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Abstract 

The detection of protein biomarkers in human serum using more sustainable analytical 

strategies remains constrained by the predominance of high-abundance proteins, 

particularly human serum albumin (HSA) and immunoglobulin G (IgG), which limits 

access to low-abundance targets. To address these limitations, aqueous biphasic 

systems (ABS) comprising glycine-betaine analogue ionic liquids (AGB-ILs) are 

introduced as a green sample preparation strategy for the selective depletion of high-

abundance serum proteins. After synthesizing and characterizing AGB-ILs, including 

their thermal properties and ecotoxicity, these were combined with a citrate buffer and 

screened for ABS formation. HSA and IgG were efficiently depleted in a single step via 

interfacial precipitation, allowing the detection of previously suppressed analytes such 

as transferrin using size-exclusion high-performance liquid chromatography with UV 

detection (SE-HPLC-UV). This demonstrates that effective sample pretreatment can 

enable the use of simpler analytical techniques compared to immunoassay- and mass 

spectrometry-based approaches. The sustainability profile of the proposed approach 

was evaluated using the AGREE (Analytical GREEnness), AGREEprep (Analytical 

GREEnness for sample PREParation), and BAGI (BioAnalytical Greenness Index) metrics, 

confirming low toxicity, reduced reagent consumption, and potential for improved 

workflow integration. Ultimately, this work extends the applicability of IL-based ABS for 

protein depletion, establishing bio-inspired ILs as promising tools for green bioanalytical 

workflows. 

 

Keywords: Ionic liquid; Aqueous biphasic system; Sample pretreatment; Protein 

depletion; Biomarker  
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1. Introduction 

The advancement of biomedicine plays a crucial role in monitoring, diagnosing, and 

managing diseases, with technological progress in proteomics and genomics improving 

modern healthcare [1]. The detection of gene and protein biomarkers in human fluids 

provides valuable insights into health conditions [1]. However, compared with 

genomics, proteomics faces challenges due to the complexity and dynamic nature of 

human fluids, particularly in detecting protein biomarkers [2,3]. Plasma and serum, the 

preferred fluids for bioanalysis, contain a highly intricate proteomic profile dominated 

by high-abundance proteins like human serum albumin (HSA) and immunoglobulin G 

(IgG), which together constitute over 75% of the total protein content [4–6]. These 

species interfere with the detection of target proteins present at lower concentrations, 

affecting analytical techniques such as immunoassays and mass spectrometry. 

Additionally, the inherent lability of protein biomarkers increases the risk of 

denaturation and degradation, further compromising detection accuracy and 

reproducibility [7,8]. Overcoming these limitations often demands highly specialized 

techniques that are time-intensive, costly, and require expert handling [7,8]. 

Consequently, effective sample pretreatment, encompassing depletion, fractionation, 

and enrichment strategies, is essential to ensure reliable bioanalysis [9]. 

This work focuses on the depletion stage of sample pretreatment, which involves 

removing high-abundance proteins to enhance the detection and identification of target 

analytes. Solid-phase extraction using dyes, proteins, and immunoaffinity ligands has 

been widely employed and is commercially available in user-friendly kit formats [9]. 

However, these methods are often limited by non-specific binding and an inability to 

distinguish isoforms, resulting in modest efficiency, yield, and selectivity [9]. 

Furthermore, their high cost and limited sample loading capacity hinder broader 

application and compromise their sustainability [9]. Protein precipitation using 

polymers, salts, and organic solvents is a simpler depletion strategy, but it often results 

in the loss of target analytes [10]. 

The drawbacks associated with these standard approaches can be addressed by 

employing aqueous biphasic systems (ABS), or aqueous two-phase systems (ATPS) [11]. 

