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Abstract 12 

Background: Human serum is a clinically relevant yet analytically challenging matrix. Its 13 

high abundance of proteins interferes with the detection of low-concentration biomarkers 14 

and environmental contaminants, including bisphenol A (BPA), an endocrine disruptor 15 

monitored as a marker of human exposure. High-abundance proteins introduce matrix 16 

effects that can enhance, distort or suppress analytical signals, ultimately compromising 17 

assay performance. Aqueous biphasic systems (ABS) provide a promising pretreatment 18 

strategy to address these limitations by selectively depleting high-abundance proteins 19 

and generating a cleaner matrix that supports effective analyte recovery and improved 20 

detection sensitivity. 21 

Results: In this work, a dual-strategy ABS platform was introduced and shown to 22 

deliberately direct protein depletion via two complementary mechanisms: (i) interphase 23 

precipitation, where serum proteins aggregate at a solid interphase, and (ii) bottom 24 

phase retention, where proteins accumulate in the salt-rich bottom phase. By combining 25 

polypropylene glycol (PPG) with either cholinium or sodium salts, the salt composition 26 

tunes phase behavior, selectively depletes high-abundance proteins, and enhances BPA 27 

recovery. Sodium salts generally outperformed cholinium salts due to stronger hydration 28 

and salting-out effects. Between the two implemented strategies, systems promoting 29 

interphase precipitation achieved up to 94% protein depletion, while simultaneously 30 

driving BPA into the largely protein-depleted PPG-rich top phase, minimizing matrix bias 31 

and enabling more efficient detection. 32 

Significance: This work demonstrates, for the first time, that rational control of ABS 33 

composition can selectively switch between protein precipitation and liquid-liquid 34 

partition, establishing a versatile and tunable serum pretreatment platform. This 35 

approach enables efficient depletion of high-abundance proteins and sensitive recovery 36 

of BPA and potentially other low-concentration analytes. Supported by green and blue 37 

analytical chemistry metrics, it represents a significant advance in bioanalytical 38 

workflows and environmental exposure assessment, while offering a more sustainable 39 

alternative to conventional methods. 40 

 41 

Keywords: human serum, sample pretreatment, aqueous biphasic system, bisphenol A 42 

1. Introduction 43 

Human serum is a central matrix in clinical and bioanalytical studies, offering a 44 

diverse array of molecular indicators that reflect disease, exposure and physiological 45 
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status [1]. This molecular diversity, however, is embedded within a highly complex 46 

proteome, where protein concentrations span over ten orders of magnitude [1]. High-47 

abundance proteins, predominantly human serum albumin (HSA), immunoglobulins (IgG 48 

and IgA), haptoglobin, α1 antitrypsin, and transferrin, account for nearly 85% of the total 49 

serum protein content, thus shaping the behavior of the matrix [1]. As a result, low-50 

abundance analytes, including clinically and environmentally relevant markers, are 51 

susceptible to suppression or masking, reducing their detectability with conventional 52 

analytical methods [1]. 53 

Bisphenol A (BPA), an endocrine-disrupting chemical widely used in plastics and 54 

resins, represents one such low-abundance analyte [2]. Its pervasive use results in 55 

routine detection in human fluids, such as serum, plasma, and urine, where BPA serves 56 

as a marker of exposure [2]. This concern calls for effective monitoring to assess human 57 

exposure and associated health risks, including potential links to hormone-sensitive 58 

cancers [2]. A range of analytical techniques, including high-performance liquid 59 

chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), and 60 

enzyme-linked immunosorbent assays (ELISA), have been employed for BPA 61 

quantification [3]. However, because BPA typically occurs at trace concentrations 62 

(ng·mL-1 or pg·mL-1), high-abundance proteins and other matrix constituents can strongly 63 

interfere with its detection by introducing effects that compromise the integrity and 64 

reliability of the analytical signal [3]. Consequently, efficient pretreatment is essential to 65 

deplete/remove these proteins and reduce matrix bias, enabling reliable quantification 66 

[3]. 67 

Common pretreatment strategies to support BPA detection include protein 68 

precipitation (PP), solid-phase extraction (SPE) and liquid-liquid extraction (LLE) [4]. PP 69 

involves the denaturation and removal of proteins using organic solvents, polymers, 70 

salts, acids, bases, or heat, followed by centrifugation [4]. For instance, acetonitrile has 71 

been applied as a precipitating agent, improving BPA quantification in human plasma by 72 

liquid chromatography-tandem mass spectrometry (LC-MS/MS), with a reported limit of 73 

detection (LOD) of about 5 ng·mL-1 and a limit of quantification (LOQ) of 10 ng·mL-1 [5]. 74 

SPE enables the isolation and concentration of target analytes from complex samples 75 

through retention-elution or direct elution using a solid stationary phase, based on 76 

interactions such as ion exchange, polarity, or immunoaffinity [4]. For example, SPE has 77 

been successfully applied to urinary and peritoneal fluids, efficiently removing proteins 78 

and enabling accurate BPA quantification by GC-MS/MS, with LODs ranging from 0.015-79 

0.05 ng·mL-1 [6]. Finally, LLE separates compounds based on their differential solubility 80 

in two immiscible phases, typically aqueous and organic [4]. BPA quantification in serum 81 

by LC-MS/MS using acetonitrile as the organic phase achieved 100% recovery, with a 82 

LOD of 0.009 ng·mL-1 and a LOQ of 0.028 ng·mL-1 [7]. Despite their effectiveness, 83 

conventional methods often rely on multistep workflows and volatile or toxic solvents, 84 

limiting their overall simplicity, biocompatibility, and cost-effectiveness [4]. These 85 

constraints motivate the development of alternative pretreatment strategies that integrate 86 

efficiency, sustainability, and analytical performance. 87 

As versatile aqueous LLE platforms composed of polymers, salts, or other hydrophilic 88 

compounds such as amino acids, carbohydrates and ionic liquids, aqueous biphasic 89 

systems (ABS) fulfill these criteria. Their adjustable composition, combined with mild and 90 

biocompatible operating conditions, enables the selective separation of diagnostic and 91 

environmental markers, ultimately improving detection limits and simplifying analytical 92 

workflows [8]. In urine, ABS have been used for the extraction and concentration of 93 
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proteins, vitamins, drugs, and metals [9–12]. When applied to blood, these systems 94 

proved compatible with various analytical techniques such as chromatography, 95 

immunoassays and spectrophotometry [13–16]. In saliva, a particularly challenging 96 

matrix due to analyte dilution, ABS allowed the sensitive detection of phenolic endocrine 97 

disruptors, with extraction efficiencies approaching 100%, alongside substantial protein 98 

depletion via interfacial precipitation [17]. 99 

Depending on the phase-forming components and sample matrix, ABS can be tuned 100 

to operate through liquid-liquid distribution or interfacial precipitation, enabling distinct 101 

separation routes for proteins and small molecules [18]. By adjusting the composition 102 

and physicochemical environment, ABS can be directed toward protein solubilization or 103 

aggregation, thus providing versatile and controllable tools for biological sample 104 

pretreatment [19–21]. Although both mechanisms have been individually described 105 

