

several SBSE coatings based on PUFs for extracting triazine herbicides [47] or 484 

acidic pharmaceuticals [48] from water samples.  485 

 486 

A novel and simple synthesis of SBSE coatings was developed by Guan et al. [49], 487 

who were the first to develop a high thermally stable polar coating based on 488 

poly(phthalazine ether sulfone ketone) (PPESK) using the immersion precipitation 489 

technique. As detailed in Fig 1. (E), the synthesis consisted of the precipitation of 490 

the polymer (PPESK) when the glass bar was immersed in the polymer solution in a 491 

water bath at room temperature. The PPESK coating was applied to extract 492 

organochlorine compounds from seawaters and OPPs from juices. When the 493 

PPESK coating was evaluated, better selectivity towards both organochlorine 494 

compounds and OPPS was observed in comparison with the PDMS coating, due to 495 

its high number of carbonyl and aromatic groups enabling both hydrogen bonds and 496 

hydrophobic interactions. Moreover, the novel PPESK coating also presented 497 

higher extraction capacity for OPPs (%R=7-66%) than an SPME fibre coated with 498 

PPESK (%R<7%), thanks to its higher thickness (250 µm for PPESK coating and 499 

30 µm for PPESK SPME fibre).  500 

 501 

Since 2009, other formats have been designed to solve one of the main drawbacks 502 

of the in-house coatings for SBSE, namely the direct contact of the coating with the 503 

vessel when immersion sampling is applied. To solve this problem, several in-house 504 

and alternative sorptive extractions have been proposed recently, such as rotating 505 

disk sorptive extraction (RDSE), stir rod sorptive extraction (SRSE), stir cake 506 

sorptive extraction (SCSE) and two adsorptive microextraction techniques (AµE) 507 

(bar adsorptive microextraction (BAµE) or multi-sphere adsorptive microextraction 508 

(MSAµE)). Fig. 3 details the different sorptive extraction devices of each novel 509 

technique. The first attempt to improve SBSE was RDSE (Fig. 3 (A)), in which the 510 

coating is immobilised onto the upper surface of the rotating disk. This novel format 511 

prevented damage by physical contact and, consequently, was used to perform at 512 
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least 50 experiments. However, the only extracting phase used in RDSE was 513 

PDMS for extracting nonylphenol, pesticides and chromogenic organic compounds 514 

from waters [50-52]. With respect to SRSE (Fig. 3 (B)), a metal rod containing a 515 

magnet at the end is coated with the sorptive material, usually a monolithic polymer, 516 

and fixed in the sample vessel. For instance, Luo et al. [53] synthesised a polar 517 

monolith based on VP and EDMA for the SRSE of NSAIDs from water and sewage 518 

sludge samples, providing successful recovery values (>76%) and no damage to 519 

sorptive material after at least 60 experiments. More recently, in 2011, Huang et al. 520 

[54] also applied monolithic materials to develop the novel SCSE, similar to RDSE. 521 

As shown in Fig. 3 (C), the monolith is synthesised in a circular mould with the 522 

desired thickness containing an iron wire to stir and enhance the transfer of the 523 

analytes to the extracting phase without friction loss of the monolith. Different 524 

monoliths have been synthesised to be applied in SCSE, such as one based on VI 525 

and DVB for extracting steroid hormones from milk [54] and a polymeric ionic liquid-526 

based monolith for extracting six preservatives from juices [55]. In both studies, the 527 

authors highlighted the feasibility of the novel technique, obtaining good recovery 528 

values (63-117%) and, in particular, higher longevity of the extracting phase than in 529 

SBSE.  530 

 531 

With respect to adsorptive microextraction (AµE) techniques, Nogueira’s research 532 

group has developed novel approaches in this area, such as the BAµE and MSAµE 533 

techniques [2]. As detailed in Fig. 3 (D), BAµE consists of a floating bar covered 534 

with a powdered sorbent, while MSAµE consists of coating polystyrene spheres 535 

(attached by a thread) with powdered sorbent. The most commonly used sorptive 536 

materials are activated carbons and polystyrene-DVB for extracting polar solutes 537 

and metabolites from aqueous samples [56,57]. For example, when caffeine and 538 

acetaminophen, two extremely polar EOCS, were extracted using both MSAµE and 539 

BAµE with activated carbons, high recovery values were obtained (>80%), whereas 540 

the conventional PDMS coating for SBSE was completely unable to extract them 541 

[56]. However, these techniques have not been widely applied and few publications 542 

are available in the literature. 543 
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 544 