ABS are liquid-liquid extraction techniques that typically eliminate the need for volatile 
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organic solvents in their formation. Instead, they rely on mixing two components 

(usually two polymers or a polymer and a salt) in water above specific concentrations 

[12]. ABS stand out from other liquid-liquid extraction methods because of their water-

rich environment and highly tunable formulations [12]. As a result, they provide 

adequate conditions for extracting biomarkers from biological fluids, such as proteins 

[13–16] and extracellular vesicles [17–19]. However, polymeric ABS are limited by phase 

viscosity, polarity range, and poor selectivity, which hinder the complete isolation of 

target analytes in a single step [17,19]. Accordingly, additional purification steps and the 

use of specialized equipment may be required, presenting significant obstacles to the 

widespread adoption of polymeric systems in clinical laboratory analysis [18]. 

Ionic liquids (ILs), with their customizable solvent properties, have emerged as 

valuable components in ABS, offering enhanced performance in biological sample 

processing, particularly in single-step configurations [20]. The extensive variety of 

cation-anion combinations and phase-forming component pairs in IL-based ABS 

provides a flexible platform for optimizing protein depletion and improving analyte 

recovery in sample pretreatment applications [21]. With the growing interest in bio-

inspired ILs, such as those derived from choline and amino acids, these systems have 

become more closely aligned with Green Analytical Chemistry principles, contributing 

to a reduced environmental impact in bioanalytical processes [22–25]. Additionally, ABS 

formed with bio-inspired ILs tend to provide gentler conditions, preserving the integrity 

of sensitive biomolecules, such as proteins, while ensuring efficient and selective 

extraction of target analytes and minimizing degradation risks [26]. 

Among bio-inspired alternatives, ILs with glycine-betaine-type cationic cores – 

hereafter referred to as glycine-betaine analogue ILs (AGB-ILs) – also serve as viable 

phase-forming components of ABS [27,28]. From a Green Sample Preparation 

perspective [24], AGB-ILs benefit from their structural resemblance to naturally 

occurring amino acid derivatives (aligning with principle 2 – Use safer solvents and 

reagents – and principle 10 of Green Sample Preparation – Ensure safe procedures for 

the operator) [27–30]. Furthermore, AGB-ILs confer higher cost-effectiveness and 

performance in ABS formation, particularly when compared to their imidazolium-based 

congeners, as they require lower amounts of phase-forming components (adhering to 

principle 5 of Green Sample Preparation – Minimize sample, chemical and material 
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amounts) [27]. The relatively higher hydrophobicity of AGB-ILs while remaining water-

miscible may favor interfacial depletion of interfering biological molecules, facilitating 

potential integration of depletion, fractionation, and enrichment stages of sample 

pretreatment in a single step (in line with principle 7 of Green Sample Preparation – 

Integrate steps and promote automation) [21,27,30]. 

Supported by the properties of IL-based ABS, further enhanced by bio-inspired ILs, 

this work reports the depletion of high-abundance proteins from human serum, leading 

to the detection of previously undetected proteins. Instead of relying on imidazolium-, 

ammonium-, or phosphonium-based ILs used previously [21], AGB-ILs are considered 

here to better align with Green Sample Preparation principles [24]. Although the use of 

AGB-ILs as phase-forming components is an incremental advance in IL-based sample 

pretreatment [21], the main contribution of this work lies in the analytical strategy 

driven by ABS-mediated depletion. This strategy is based on the use of size exclusion 

high-performance liquid chromatography coupled with UV detection (SE-HPLC-UV) for 

bioanalysis, where target proteins would otherwise remain masked by high-abundance 

serum components. In this context, the proposed pretreatment strategy enables the use 

of simpler analytical techniques, minimizing reliance on conventional immunoassays or 

mass spectrometry for serum protein detection. By the informed design of AGB-ILs, 

which is accomplished here through their synthesis, physicochemical characterization, 

toxicity assessment, and ABS ternary phase diagrams determination in the presence of 

a salt buffer, the depletion of high-abundance proteins HSA and IgG is projected at the 

ABS interphase through precipitation. Following depletion, the detection of transferrin 

in the AGB-IL-rich phase is revealed, confirming the potential of the proposed analytical 

workflow. To assess the sustainability and operational performance of the proposed 

method, complementary metrics – AGREE (Analytical GREEnness [31]), AGREEprep 

(Analytical GREEnness for sample PREParation [32]), and BAGI (BioAnalytical Greenness 