[10,13], their systematic comparison and rational exploitation as complementary routes 106 

for protein depletion in ABS remain underexplored. Herein, the deliberate control of ABS 107 

composition is demonstrated to selectively induce either protein precipitation or liquid-108 

liquid distribution, establishing a dual-strategy platform for improved BPA analysis in 109 

human serum: (i) bottom phase retention, where high-abundance proteins (HSA and 110 

IgG) are removed through selective accumulation in a liquid phase, and (ii) interphase 111 

precipitation, where these proteins are efficiently depleted via solid-phase formation at 112 

the interphase. In both strategies, BPA is preferentially extracted into the top aqueous 113 

phase, ensuring compatibility with analytical detection and enabling accurate 114 

quantification in protein-rich conditions. ABS were tailored by combining polypropylene 115 

glycol (PPG) with either cholinium or sodium salts, where differences in hydration, ionic 116 

character and interaction with proteins define phase behavior and direct the system 117 

toward interphase precipitation or bottom phase retention. In addition, the analytical 118 

performance and sustainability of the proposed platform were systematically evaluated 119 

using green and blue analytical chemistry metrics. 120 

 121 

2. Materials and methods 122 

2.1. Chemicals, analytical standards, and biological samples  123 

 124 

Polypropylene glycol with an average molecular weight of 400 g·mol-1 (PPG 400; 125 

Sigma-Aldrich) was used to prepare ABS in combination with selected salts. Cholinium 126 

salts included cholinium dihydrogen phosphate ([Ch][DHP], purity = 98 wt%; Iolitec), 127 

cholinium acetate ([Ch][Ac], purity = 98 wt%; Iolitec), cholinium dihydrogencitrate 128 

([Ch][DHCit], purity = 99 wt%; Sigma-Aldrich), cholinium bitartrate ([Ch][Bit], purity = 97 129 

wt%; Acros Organics), cholinium chloride ([Ch]Cl, purity = 98 wt%; Acros Organics) and 130 

cholinium bromide ([Ch]Br, purity = 98 wt%; TCI). Sodium salts comprised sodium 131 

dihydrogen phosphate 1-hydrate (Na[DHP], purity = 99 wt%; PanReac AppliChem), 132 

sodium acetate (Na[Ac], purity = 100 wt%; Prolabo), sodium chloride (NaCl, purity = 99.5 133 

wt%; Fisher Scientific), and sodium bromide (NaBr, purity = 99 wt%; Sigma-Aldrich). 134 

Chemical structures of all compounds are presented in Figure 1. Phosphate-buffered 135 

saline (PBS) pellets were purchased from Sigma-Aldrich and used to prepare an 136 

aqueous solution yielding 0.01 M phosphate buffer, 0.0027 M potassium chloride (KCl) 137 

and 0.137 M sodium chloride (NaCl), with a pH 7.4 at 25 °C, according to the 138 

manufacturer’s instructions.  139 
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 140 
Figure 1. Chemical structures of ABS components, highlighting the polymer (PPG 400) and the 141 
two salt families. 142 
 143 

Human serum (H4522 – Lot # SLBX6353) was obtained from Sigma-Aldrich and 144 

stored at -20 °C until use. The mobile phase for Size-Exclusion High-Performance Liquid 145 

Chromatography (SE-HPLC) used in the quantification of IgG and HSA was prepared 146 

with doubled distilled water purified by a reverse osmosis system followed by a treatment 147 

with a Milli-Q plus 185 water purification system, as well as sodium dihydrogen 148 

phosphate 1-hydrate (NaH2PO4⋅H2O, purity = 99%), disodium hydrogen phosphate 7-149 

hydrate (Na2HPO4⋅7H2O, purity = 99%) and NaCl (purity = 99.5 %) from PanReac 150 

AppliChem. Calibration curves were established using lyophilized HSA (purity > 97 wt%; 151 

stored at 4 °C until use; Sigma-Aldrich) and purified human IgG (29.4 mg·mL-1; stored at 152 

-80 °C until use; Innovative Research, inc.). 153 

For BPA quantification, the HPLC mobile phase consisted of an aqueous solution of 154 

formic acid (purity = 99 wt%; Carlo Erba) and acetonitrile HPLC-grade (purity = 99.99 155 

wt%; Fisher Chemical). BPA standard (purity > 99 wt%) was obtained from Sigma-156 

Aldrich. 157 

 158 

2.2. ABS binodal curves 159 

 160 

Binodal curves of ABS composed of PPG 400 and [Ch]Br, Na[DHP], NaBr, NaCl or 161 

Na[Ac] were determined to identify mixture compositions within biphasic regions. These 162 

results were complemented with binodal curves previously reported for PPG 400 ABS 163 

containing [Ch][DHP], [Ch][Ac], [Ch][Bit], [Ch][DHCit], or [Ch]Cl [22]. 164 

Binodal curves were experimentally obtained using the cloud point titration method 165 

at atmospheric pressure and (25 ± 1) °C [22]. Aqueous stock solutions of PPG 400 (90 166 

wt%) and salt solutions (25-60 wt%) were prepared for this purpose. The titration 167 

consisted of gradually adding the salt solution dropwise to the PPG 400 solution under 168 

continuous stirring until turbidity indicated phase separation. Water was then added 169 

dropwise until the mixture became clear again, corresponding to a monophasic region. 170 