 545 

5. Conclusions 546 

 547 

SBSE is a well-accepted sorptive extraction technique for preconcentrating a great 548 

variety of compounds from many different complex matrices. Despite the high 549 

number of SBSE applications in the literature, most have been aimed at extracting 550 

compounds with low polarities, due to the only commercial coating for SBSE being 551 

based on PDMS with an apolar nature. In recent years, promising strategies have 552 

been proposed to overcome this limitation, such as sol-gel technology, monolithic 553 

materials, among others. These novel approaches have provided high versatility to 554 

SBSE, since a broad range of commercial monomers with different polarities can be 555 

used during the coating synthesis, promoting the extraction of more polar EOCs.  556 

 557 

Moreover, other important factors to take into account in SBSE have been 558 

extensively evaluated, such as mechanical, thermal or chemical stability and the 559 

physical dimensions of the coatings, providing successful SBSE performance in 560 

comparison with the conventional PDMS coating. Although promising in-house polar 561 

coatings for SBSE have been developed, new polar monomers and novel formats 562 

need to be exploited more in order to extract polar EOCs from complex matrices.  563 

 564 
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Figure captions 664 

 665 

Fig. 1. Schematic representation of the most common strategies to obtain coatings 666 

for SBSE.  667 

 668 

Fig. 2. HPLC chromatograms of five polar aromatic amines (PAAs) in a standard 669 

solution and being extracted using four in-house coatings and the commercial 670 

PDMS coating for SBSE. Peaks: 1 = p-Nitroaniline (p-NA); 2 = aniline (A); 3 = 2,4-671 

dinitroaniline (2,4-DNA); 4 = o-chloroaniline (o-CA); 5 = 3,4-dichloroaniline (3,4-672 

DCA). Reproduced from [35] with permission of Elsevier.  673 

 674 

Fig. 3. Schematic representation of several novel sorptive extraction formats and 675 

devices: a) Rotating disk sorptive extraction (RDSE); b) Stir rod sorptive extraction 676 

(SRSE); c) Stir cake sorptive extraction (SCSE) and d) Adsorptive micro-extraction 677 

techniques (AµE). Reproduced [??] with permission of Elsevier. 678 

 679 

 680 
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Table 1. Structures and application of novel commercially available coatings for SBSE. 681 
 682 

Coating Phase* Structure Analyte Matrix Sampling 
Mode Desorption Analysis Ref. 

PDMS (Twister®) 
 
 
 
PA (Acrylate Twister®) 
 
 
 
 
PEG (EG Silicone Twister®) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VOCs Food and 
cosmetic  

Immersion
/HS TD GC-MS [14] 

PDMS (Twister®) 
 
 
 
PA (Acrylate Twister®) 
 
 
 
 
PEG (EG Silicone Twister®) 
 

 
 
 
 
 
 
 
 
 
 
 

 

PPCPs Wastewater  Immersion LD LC-
MS/MS [15] 

PEG (EG Silicone Twister®) 
 

 
 
 

Bisphenols PCPs Immersion TD GC-MS [16] 

PA (Acrylate Twister®) 

 
 
 
 

 
 

Benzothiazole Untreated 
wastewater  Immersion TD GC-MS [13] 

*Commercial name in brackets 
GC-MS: gas chromatography-mass spectrometry; HS: head space; LD: liquid desorption; LC-MS/MS: liquid chromatography-tandem mass spectrometry; PA: 
polyacrylate; PCPs: personal care products; PEG: poly(ethylene)glycol; PPCPs: pharmaceuticals and personal care products; TD: thermal desorption; VOCs: 
volatile organic compounds; 
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Table 2. Structures, synthesis approach and applications of some in-house coatings for SBSE. 687 
 688 

Polymer Structure Preparation 
technique Analytes Matrix Analysis Ref. 

PDMS/MTMS MTMS 
 
 

 

Sol-gel n-alkanes, PAHs, OPPs Water  GC-FID [19] 

PDMS/PVA PVA 
 
 
 

Sol-gel OPPs Honey  GC-FPD [20] 

PDMS/CW/PVA CW 
 
 

Sol-gel VOSs Water  GC-FPD [21] 

PDMS/CNPrTEOS  
 
 
 
CNPrTEOS 

Sol-gel NSAIDs Water  
 

CE-UV [22] 

PDMS/β-CD/PTMS β-CD 
 
 
 
 
 
 
 

 
 
 

PTMS 
 
 
 
 
 
 

Sol-gel Steroid hormones Water  LDTD-
APCI-
MS/MS 

[24] 

PDMS/β-CD/DVB DVB 
 
 
 

Sol-gel Estrogens  Pork and 
chicken 

LC-UV [25] 
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Table 2. Continued.  690 
 691 

Polymer Structure Preparation 
technique Analytes Matrix Analysis Ref. 