Index [33]) – were applied to evaluate reagent safety, waste generation, energy use, and 

analytical accessibility, in line with Green and White Analytical Chemistry [34,35]. 
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2. Materials and Methods 

2.1. Materials 

For the synthesis of AGB-ILs, all tertiary amines (N-methylpyrrolidine, purity ≥ 97 

wt%, CAS 120-94-5; triethylamine, purity ≥ 99 wt%, CAS 121-44-8; tripropylamine, purity 

≥ 98 wt%, CAS 102-69-2; tributylamine, purity ≥ 98 wt%, CAS 102-82-9), ethyl acetate 

(purity ≥ 99.5 wt%, CAS 141-78-6), ethyl ether (purity ≥ 99.0 wt%, CAS 60-29-7), 4-

bromobutyrate acid ethyl ester (purity ≥ 97 wt%, CAS 2969-81-5) and bromoacetic acid 

ethyl ester (purity = 98 wt%, CAS 105-36-2) were acquired from Sigma-Aldrich. Silver 

saccharinate (CAS 2673-17-8), silver lactate (CAS 15768-18-0), silver pyruvate (CAS 

62163-16-0), silver dicyanamide (CAS 51342-29-1) and silver salicylate (CAS 528-93-8) 

were prepared from mixtures (mole ratio of 1:1.1) of silver nitrate (AgNO3, purity ≥ 99.0 

wt%, CAS 7761-88-8) and the respective sodium salt, all from Sigma-Aldrich: sodium 

saccharinate (purity ≥ 97 wt%, CAS 128-44-9), sodium lactate (purity ≥ 99.0 wt%, CAS 

72-17-3), sodium pyruvate (purity ≥ 99 wt%, CAS 113-24-6), sodium dicyanamide (purity 

≥ 97.0 wt%, CAS 1934-75-4) and sodium salicylate (purity ≥ 99.5 wt%, CAS 54-21-7). The 

buffer used in ABS preparation was made of potassium citrate (K3C6H5O7·H2O, purity ≥ 

99 wt%, CAS 6100-05-6) from Sigma-Aldrich, and citric acid (C6H8O7·H2O, purity = 100 

wt%, CAS 5949-29-1) from Fisher Scientific. 

Pure IgG (purity ≥ 95 wt%, CAS 9007-84-5) and human transferrin (purity ≥ 98 

wt%, CAS 11096-37-0) were both acquired from Sigma-Aldrich, while HSA (purity = 96 

wt%, CAS 70024-90-7) was purchased from Alfa Aesar. Human serum was acquired at 

Sigma-Aldrich as a pooled sample from multiple donors, providing an average 

composition representative of a typical human serum matrix. This sample allows a 

reliable proof-of-concept evaluation of the ABS-mediated depletion workflow for 

bioanalytical applications. 

The mobile phase used in HPLC analysis was composed of sodium phosphate 

dibasic heptahydrate (Na2HPO4·7H2O, purity = 98−102 wt%, CAS 7782-85-6), sodium 

phosphate monobasic (NaH2PO4, purity = 99−100.5 wt%, CAS 7558-80-7), and sodium 

chloride (NaCl, purity = 99.5 wt%, CAS 7647-14-5), all acquired from Panreac AppliChem. 

SDS-PAGE molecular weight standards, namely marker molecular weight full-range were 
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acquired at VWR. Ultra-pure water (CAS 7732-18-5) which was double distilled and then 

treated with a Milli-Q plus 185 water purification apparatus was used for the SE-HPLC 

analysis. The Human Transferrin Enzyme Linked Immunosorbent Assay (ELISA) kit 

(ab187391) was from Abcam. 

 

2.2. Synthesis and characterization of AGB-ILs 

The synthetic pathway for AGB-ILs (cf. Figure S1, Supplementary Material) starts 

via the reaction of corresponding tertiary amine and ethyl bromo-n-alkanoate to obtain 

Br-based AGB-ILs, as previously reported [27,36]. Subsequently, metathesis of Br-based 

AGB-ILs was performed to obtain the newly synthesized AGB-ILs investigated in this 

work. Detailed information on the synthesis of each specific AGB-IL can be found in the 

Supplementary Material. Figure 1 shows the chemical structures of all AGB-ILs used in 

this work. 