Repeating this procedure while weighing all added components enabled calculation of 171 

mixture compositions (wt%) used to construct binodal curves. 172 

 173 

2.3. HSA and IgG depletion 174 

 175 

Specific compositions within ABS biphasic regions were selected to evaluate the 176 

ability of different ABS to deplete IgG and HSA through either bottom phase retention or 177 
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interphase precipitation, as shown in Figure 2. For direct comparison, most systems were 178 

prepared with 30 wt% PPG 400, 30 wt% cholinium or sodium salt, 38 wt% PBS aqueous 179 

solution, and 2 wt% human serum. However, for ABS containing sodium salts with lower 180 

aqueous solubility (NaBr, Na[Ac], NaCl, Na[DHP]), the composition was adjusted to 30 181 

wt% PPG 400, 15 wt% sodium salt, 53 wt% PBS aqueous solution, and 2 wt% human 182 

serum. It should be noted that PBS solution was included as the aqueous component to 183 

complete 100 wt% of each ABS composition. Consequently, its content varies between 184 

38 and 53 wt%, depending on the specific polymer-salt pair. PBS aqueous solution also 185 

provides a consistent ionic background and physiologically relevant conditions, reducing 186 

uncontrolled effects on system behavior. 187 

All components except human serum were weighed and vortex-mixed until 188 

completely dissolved. Human serum was then added to reach a final ABS mass of 1.00 g, 189 

comprising 0.30 g of PPG 400, 0.02 g of human serum, and either 0.30 g or 0.15 g of 190 

salt combined with 0.38 g or 0.53 g of PBS aqueous solution, depending on the 191 

composition. The mixtures were centrifuged at 3500 rpm for 10 min, and phases were 192 

carefully separated using syringes. All ABS assays were performed in triplicate to allow 193 

reporting of mean values and standard deviations. In all cases, the top phase was 194 

enriched in PPG 400, whereas the bottom phase was enriched in the cholinium or 195 

sodium salt. When present, the solid interphase corresponded to the precipitated high-196 

abundance proteins. 197 

Each aqueous phase and the initial human serum samples were analyzed by SE-198 

HPLC using a Chromaster HPLC system (Hitachi) equipped with a Shodex Protein KW-199 

802.5 analytical column (8 mm × 300 mm) and a Shodex Protein KW-G 6B guard column. 200 

The mobile phase (50 mM of NaH2PO4⋅H2O/Na2HPO4⋅7H2O buffer and 0.3 M NaCl) was 201 

run isocratically at 0.5 mL·min-1 for 40 min. The injection volume was 25 μL, with protein 202 

detection at 280 nm using a diode-array detector (DAD). Column oven and autosampler 203 

temperatures were maintained at 25 °C and 10 °C, respectively. HSA and IgG 204 

concentrations in the top and bottom phases were quantified using calibration curves 205 

previously established in the range 0.01-1.0 mg·mL-1. The corresponding calibration 206 

curves, including the coefficient of determination (R2), limits of detection (LOD), limits of 207 

quantification (LOQ), and relative standard deviations (RSD, %), are shown in Figure S1 208 

in the Supplementary Material. The LOD was calculated from calibration curves analyzed 209 

in duplicate using the ratio between the standard error of the regression (sy/x) and the 210 

slope of the calibration curve, multiplied by a factor of 3.3. The LOQ was subsequently 211 

estimated as three times the corresponding LOD value. The RSD (%) was calculated as 212 

the ratio of the standard deviation to the mean of replicate measurements at each 213 

concentration, multiplied by 100, and is reported as a concentration-dependent interval. 214 

The direct isolation and analysis of the solid interphase were technically challenging 215 

with the type of systems here studied, increasing the risk of cross-contamination and 216 

analytical errors. Therefore, protein content at the interphase was calculated by mass 217 

balance from the measured protein amounts in the two liquid phases and the initial serum 218 

content. 219 

Because the two ABS depletion strategies rely on distinct separation mechanisms, 220 

i.e., protein precipitation at a solid interphase or protein retention in the bottom liquid 221 

phase, the efficiency of protein depletion was expressed uniformly as recovery yield 222 

(RYIgG/HSA%; Equation 1), defined as: 223 

 224 
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𝑅𝑌𝐼𝑔𝐺/𝐻𝑆𝐴% =
𝑚𝐼𝑔𝐺/𝐻𝑆𝐴
𝑇𝑜𝑝/𝐼𝑛𝑡𝑒𝑟/𝐵𝑜𝑡𝑡𝑜𝑚

𝑚𝐼𝑔𝐺/𝐻𝑆𝐴
𝑆𝑒𝑟𝑢𝑚 × 100                       (1) 225 

 226 

where 𝑚𝐼𝑔𝐺/𝐻𝑆𝐴
𝑇𝑜𝑝/𝐼𝑛𝑡𝑒𝑟/𝐵𝑜𝑡𝑡𝑜𝑚

 corresponds to the mass of IgG or HSA quantified in the 227 

respective phase (top, interphase or bottom), and 𝑚𝐼𝑔𝐺/𝐻𝑆𝐴
𝑆𝑒𝑟𝑢𝑚  is the initial mass of each 228 

protein in the commercial serum. This approach allows direct comparison of protein 229 

distribution across all phases, regardless of whether depletion occurs via interphase 230 

precipitation or bottom phase retention. 231 

 232 

2.4. BPA recovery and analytical performance 233 

 234 

ABS that exhibited the best performance in depleting high-abundance proteins were 235 

subsequently evaluated for their ability to extract BPA into the protein-depleted top 236 

phase. This phase contains markedly reduced levels of HSA and IgG due to their 237 

depletion either by interphase precipitation or by bottom phase retention (Figure 2). 238 

Spiked human serum was prepared by adding BPA to a final concentration of 0.3 mg·mL-239 
1, a value selected according to the sensitivity range of the HPLC-DAD. It should be 240 

noted that testing BPA levels higher than typical biological concentrations is useful, as it 241 

is representative of BPA partition in ABS, while allowing verification that the PPG-rich 242 

phase is not saturated. Spiked samples were further incorporated into ABS following the 243 

same preparation and phase-separation procedure used for protein depletion assays. 244 

Each top phase was analyzed by Reverse-Phase High-Performance Liquid 245 

Chromatography (RP-HPLC) using a Shimadzu HPLC system equipped with a Kinetex® 246 

C18 LC column (250 x 4.6 mm) and a DAD detector. The mobile phase, consisting of 247 

0.002% v/v formic acid in water (A) and acetonitrile (B) was delivered at 1 mL·min-1 for 248 

45 min under the following gradient: 0-3 min, 80% A / 20% B; 4-6 min, 65% A / 35% B; 249 

20-28 min, 45% A / 55% B; 33-45 min, 80% A / 20% B. The injection volume was 25 μL, 250 

the detection wavelength was set at 230 nm and the column oven was maintained at 30 251 