PDMS/PPY PPY 
 
 
 
 

Copolymerisation Antidepressants Plasma LC-UV [28] 

OcMA/EDMA OcMA 
 
 
 

EDMA 
 
 
 

Monolith 
(Chemical 
attachment) 

PAHs/Steroid hormones Sea /Urine LC-UV [33] 

VI/DVB VI 
 
 
 

Monolith 
(Chemical 
attachment) 

PAAs Lake and sea  LC-UV [35] 

VPD/DVB VPD 
 
 
 

Monolith 
(Chemical 
attachment) 

PAAs Lake and sea  LC-UV [35] 

VP/EDMA VP 
 
 
 
 

Monolith 
(Chemical 
attachment) 

PAAs Lake and sea  LC-UV [35] 

VPH/MBAA VPH 
 
 
 
 
 

MBAA 
 

 
 

Monolith 
(Chemical 
attachment) 

Benzimidazoles Milk and honey LC-UV [36] 
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Table 2. Continued 695 
 696 

Polymer Structure Preparation 
technique Analytes Matrix Analysis Ref. 

AA/EDMA AA 
 
 

Monolith 
(Chemical 
attachment) 

Soluble cations Milk IC-ECD [37] 

MASPE/DVB MASPE 
 
 
 
 
 

Monolith 
(Chemical 
attachment) 

Nitroimidazoles Honey LC-UV [38] 

VPD/DVB VPD 
 
 
 
 
 

Monolith  
(Physical 
attachment) 

PPCPs Environmental 
waters 

LC-MS/MS [39] 

MAA/DVB MAA 
 
 
 
 

Monolith  
(Physical 
attachment) 

PPCPs Environmental 
waters 

LC-MS/MS [40] 

PEGMA/PETRA PEGMA 
 
 
 
 

PETRA 
 
 
 
 
 

Monolith  
(Physical 
attachment) 

PPCPs Environmental 
waters 

LC-MS/MS [41] 

PPG/TMPE/MDI PPG 
 
 
 

 
 

 
TMPE 

 
 
 
 
 
 
 

MDI 
 

 

PU foams 
(Physical 
attachment) 

Triazine herbicides Water samples LC-UV [47] 
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Table 2. Continued. 697 
 698 

Polymer Structure Preparation 
technique Analytes Matrix Analysis Ref. 

PPESK PPESK 
 
 
 
 
 
 
 

Immersion 
precipitation 

Organochlorine 
compounds/OPPs 

Sea 
waters/Juices 

GC-
ECD/GC-
TSD 

[49] 

ACB: activated carbon; β-CD: β-cyclodextrin; CE-UV: capillary electrophoresis-ultraviolet detection; CNPrTEOS: cyanopropyltriethoxysilane; CW: carbowax; DVB: divinylbenzene; EDMA: 
ethylene dimethacrylate; GC-ECD: gas chromatography-electron capture detector; GC-FID: gas chromatography-flame ionisation detection; GC-FPD: gas chromatography-flame 
photometric detection; GC-MS: gas chromatography-mass spectrometry; GC-TSD: gas chromatography- thermionic specified detector; IC-ECD: ion chromatography-electrochemical 
detector; LC-MS/MS: liquid chromatography-tandem mass spectrometry; LC-UV: liquid chromatography-ultraviolet detection; LDTD-APCI-MS/MS: laser diode thermal desorption-
atmospheric pressure chemical ionization-tandem mass spectrometry; MAA: methacrylic acid; MASPE: methacrylic acid-3-sulphopropyl ester potassium salt; MBAA: N,N’-
methylenebisacrylamide; MDI: 4,4’-methylene bisphenyl diisocyanate; MTMS: methyltrimethoxysilane; OcMA: octyl methacrylate; PDMS: polydimethylsiloxane; PEGMA: 
poly(ethyleneglycol) methacrylate; PETRA: pentaerythritol triacrylate; PPESK: polyphatalazine ether sulfone ketone; PPG: glycerol propoxylate; PPY: polypyrrole; PTMS: 
phenyltrimethylsiloxane; PVA: poly(vinylalcohol); TMPE: trimethylolpropane ethoxylate; VI: vinylimidazole; VP: vinylpyridine; VPD: vinylpyrrolidone; VPH: vinylphthalimide;  
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Figure 1 709 
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(C) Monoliths 
(physical attachment)
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Direct injection of spiked sample

SBSE(VP/EDMA)

Standard solution

SBSE(VI/DVB)

SBSE(VPD/DVB)

SBSE(PDMS)

(A) RDSE (B) SRSE

Monolith cake

Holder

Iron wire
(C) SCSE (D) AµE

Bar adsorptive micro-
extraction (BAµE)

Multi-sphere adsorptive 
micro-extraction (MSAµE)