 

Figure 1. Chemical structures of AGB-ILs constituting ions: (i) [MepyrNC4]+, (ii) [Et3NC4]+, 
(iii) [Pr3NC4]+,(iv) [Pr3NC2]+, (v) [Bu3NC4]+, (vi) Br-, (vii) [Sac]-, (viii) [Lac]-, (ix) [Pyr] -, (x) 
[Dca]- and (xi) [Sal]-. 

Characterization of AGB-ILs was performed after vacuum-drying them to a final 

water content below 0.06 wt%, quantified by Karl Fischer coulometry (Metrohm 787 KF 

Titrino) with Hydranal 34805 and Hydranal 37817 (Fluka) as titrant. Elemental analyses 
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(C, H, N and S contents) of all synthesized ILs were carried on a PerkinElmer 2400 C, H, 

N and S element analyzer. 1H and 13C Nuclear magnetic resonance (NMR) were recorded 

at room temperature with a Bruker AC 30 spectrometer (250 MHz for 1H, 62.5 MHz for 

13C) using DMSO‑d6 as solvent. The melting points and decomposition temperatures of 

the AGB-ILs were determined by thermal analysis using a thermogravimetric analyzer 

with differential scanning calorimetry capability (Mettler Toledo TGA/DSC 1 LF). The 

instrument was calibrated with indium (purity ≥ 99.99 wt%, CAS 7440-74-6) as the 

standard, and all measurements were analyzed using STAR software. The samples were 

prepared in the aluminum pans and heated from 303.15 to 873.15 K, with a heating rate 

of 5 K·min-1 and under nitrogen gas flow of 40 mL·min-1. The standard uncertainty of 

temperature is 0.2 K.  

The toxicity of AGB-ILs was assessed using the Standard Microtox® liquid-phase 

bioassay [37]. Microtox® is based on the bioluminescence inhibition of Aliivibrio fischeri 

(A. fischeri) (strain NRRL B- 11177) after exposure to AGB-ILs solutions at 15 °C. The 

standard 81.9 % test protocol was followed, where A. fischeri is exposed to a range of 

diluted aqueous solutions of each AGB-IL (i.e., from 0 to 81.9 wt%, taking 100% as the 

concentration of AGB-IL stock solutions prepared). After 5, 15, and 30 min of exposure 

to each aqueous solution, the bioluminescence emission of A. fischeri was measured and 

related to that of a blank control. The data were fitted using non-linear regression by 

the least-squares method, allowing EC50 values to be determined at 5, 15, and 30 

minutes of exposure. EC50 (Median Effective Concentration) refers to the estimated 

concentration required to induce a 50 % inhibition of bioluminescence, calculated with 

a 95 % confidence interval. 

2.3. Determination of AGB-IL-based ABS ternary phase diagrams 

Aqueous solutions of each AGB-IL at circa 90 wt% and aqueous solutions of the 

K3C6H5O7/C6H8O7 mixture (as a buffer solution at pH ≈ 7, mole ratio of ≈ 15:1, discounting 

the complexed water in both K3C6H5O7·H2O and C6H8O7·H2O) at ≈ 50 wt% were used for 

the determination of binodal curves by the well-established cloud point titration 

method at 25 °C and under atmospheric pressure [27]. Alternate drop-wise addition of 

K3C6H5O7/C6H8O7 aqueous solution and of pure water to the AGB-IL aqueous solution 

was repeatedly carried under constant stirring. This procedure allows the consecutive 
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attainment of the biphasic region (turbid solution) and the monophasic region 

(translucent solution), respectively. Each drop addition step is followed by weight 

quantification (±10-4 g) of all components in solution, so that ternary systems 

compositions are determined. 

Experimental data of ABS binodal curves were fitted using Equation 1, initially 

proposed by Merchuk et al. [38]: 

[𝐴𝐺𝐵‑ 𝐼𝐿] = 𝐴𝑒𝑥𝑝[(𝐵[𝑠𝑎𝑙𝑡]0.5) − (𝐶[𝑠𝑎𝑙𝑡]3)]      (1) 

where [𝐴𝐺𝐵‑ 𝐼𝐿] and [𝑠𝑎𝑙𝑡] are AGB-IL and salt weight fraction percentages, 

respectively, and 𝐴, 𝐵, and 𝐶 are fitting constants. 