°C. BPA quantification was performed using a calibration curve constructed from 252 

standard solutions (0.01-1.0 mg·mL-1) prepared under the initial conditions of the 253 

gradient elution method, i.e., acetonitrile/water with 0.002% v/v formic acid (v/v, 20/80). 254 

The corresponding calibration curve, including the R2 (0.9994), LOD (0.049 mg·mL-1), 255 

LOQ (0.15 mg·mL-1) and RSD (0-4%), is shown in Figure S1 in the Supplementary 256 

Material. 257 

To assess potential matrix effects arising from the presence of PPG 400 during BPA 258 

quantification, a calibration curve was prepared in the PPG-rich top phase of the ABS 259 

composed of 30 wt% PPG 400, 30 wt% NaBr and 40 wt% PBS aqueous solution (cf. 260 

Figure S2 in the Supplementary Material). Comparison of the calibration curves yielded 261 

a slope ratio of 1.04, confirming negligible matrix interference across the working 262 

concentration range. 263 

To evaluate analytical performance, recovery yields of BPA (RYBPA%, Equation 2) 264 

were calculated as: 265 

 266 

𝑅𝑌𝐵𝑃𝐴% =
𝑚𝐵𝑃𝐴
𝑇𝑜𝑝

𝑚𝐵𝑃𝐴
𝑆𝑒𝑟𝑢𝑚 × 100                                                                                                 (2) 267 

 268 
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 7 

where 𝑚𝐵𝑃𝐴
𝑇𝑜𝑝

 is the mass of BPA in the top phase, and 𝑚𝐵𝑃𝐴
𝑆𝑒𝑟𝑢𝑚 is the initial mass added 269 

to the serum sample. 270 

 271 

 272 
Figure 2. Control of ABS composition to achieve either interphase precipitation or bottom phase 273 
retention of high-abundance proteins, enabling protein depletion in human serum and BPA 274 
recovery from spiked samples. 275 

 276 

3. Results and Discussion 277 

This work establishes an ABS-design framework for protein depletion in human 278 

serum, demonstrating a dual-strategy approach in which phase behavior is strategically 279 

manipulated to induce either liquid-liquid protein distribution or interfacial protein 280 

precipitation. These behaviors were explored to enhance analytical detection of low-281 

abundance analytes, here represented by BPA, by selectively removing high-abundance 282 

serum proteins that compromise sensitivity and accuracy. BPA was selected as a model 283 

analyte due to its health and environmental relevance, as well as the analytical 284 

challenges it poses in protein-rich matrices. The ABS pretreatment strategy, though 285 

developed for BPA, is anticipated to be applicable to other low-concentration analytes. 286 

To implement this design strategy, cholinium and sodium salts were systematically 287 

compared as phase-forming agents in combination with PPG 400. PPG 400 was 288 

selected due to its well-balanced physicochemical properties, namely its intermediate 289 

hydrophilic-hydrophobic character and high-water miscibility, which together promote 290 

efficient phase formation with both sodium and cholinium salts [22]. These features 291 

enable rapid phase separation and efficient mass transfer, which are particularly 292 

beneficial for analytical workflows [23]. Moreover, the combination of PPG 400 with 293 

different salts allows for deliberate tuning of ABS hydrophilicity, salting-out strength and 294 

molecular interactions. These parameters are critical for driving protein depletion toward 295 

either bottom phase retention or interphase precipitation: the two complementary serum 296 

pretreatment strategies identified in this work (Figure 2). Specifically, cholinium salts 297 

were chosen for their biocompatibility, tunable hydrophilicity, and capacity to tailor 298 

molecular interactions, while sodium salts were included as classical agents capable of 299 

promoting efficient phase separation through well-defined ion-water interactions [24,25]. 300 

For the present work, these compounds are referred to as “cholinium salts” to maintain 301 

consistency with the designation of sodium salts, while they are commonly featured in 302 

ionic liquids studies. Using salts systematically varied in both anion and cation type 303 

enabled a mechanistic evaluation of the contributions of each ionic component to phase 304 

behavior and sample pretreatment. By comparing systems in which either the anion or 305 

the cation was held constant, it became possible to separate anion-driven from cation-306 

driven effects, enabling a more rational design of phase formation and protein depletion 307 

strategies. 308 
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 309 

3.1. Controlling ABS phase separation via ionic selection 310 

 311 

With ABS-design rationale now delineated, the influence of ionic composition on ABS 312 

formation and the resulting binodal curves, which define the operational window for 313 

inducing protein depletion, was first examined. Cholinium salts shared a common cation, 314 

but incorporated different anions (viz. [Ch][DHP], [Ch][Ac], [Ch]Cl, [Ch][Bit], [Ch][DHCit], 315 

and [Ch]Br), whereas the sodium salts included matched anions (viz. Na[DHP], Na[Ac], 316 

NaBr, and NaCl) to enable direct comparison. With most systems containing cholinium 317 

salts previously reported [22], ABS containing [Ch]Br and sodium salts were 318 

experimentally characterized here to extend the understanding of ion specific effects. 319 

The corresponding binodal curves are presented in Figure 3, demarcating the boundary 320 

between monophasic and biphasic regions, with compositions above the curve forming 321 

two immiscible aqueous phases. The closer the curve is to the origin, the more efficient 322 

the ionic species in promoting phase separation, and the broader the compositional 323 

window available for designing protein depletion strategies. Numerical binodal data for 324 

the newly characterized systems are detailed in the Supplementary Material (Table S1). 325 

 326 

 327 
Figure 3. Binodal curves for ABS comprising PPG 400 with various (A) cholinium and (B) sodium 328 
salts, showing biphasic system compositions selected for protein depletion and BPA recovery 329 
studies. Data obtained experimentally or from literature [22]. 330 
 331 

Among cholinium salts (Figure 3A), ABS formation is strongly anion-dependent, 332 

with higher water-affinity anions more effectively excluding PPG 400 and promoting 333 

phase separation. This behavior, well-documented in previous studies [22], is 334 

exemplified by [Ch][DHP], followed by [Ch][Ac], [Ch]Cl, [Ch][Bit] and [Ch]Br. [DHP]- anion 335 

possessing the highest polar surface, accounts for [Ch][DHP]’s superior phase-336 

separation ability. Both [Ac]- and Cl- act as strong hydrogen bond acceptors, efficiently 337 

interacting with water and favoring phase separation in the presence of relatively 338 

hydrophobic polymers such as PPG 400 [22,26]. [Ch][Bit], derived from a dicarboxylic 339 

acid, contains additional hydroxyl groups and a longer alkyl chain compared to [Ac]-, 340 

which modulates water interactions and slightly reduces its ability to induce phase 341 

separation [22]. [Ch]Br, experimentally characterized in this work for the first time, 342 

exhibits lower water affinity than [Ch]Cl, resulting in reduced capacity to exclude PPG 343 
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400 and form ABS [22,26]. [Ch][DHCit], despite its high-water affinity, behaves as an 344 

outlier, likely due to self-aggregation events that impede homogeneous phase separation 345 