To fully characterize ABS phase diagrams, tie-lines (TLs) were determined by a 

gravimetric method originally proposed by Merchuk et al. [38], which has been widely 

employed and validated in the context of IL-salt-based ABS [39]. Two biphasic mixture 

points per ternary phase diagram were prepared, vigorously stirred, centrifuged for 10 

min and allowed to reach equilibrium by the separation of the phases for at least 10 min 

at 25 °C. After separation, both top and bottom phases were weighed. For all systems, 

the top phase corresponds to an AGB-IL-rich phase, whereas the bottom phase is mainly 

constituted by K3C6H5O7/C6H8O7. Each individual TL was determined by the lever-arm 

rule, where the relationship between the top AGB-IL-rich phase and the overall system 

weight is applied. The determination of TLs was accomplished by solving the following 

system of four equations (Equations 2 to 5) and four unknown 

variables ([𝐴𝐺𝐵‑ 𝐼𝐿]𝐴𝐺𝐵‑𝐼𝐿, [𝐴𝐺𝐵‑ 𝐼𝐿]𝑠𝑎𝑙𝑡, [𝑠𝑎𝑙𝑡]𝐴𝐺𝐵‑𝐼𝐿 and [𝑠𝑎𝑙𝑡]𝑠𝑎𝑙𝑡): 

[𝐴𝐺𝐵‑ 𝐼𝐿]𝑠𝑎𝑙𝑡 = 𝐴𝑒𝑥𝑝[(𝐵[𝑠𝑎𝑙𝑡]𝐴𝐺𝐵‑𝐼𝐿
0.5 ) − (𝐶[𝑠𝑎𝑙𝑡]𝐴𝐺𝐵‑𝐼𝐿

3 )]    (2) 

[𝐴𝐺𝐵‑ 𝐼𝐿]𝑠𝑎𝑙𝑡 = 𝐴𝑒𝑥𝑝[(𝐵[𝑠𝑎𝑙𝑡]𝑠𝑎𝑙𝑡
0.5 ) − (𝐶[𝑠𝑎𝑙𝑡]𝑠𝑎𝑙𝑡

3 )]    (3) 

[𝐴𝐺𝐵‑ 𝐼𝐿]𝐴𝐺𝐵‑𝐼𝐿 =
[𝐴𝐺𝐵‑𝐼𝐿]𝑀

𝛼
−

1−𝛼

𝛼
[𝐴𝐺𝐵‑ 𝐼𝐿]𝑠𝑎𝑙𝑡      (4) 

[𝑠𝑎𝑙𝑡]𝐴𝐺𝐵‑𝐼𝐿 =
[𝑠𝑎𝑙𝑡]𝑀

𝛼
−

1−𝛼

𝛼
[𝑠𝑎𝑙𝑡]𝑠𝑎𝑙𝑡      (5) 

where the subscripts "AGB-IL", "salt" and "M" denote the top AGB-IL-rich phase, the 

bottom salt-rich phase, and the overall mixture, respectively. α denotes the ratio 

between the weight of the top AGB-IL-rich phase and that of the overall mixture. The 

tie-line length (TLL) is the Euclidian distance between the top AGB-IL-rich and bottom 

salt-rich phase compositions and is calculated using Equation 6. 

𝑇𝐿𝐿 = √([𝑠𝑎𝑙𝑡]𝐴𝐺𝐵‑𝐼𝐿 − [𝑠𝑎𝑙𝑡]𝑠𝑎𝑙𝑡)2 + ([𝐴𝐺𝐵‑ 𝐼𝐿]𝐴𝐺𝐵‑𝐼𝐿 − [𝐴𝐺𝐵‑ 𝐼𝐿]𝑠𝑎𝑙𝑡)2(6) 
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In binodal curves representations and TLs determinations, the salt composition 

refers only to C6H5K3O7 and C6H8O7 content, while the water content of the buffer is 

considered as part of the ternary system water composition. 

 

2.4. Serum protein depletion and transferrin extraction using AGB-IL-based ABS 

Biphasic mixtures were prepared at a fixed composition consisting of 30 wt% of AGB-

IL + 60 wt% of citrate buffer solution (K3C6H5O7/C6H8O7 at 50 wt%, pH 7) + 10 wt% of 

human serum (as received), with variation restricted to the structure of the AGB-IL. Each 

mixture was prepared to a final mass of 2 g as previously described and allowed to 

equilibrate under the established conditions. While HSA and IgG were depleted via 

precipitation at the ABS interphase, the top and bottom phases were carefully separated 

for their quantification by SE-HPLC-UV. A Chromaster chromatograph (VWR Hitachi) 

equipped with a size-exclusion column (Shodex Protein KW-802.5; 8 mm × 300 mm) was 

used. The mobile phase was composed of a phosphate buffer (pH 7, 100 mM) and NaCl 

(0.3 M) aqueous solutions. Analytical separation was conducted using isocratic elution 

at a flow rate of 1 mL·min-1 and the injection volume was 25 µL. The column oven and 

auto-sampler were kept at 25 °C. The UV detector was set to measure at 280 nm. With 

a total analysis time of 40 min, the retention times of IgG and HSA were found to be at 

circa 15.7 and 17.1 min, respectively. Each aqueous phase was diluted at a 1:10 volume-

to-volume (v/v) ratio in the mobile phase prior to injection. Blank controls of the ABS 

phases prepared without serum were routinely analyzed to account for potential 

interference from the IL and salt in the UV signal, ensuring accurate protein 

quantification. Quantifications were carried out by an external standard calibration 

method, with correlation coefficients (R2) higher than 0.99 for both proteins supporting 

linearity. A summary of the analytical performance parameters, including the calibration 

concentration ranges and the limits of detection (LOD) and quantification (LOQ), is 

provided in Table S1 (Supplementary Material). 

When no detectable signal of HSA or IgG was observed by SE-HPLC-UV, depletion 

was considered quantitative within the LODs of the method. Due to analytical challenges 

in directly analyzing the interphase in the studied systems, the amount of protein 

precipitated at the interphase was estimated using a mass balance approach, calculated 
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as the difference between the initial serum protein content and the protein remaining 

in the aqueous phases. This approach assumes ideal phase separation and negligible 

analyte losses during handling and may be affected by experimental limitations in the 

phase separation step, including potential cross-contamination between phases. 

Nevertheless, it provides a reliable determination of protein depletion and has been 

previously validated by us [21]. Experiments were carried out at least in duplicate, and, 

when quantitative depletion is observed in all replicates, no standard deviations are 

reported. 

The depletion efficiency of HSA and IgG, 𝑫𝑬𝑯𝑺𝑨% and 𝑫𝑬𝑰𝒈𝑮% are the percentage 

ratio between the amount of protein in the solid interphase to that in the total mixture, 

and is defined according to Equations 7 and 8: 

𝑫𝑬𝑯𝑺𝑨% =
𝒘𝑯𝑺𝑨

𝑰𝒏𝒕

𝒘𝑯𝑺𝑨
𝑨𝑮𝑩‑𝑰𝑳+𝒘𝑯𝑺𝑨

𝑺𝒂𝒍𝒕+𝒘𝑯𝑺𝑨
𝑰𝒏𝒕   𝟏𝟎𝟎      (7) 

𝑫𝑬𝑰𝒈𝑮% =
𝒘𝑰𝒈𝑮

𝑰𝒏𝒕

𝒘𝑰𝒈𝑮
𝑨𝑮𝑩‑𝑰𝑳+𝒘𝑰𝒈𝑮

𝑺𝒂𝒍𝒕+𝒘𝑰𝒈𝑮
𝑰𝒏𝒕   𝟏𝟎𝟎      (8) 

where 𝑤𝐻𝑆𝐴
𝐴𝐺𝐵‑𝐼𝐿, 𝑤𝐻𝑆𝐴

𝑆𝑎𝑙𝑡, 𝑤𝐻𝑆𝐴
𝐼𝑛𝑡 , 𝑤𝐼𝑔𝐺

𝐴𝐺𝐵‑𝐼𝐿, 𝑤𝐼𝑔𝐺
𝑆𝑎𝑙𝑡 and 𝑤𝐼𝑔𝐺

𝐼𝑛𝑡  are the total weight of HSA or IgG 

in the AGB-IL-rich phase, salt-rich phase and solid interphase, respectively. 