[22]. Overall, water-cholinium salt interactions dominate these systems, with additional 346 

contributions from cholinium salt-polymer interactions in specific cases. 347 

According to Figure 3B, sodium salts present an analogous anion-mediated 348 

profile, with ABS formation efficiency following the order Na[DHP] > Na[Ac] > NaCl > 349 

NaBr. In polymer-salt systems, phase separation is predominantly governed by the 350 

salting-out effect, whereby ion hydration promotes the exclusion of PPG 400 into a 351 

distinct aqueous phase [27–29]. Sodium salts generally form ABS more efficiently than 352 

cholinium salts, due to smaller cations, higher charge density, and stronger ionic 353 

interactions [30]. High-charge-density ions drive liquid-liquid demixing by displacing 354 

PPG, reducing its solubility and enhancing phase separation [31]. In contrast, cholinium-355 

salt ABS depend on a broader interplay among PPG 400, the salt, and water, with the 356 

cholinium cation forming additional interactions, especially hydrogen bonds, that may 357 

moderate phase separation compared with sodium salts [22] 358 

 359 

3.2. Tailoring protein depletion in human serum via ABS: interphase 360 

precipitation vs. bottom phase retention 361 

Supported by each ABS binodal curves, representative biphasic mixture 362 

compositions were selected to investigate HSA and IgG depletion from human serum. In 363 

Figure 3, biphasic system 1 (30 wt% PPG 400, 30 wt% cholinium or sodium salt, 38 wt% 364 

PBS aqueous solution, and 2 wt% human serum) represents the standard mixture used 365 

for most salts, enabling direct comparison. Biphasic system 2 (15 wt% NaBr, Na[Ac] or 366 

NaCl) was selected for salts with lower aqueous solubility to ensure stable two-phase 367 

formation while maintaining 30 wt% PPG 400 and 2 wt% serum, with the salt and PBS 368 

aqueous solution contents adjusted accordingly. These formulations allowed the 369 

assessment of protein depletion under consistent preparation conditions while 370 

accounting for the solubility limitations of each salt. 371 

Protein recovery yields in the phase of interest are shown in Figure 4 for PPG 400 372 

ABS tuned with cholinium or sodium salts, revealing the combined effects of ion 373 

hydration and specific interactions with the proteins. The results further highlight the two 374 

complementary depletion strategies: interphase precipitation, where high-abundance 375 

proteins aggregate at the interface between the phases, and bottom phase retention, 376 

where proteins preferentially accumulate in the salt-rich liquid phase. Representative 377 

photographs of both behaviors are provided in the Supplementary Material (Figure S3), 378 

and detailed numerical data for all systems, including recoveries in the other phases, are 379 

provided in Table S2. Depending on ionic composition and ABS formation capacity, 380 

these results demonstrate how ABS can be tailored to control serum fractionation and 381 

reduce matrix complexity. 382 
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 383 

 384 
Figure 4. Recovery yields of IgG (RYIgG, light bars) and HSA (RYHSA, dark bars) in the interphase 385 
(pink bars), and bottom phase (green bars) of ABS comprising 30 wt% PPG 400, 15-30 wt% 386 
cholinium or sodium salt, 53-38 wt% PBS aqueous solution and 2 wt% human serum. Green bars 387 
indicate bottom phase retention, pink bars denote interphase precipitation, and the left-side 388 
schematic illustrates the corresponding protein depletion strategy visually. Values are expressed 389 
as mean ± standard deviation (n = 3). 390 
 391 

Interphase precipitation was predominant in systems containing PPG 400 392 

combined with 30 wt% [Ch][DHP], [Ch][Bit], [Ch]Br, [Ch][DHCit], [Ch]Cl, and 15-30 wt% 393 

Na[DHP] or NaBr (Figure 4, pink bars). These systems readily form ABS, facilitating 394 

protein destabilization and aggregation at the interphase, with IgG depletion ranging from 395 

43% to 93% and HSA depletion from 13% to 94%. The high concentration and relative 396 

hydrophobicity of PPG in the top phase exclude water, destabilizing proteins and 397 

promoting aggregation [32]. The salts further enhance this effect by modulating protein 398 

hydration and solubility through ionic interactions and water-structuring forces [33]. This 399 

combined effect ultimately promotes protein precipitation at the interphase, with the 400 

salting-out effect particularly relevant for the sodium salts. Moreover, comparisons 401 

between cholinium and sodium salts with the same anion reveal protein-specific 402 

behaviors. In the Na[DHP]/[Ch][DHP] pair, the sodium salt showed higher efficiency in 403 

IgG depletion (77% vs. 43%), whereas the cholinium salt was more effective for HSA 404 

depletion (76% vs. 13%). For the NaBr/[Ch]Br pair, the sodium salt outperformed the 405 

cholinium salt in both IgG (93% vs. 80%) and HSA (94% vs. 70%) depletion. These 406 

differences arise from the higher charge density, smaller size, and stronger hydration of 407 
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Na+, promoting aggregation via salting-out, while cholinium cations form stabilizing 408 

interactions that maintain protein solubility [9,22,34,35]. Additionally, increasing the salt 409 

concentration enhances the salting-out effect, as observed for NaBr, where IgG and HSA 410 

depletion improved significantly at 30 wt% compared to 15 wt% [34]. Protein-specific 411 

interactions, including electrostatic forces and hydrophobic effects, also modulate 412 

retention and precipitation [34], as exemplified by the contrasting HSA response to 413 

Na[DHP] concentration (15 wt%: 82% vs. 30 wt%: 13%).  414 

 Bottom phase retention was observed in systems containing NaCl, Na[Ac], and 415 

[Ch][Ac] in combination with PPG 400 (Figure 4, green bars). In these systems, proteins 416 

accumulate in the salt-rich bottom phase due to strong hydrogen bond accepting ability 417 

of [Ac]- and Cl- anions, reducing protein solubility in the polymer-rich top phase [29,36]. 418 