 As a representative system, the phases of the ABS composed of 30 wt% of 

[Bu3NC4]Br + 60 wt% of citrate buffer (K3C6H5O7/C6H8O7 at 50 wt%, pH 7) + 10 wt% of 

human serum were analyzed in terms of human transferrin concentration. This analysis 

was done by SE-HPLC-UV, resorting to the previously mentioned conditions and a 

preestablished linear calibration curve (Table S1, Supplementary Material). Also, the 

concentration of transferrin in the original serum sample was determined by ELISA 

according to the manufacturer's instructions, and found to be 1.8 ± 0.1 g·L−1, in 

agreement with reference values [40]. 

The recovery yield of transferrin, 𝑅𝑌𝑇𝐹%, to the AGB-IL-rich phase, was 

determined as follows: 

𝑹𝒀𝑻𝑭% =
𝒘𝑻𝑭

𝑨𝑮𝑩‑𝑰𝑳

𝒘𝑻𝑭
𝒔𝒆𝒓𝒖𝒎   𝟏𝟎𝟎        (9) 

where 𝑤𝑇𝐹
𝐴𝐺𝐵‑𝐼𝐿 is the total weight of transferrin in the AGB-IL-rich phase, and 𝑤𝑇𝐹

𝑠𝑒𝑟𝑢𝑚 is 

the total weight of transferrin in the original serum sample. 
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 The relative error of quantification by SE-HPLC-UV after ABS-mediated depletion 

was determined using the following Equation: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 % =  
[𝑇𝐹]𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑒𝑟𝑢𝑚−[𝑇𝐹]𝑑𝑒𝑝𝑙𝑒𝑡𝑒𝑑 𝑠𝑒𝑟𝑢𝑚

[𝑇𝐹]𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑒𝑟𝑢𝑚
    (10) 

where [𝑇𝐹]𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑒𝑟𝑢𝑚 is the concentration of transferrin in the original serum 

determined by ELISA, whereas [𝑇𝐹]𝑑𝑒𝑝𝑙𝑒𝑡𝑒𝑑 𝑠𝑒𝑟𝑢𝑚 is the concentration of transferrin in 

the depleted serum sample determined by SE-HPLC. 

The methodology described above supported the development of an analytical 

workflow for serum transferrin detection using SE-HPLC-UV. As schematically 

represented in Figure 2, processing serum with aqueous solutions of AGB-IL and citrate 

buffer efficiently depletes high-abundance proteins at a solid interphase, while the 

separated top (AGB-IL-rich) phase can be directly analyzed, enabling the quantification 

of previously masked biomarkers. 

 

 

Figure 2. Analytical setup for the detection of previously masked protein biomarkers by 

SE-HPLC-UV after depletion using AGB-IL-based ABS. 

 

2.5. Protein identification by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) 

Samples of each ABS phase were diluted at 2:1 (v/v) in a dissociation buffer 

consisting of 2.5 mL of 0.5 M Tris-HCl pH 6.8, 4.0 mL of 10 % (w/v) SDS solution, 2.0 mL 

of glycerol, 2.0 mg of bromophenol blue and 310 mg of dithiothreitol (DTT). This overall 

solution was heated at 95 °C for 5 min to denature proteins by reducing disulfide 

linkages and thus partially overcoming tertiary protein folding and disrupting quaternary 

protein structure. Electrophoresis was run on polyacrylamide gels (stacking: 4 % and 
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resolving: 20 %) with a running buffer constituted by 250 mM Tris-HCl, 1.92 M glycine, 

and 1 % SDS using an Amersham ECLTM Gel from GE Healthcare Life Sciences. The 

proteins were stained with Coomassie Brilliant Blue G-250 0.1 % (w/v), methanol 50 % 

(v/v), acetic acid 7 % (v/v) and water 42.9 % (v/v). All gels were placed in an orbital shaker 

at a moderate speed during 2-3 h at room temperature. The gels were further distained 

in a solution containing acetic acid at 7 % (v/v), methanol at 20 % (v/v) and water at 73 

% (v/v) in an orbital shaker at a moderate speed during 3-4 h at room temperature. 