Among these, the [Ch][Ac] system achieved depletion of 97% for IgG and 91% for HSA, 419 

revealing the strong hydrophilic interactions between the cholinium salt and water that 420 

enhance phase separation [36]. Sodium salts also demonstrated effective protein 421 

depletion, with Na[Ac] achieving 89% IgG and 100% HSA depletion, and NaCl achieving 422 

75% IgG and 100% HSA depletion, closely matching the performance of the [Ch][Ac] 423 

system. 424 

Of note, at 30 wt% Na[DHP], HSA mainly accumulates into the bottom phase, 425 

whereas IgG precipitates at the interphase (both behaviors are reflected in Figure 4, with 426 

bottom phase and interphase recoveries indicated by the green and pink bars, 427 

respectively). This observation demonstrates that adjusting ABS composition and the 428 

ionic component allows different proteins to undergo either interphase precipitation or 429 

bottom phase retention within the same system. Under these conditions, the larger size 430 

and multimeric structure of IgG likely render it more susceptible to salting-out and 431 

interphase precipitation, whereas the smaller size of HSA could favor its retention in 432 

solution [37]. This highlights the potential of ABS as a versatile platform that could be 433 

tailored to the characteristics of diverse biological matrices and molecular targets as well 434 

as to specific analytical requirements of the intended applications. 435 

 Overall, the observed protein depletion behaviors can be rationalized based on 436 

the specific ionic properties of each system. Interphase precipitation is driven by 437 

polymer-induced protein destabilization, amplified by ionic interactions and salting-out 438 

effects. In turn, bottom phase retention relies on ion hydration and reduced protein 439 

solubility in the polymer-rich phase. Protein depletion was most efficient in systems 440 

containing 30 wt% [Ch][DHCit], [Ch]Cl, [Ch]Br, or NaBr for interphase precipitation, and 441 

in systems containing 30 wt% of [Ch][Ac], 15 wt% Na[Ac], or 15 wt% NaCl for bottom 442 

phase retention. The best-performing systems were comparable for IgG removal 443 

between interphase precipitation (93% IgG and 94% HSA with 30 wt% NaBr) and bottom 444 

phase retention (97% IgG and 91% HSA with 30 wt% [Ch][Ac]), whereas bottom phase 445 

retention proved superior for HSA depletion, achieving complete removal with 15 wt% 446 

Na[Ac] or NaCl. The resulting protein-depleted matrices provide an ideal environment to 447 

evaluate the recovery and analytical performance in BPA analysis. 448 

 449 

3.3. Assessing BPA in protein-depleted ABS phases 450 

 451 

Following the targeted removal of high-abundance serum proteins, the most 452 

efficient ABS from each depletion strategy were evaluated for their ability to recover BPA. 453 

This approach enables assessment of analytical performance in a simplified, protein-454 

depleted matrix, minimizing interference from HSA and IgG and providing a clearer 455 
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insight into BPA recovery and detection accuracy. Figure 5 presents the recovery yields 456 

of BPA in the PPG-rich top phase for each system; detailed data is given in the 457 

Supplementary Material (Table S3). 458 

 459 

 460 

 461 
Figure 5. Recovery yield of BPA (RYBPA) in the top phase of ABS comprising 30 wt% PPG 400, 462 
15-30 wt% cholinium or sodium salt, 53-38 wt% PBS aqueous solution and 2 wt% human serum 463 
spiked with 0.3 mg·mL-1 of BPA. Green bars indicate bottom phase retention, pink bars denote 464 
interphase precipitation, and the left-side schematic illustrates the corresponding protein 465 
depletion strategy visually. Values are expressed as mean ± standard deviation (n = 3). 466 
 467 

In systems where proteins were predominantly removed via interphase 468 

precipitation, BPA was recovered in the top, polymer-rich phase. This preferential 469 

migration is facilitated by the hydrophobic characteristics of BPA (logarithm of the 470 

octanol-water partition coefficient, log Ko/w = 3.32), favoring its partition to the less polar, 471 

PPG-rich phase [38]. The effective precipitation of high-abundance proteins at the 472 

interphase further reduces potential interactions with BPA, creating a favorable migration 473 

environment for analyte enrichment. Among these systems, the recovery of BPA reached 474 

up to 86%, highlighting the synergy between protein depletion and analyte recovery. 475 

Among tested salts, the superior performance of NaBr can be attributed to its strong ionic 476 

strength [39], which promotes efficient salting-out. 477 

Conversely, in systems dominated by bottom phase retention, BPA recovery in 478 

the top phase was markedly lower (14-42%), irrespective of the salt. The retention of 479 

proteins in the bottom phase suggests a competitive migration environment that 480 

disfavors BPA migration toward the polymer-rich top phase. The association of BPA with 481 

the protein-rich bottom phase may be driven by hydrophobic effects or other non-482 

covalent forces, which stabilize its retention alongside the proteins [40]. These findings 483 

suggest that macromolecular composition and intermolecular interactions critically 484 

influence BPA behavior in ABS. 485 
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Remarkably, ABS protein depletion not only simplifies the serum matrix but also 486 

critically influences the subsequent recovery of BPA. The interphase precipitation 487 

strategy demonstrates superior efficiency, simultaneously enabling selective protein 488 

depletion (93% of IgG and 94% of HSA) and preferential BPA top phase recovery (86%) 489 

in a single step, with ABS composed of 30 wt% PPG 400 and 30 wt% NaBr. In RP-HPLC 490 

coupled with UV detection, high-abundance proteins can interfere with analyte signals, 491 

causing peak broadening, baseline noise, and co-elution [41], ultimately compromising 492 

quantification accuracy and sensitivity. Accordingly, the chromatographic profiles 493 

obtained after ABS pretreatment, together with the blank PPG 400 top phase 494 

chromatogram with no BPA, support the clean-up efficiency and confirm that the 495 

polymer-rich phase does not interfere with BPA determination (cf. Figure S4 in the 496 

Supplementary Material). By efficiently removing high-abundance proteins, ABS could 497 

reduce matrix interference, sharpen analyte peaks, and enhance detection reliability, 498 

representing a clear advantage over untreated serum samples. 499 

In addition to matrix clean-up, the possibility of analyte preconcentration 500 

contributes to the analytical versatility of the ABS platform. In this context, BPA 501 

concentration in the PPG-rich phase provides insight into its enrichment capability. To 502 

this aim, Table S4 in the Supplementary Material reports the masses of the ABS phases, 503 

measured BPA concentrations, and the calculated maximum enrichment (EFmax) and 504 

concentration (CF) factors for the interphase precipitation strategy, which provided the 505 

highest BPA recovery. In an initial assessment, EFmax, expressed as the ratio of total 506 

ABS mass to PPG-rich phase mass, ranged from 3.35 to 5.19, reflecting the theoretical 507 

concentration achievable from phase mass reduction. However, CF, the ratio of actual 508 

BPA concentration in the PPG-rich phase to the initial serum concentration, remained 509 

below 0.1, despite the high recovery yield (64-86%). This behavior reflects phase volume 510 

effects related to the PPG-rich phase relative to the amount of serum incorporated into 511 

the ABS. While the system could be technically adjusted for preconcentration, in its 512 

current form it primarily serves for matrix clean-up through protein depletion rather than 513 

analyte enrichment. 514 

Beyond methodological benefits, BPA recovery holds practical potential for a 515 

variety of applications. In environmental biomonitoring, trace BPA levels in human serum 516 

could be concentrated to detectable levels, assisting epidemiological studies and 517 

exposure assessments [42]. In clinical toxicology, where low-level BPA exposure may 518 

impact endocrine function, reliable quantification could be achieved even in complex 519 

matrices, facilitating patient monitoring [43]. In this context, future efforts could explore 520 

the application of this approach to real human serum samples, further reinforcing its 521 

translational potential. Finally, ABS could also be applied in food safety and 522 

pharmacokinetic studies, where the accurate measurement of trace BPA in diverse types 523 

of biological samples is required [44]. Such versatility enables more sensitive and reliable 524 

monitoring of BPA exposure across protein-rich matrices and varied real-world 525 

scenarios, with clear implications for human health and environmental safety. 526 

 527 

3.4. Sustainability assessment of the ABS-HPLC-DAD method for BPA 528 

monitoring 529 

 530 

To evaluate the environmental sustainability of the proposed ABS-HPLC-DAD 531 

method for human serum pretreatment and BPA recovery, complementary green and 532 

Jo
urn

al 
Pre-

pro
of



 14 

blue metrics were applied. The Analytical GREEnness Metric (AGREE) [45] and 533 

AGREEprep [46] were used to assess the greenness of the overall analytical procedure 534 

and the sample preparation step, respectively, based on the principles of “Green 535 

Analytical Chemistry” and “Green Sample Preparation”. Both metrics are presented as 536 

color-coded circular diagrams, where each segment represents a criterion and is colored 537 

from green (most sustainable) to red (least sustainable), with a central numerical score 538 

ranging from 0 to 1. A more detailed evaluation of sample pretreatment sustainability 539 

was assisted by the Sample Preparation Metric of Sustainability (SPMS), considering 540 

key parameters related to reagent consumption, procedural complexity, energy demand, 541 

and waste generation [47]. SPMS results are displayed as a clock-style diagram with 542 

color-coded squares and a central numeric score from 0 to 10, allowing rapid visual 543 

assessment of performance. Method applicability and practicality were further assessed 544 

using the Blue Applicability Grade Index (BAGI), which evaluates attributes associated 545 

with throughput, instrumentation, automation, and operational simplicity [48]. BAGI 546 

results are shown as an asteroid pictogram with a central score, enabling straightforward 547 

comparison of method practicality. The results of the applied metrics are compiled in 548 

Figure 6. 549 

 550 
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 551 
Figure 6. Evaluation of the proposed ABS-HPLC-DAD method by green and blue analytical 552 
metrics: (A) AGREE, (B) AGREEprep, (C) SPMS and (D) BAGI. 553 

 554 

According to AGREE (Figure 6A), the proposed method achieved a global score 555 

of 0.51, indicating a moderate overall greenness. Favorable scores were obtained for 556 

criteria related to integration (protein depletion and BPA extraction in a single ABS step), 557 

avoidance of derivatization and the use of a miniaturized sample preparation system (1 558 

g total mass) and minimal sample amount (~0.02 g). Additional positive contributions 559 

arise from operation at room temperature, and the partial use of safe, low-toxicity 560 

reagents (PPG 400 and cholinium or sodium salts). In contrast, lower scores were 561 

assigned to criteria related to direct analysis and in situ measurement, highlighting the 562 

need for off-line sample pretreatment, as well as to analytical waste generation and 563 

reagent toxicity, mainly resulting from the chromatographic analysis step, which requires 564 

extended HPLC run times and the use of acetonitrile.  565 

The AGREEprep evaluation (Figure 6B) yielded an overall score of 0.68 for the 566 

ABS pretreatment step. High scores were observed for the use of safer, non-volatile 567 

aqueous solutions of PPG and salts, minimal serum consumption (~0.02 g per ABS), 568 

process integration (simultaneous protein depletion and BPA extraction), and operator 569 
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safety. Intermediate scores were assigned to sample throughput and energy 570 

consumption, reflecting single-sample processing and the centrifugation step, while 571 

waste minimization received a moderate score due to aqueous/polymer streams. The 572 

post-preparation chromatographic analysis contributed to a lower score, consistent with 573 

the inherent energy and resource demands of HPLC. 574 

To further refine the evaluation of the sample preparation step, the SPMS was 575 

applied (Figure 6C), yielding a score of 6.63. High performance was associated with low 576 

sample and extractant volumes, a limited number of steps, room-temperature operation, 577 

and the absence of derivatization. However, SPMS penalizes the lack of extractant 578 

reusability, centrifugation-based separation, and limited throughput, preventing the 579 

method from achieving higher scores. Finally, the practical applicability assessed by 580 

BAGI (Figure 6D) resulted in a score of 75. Strengths include standard instrumentation, 581 

commercially available reagents, and straightforward operations, while lower scores 582 

arise from the ABS pretreatment involving centrifugation, manual handling, and limited 583 

automation, which constrain throughput. 584 

Overall, the ABS-HPLC-DAD method achieves a balanced performance, 585 

combining moderate-to-good greenness, efficient and integrated sample preparation, 586 

and practical applicability, while highlighting areas for further optimization such as 587 

throughput, extractant reusability, and automation. 588 

 589 

3.5. Benchmarking the ABS-HPLC-DAD method against reported BPA analysis 590 

approaches 591 

 592 

To contextualize the performance of the proposed ABS-HPLC-DAD method, its 593 

analytical performance and sustainability aspects were compared with reported methods 594 

for BPA quantification in biological samples. Comparison criteria are provided in Table 595 

S5 in the Supplementary Material, including sample pretreatment strategies, analytical 596 

techniques, extraction times, and limits of detection [5–7,49,50]. The corresponding 597 

AGREE, AGREEprep, SPMS, and BAGI scores are summarized in Figure S5 in the 598 

Supplementary Material. 599 

Conventional sample pretreatment strategies for BPA extraction, such as PP, 600 

SPE, and LLE using volatile organic solvents, have been widely reported. Examples 601 

include acetonitrile-induced PP in human plasma with an LOD of 5 ng·mL-1 [5], SPE 602 

followed by GC-MS/MS achieving LODs as low as 0.05 ng·mL-1 in urine [6], and 603 

acetonitrile-based LLE coupled to LC-MS/MS providing an LOD of 0.009 ng·mL-1 in 604 

human serum [7]. While these approaches deliver excellent analytical sensitivity, their 605 

sustainability is limited by multistep workflows, extensive use of volatile organic solvents, 606 

derivatization, increased waste generation and energy-intensive procedures, such as 607 

centrifugation, evaporation, and filtration, as indicated by AGREE and AGREEprep 608 

scores (Figure S5 in the Supplementary Material). These factors are also reflected in 609 

lower SPMS values and only moderate BAGI scores, indicating reduced green 610 

credentials and limited applicability for high-throughput or routine analysis. 611 

More recent approaches based on ABS composed of ionic liquids (IL-ABS) [49] 612 

and LLE comprising hydrophobic eutectic solvents (HES) [50] represent advances 613 

toward greener sample pretreatment. IL-ABS applied to urine samples allowed BPA 614 

extraction with UV-Vis detection, but prolonged equilibration times (up to 720 min) 615 

restricted sample throughput and reduced AGREEprep and SPMS scores [49]. HES-616 

based pretreatment of whole blood, coupled to LC-MS/MS, decreased volatile organic 617 
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solvent use and shortened preparation to ~30 min [49]. Despite improved solvent 618 

sustainability, reliance on sonication, centrifugation and energy-intensive LC-MS/MS 619 

instrumentation limits overall practicality and negatively impacted AGREE and BAGI 620 

scores. 621 

Remarkably, the proposed ABS-HPLC-DAD method achieves intermediate-to-622 

high scores across AGREE (0.51), AGREEprep (0.68), SPMS (6.63), and BAGI (75), 623 

reflecting a deliberate compromise between analytical sensitivity, environmental 624 

sustainability, and operational practicality. However, the reported LOD of 49000 ng·mL-625 
1 is higher than those obtained by MS-based methods [5–7], which is expected due to 626 

the use of DAD instead of MS/MS. Even so, the method avoids derivatization, reduces 627 

solvent toxicity, minimizes energy consumption, and relies on widely available HPLC 628 

equipment, enhancing accessibility for routine analysis. Compared with conventional 629 

pretreatment strategies, ABS offer a favorable balance of features: cost-effectiveness, 630 

small reagent volumes, energy efficiency (no repeated centrifugation or evaporation), 631 

eco-friendliness (aqueous phases instead of volatile solvents), and analytical 632 

performance, combining efficient protein depletion with BPA recovery in a single step (up 633 

to 86%). While previously reported methods may excel in analytical sensitivity, the ABS 634 

strategy provides a holistic improvement across key “Green Sample Preparation” 635 

metrics, highlighting its potential for sustainable analytical workflows [51]. 636 

 637 

4. Conclusions 638 

 639 
 This work establishes a dual-strategy ABS serum pretreatment platform, 640 

exploiting cholinium and sodium salts with PPG 400 to selectively deplete high-641 

abundance proteins. Two complementary strategies were identified using ABS, with the 642 

choice of salt determining which approach is implemented: interphase precipitation, in 643 

which proteins aggregate at the interphase, and bottom phase retention, where proteins 644 

accumulate in the salt-rich bottom phase. Following protein depletion, the PPG-rich top 645 

phase served as the primary medium for BPA recovery and accurate detection, 646 

benefiting from reduced protein interference. 647 

Protein depletion was strongly dependent on ABS ionic composition. Interphase 648 

precipitation, driven by polymer-induced protein destabilization and enhanced by ionic 649 

interactions and salting-out effects, achieved up to 94% depletion of IgG and HSA in 650 

systems containing [Ch][DHCit], [Ch]Cl, [Ch]Br, or NaBr. Bottom phase retention, relying 651 

on ion hydration and the reduced solubility of proteins in the polymer-rich phase, reached 652 

97% IgG and 100% HSA depletion in systems with [Ch][Ac], Na[Ac], or NaCl. These 653 

optimized systems yielded a simplified, protein-depleted matrix, allowing assessment of 654 

BPA recovery and analytical performance, which were markedly influenced by the 655 

protein depletion strategy. The interphase precipitation strategy clearly excelled, as the 656 

effective depletion of high-abundance proteins from the bulk phases (93% of IgG and 657 

94% of HSA) allowed BPA to be predominantly recovered into the PPG-rich top phase, 658 

with minimal losses (86% recovery).  659 

The environmental sustainability and practical applicability of the proposed ABS-660 

HPLC platform were critically assessed using complementary green and blue analytical 661 

metrics. The intermediate-to-high scores obtained confirm that the method achieves a 662 

balanced compromise between analytical performance, environmental sustainability, 663 

and operational feasibility, outperforming previously reported approaches. 664 
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By exploring mechanistically distinct protein depletion routes in ABS, this work 665 

demonstrates how ionic composition and phase design can be tailored to control protein 666 

distribution, minimize matrix interferences, and maximize analyte recovery. This dual-667 

strategy platform provides an adaptable and streamlined framework for serum 668 

pretreatment and the selective enrichment of exposure markers and potentially other 669 

biomarkers. Ultimately, it offers a sustainable and efficient route to improve analytical 670 

accuracy in exposure assessment and environmental monitoring, while also holding 671 

relevance for broader bioanalytical applications, including clinical analysis. 672 
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Highlights 

• Polypropylene glycol with cholinium or sodium salts forms ABS for serum 

protein depletion. 

• Salt selection tunes ABS phase behavior, protein partition, and BPA recovery. 

• Protein depletion is achieved via interphase precipitation or bottom phase 

retention. 

• Interphase precipitation delivers optimal protein depletion and BPA recovery. 

• ABS enables accurate detection for exposure and bioanalytical applications. 
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