Molecular weight standards were used as protein standards. All gels were analyzed 

using the Image Lab 3.0 (BIO-RAD) analysis tool. 

 

3. Results and discussion 

3.1. Developing AGB-ILs for ABS formation 

AGB-ILs studied are composed of glycine-betaine-type cationic cores, viz. 1-(4-

ethoxy-4-oxobutyl)-1-methylpyrrolidin-1-ium ([MepyrNC4]+) and N,N,N-trialkyl(ω-

ethoxy-ω-oxoalkyl)-1-ammonium ([X3NCm]+, with X = ethyl, Et; propyl, Pr; and butyl, Bu; 

and m = 2, 4) combined with six different anions, namely bromide ([Br]-), saccharinate 

([Sac]-), lactate ([Lac]-), pyruvate ([Pyr]-), dicyanamide ([Dca]-) and salicylate ([Sal]-). 

Using different ion pairs, the following AGB-ILs were investigated: N,N,N-triethyl(4-

ethoxy-4-oxobutyl)-1-ammonium bromide, [Et3NC4]Br; N,N,N-tri(n-propyl)(4-ethoxy-4-

oxobutyl)-1-ammonium bromide, [Pr3NC4]Br; N,N,N-tri(n-butyl)(4-ethoxy-4-oxobutyl)-

1-ammonium bromide, [Bu3NC4]Br; 1-(4-ethoxy-4-oxobutyl)-1-methylpyrrolidin-1-ium 

bromide, [MepyrNC4]Br; N,N,N-tri(n-propyl)(4-ethoxy-4-oxobutyl)-1-ammonium 

saccharinate, [Pr3NC4][Sac]; N,N,N-tri(n-propyl)(4-ethoxy-4-oxobutyl)-1-ammonium 

lactate, [Pr3NC4][Lac]; N,N,N-tri(n-propyl)(4-ethoxy-4-oxobutyl)-1-ammonium pyruvate, 

[Pr3NC4][Pyr]; N,N,N-tri(n-propyl)(4-ethoxy-4-oxobutyl)-1-ammonium dicyanamide, 

[Pr3NC4][Dca]; N,N,N-tri(n-propyl)(2-ethoxy-2-oxoethyl)-1-ammonium salicylate, 

[Pr3NC2][Sal]; and N,N,N-tri(n-propyl)(4-ethoxy-4-oxobutyl)-1-ammonium salicylate, 

[Pr3NC4][Sal] (cf. Figure 1). 

The synthesis, characterization and ecotoxicity of Br-based AGB-ILs have been 

previously reported, employing established methodologies such as 1H and 13C NMR, 

                  



 14 

elemental analysis, melting point determination, thermal decomposition analysis, and 

the Standard Microtox® liquid-phase bioassay [27]. In the present work, additional AGB-

ILs incorporating alternative anions were synthesized and fully characterized to expand 

the structural spectrum of these compounds and to support a more comprehensive 

understanding of their physicochemical and toxicological profiles. 

Structural confirmation and purity assessment of the newly reported AGB-ILs 

were performed using 1H and 13C NMR and elemental analysis, indicating >99 wt% purity 

and no detectable impurities. As for Br-based [27], the remaining AGB-ILs are liquid 

below 100 C, with melting temperatures from 30.58 to 98.51 C, and decomposition 

temperatures from 151.23 to 189.64 C. All data confirming their chemical structure, 

purity, and thermal properties is provided in Table S2-S7 (Supplementary Material). 

To evaluate the potential of AGB-ILs in greener sample preparation methods, 

with particular emphasis on compliance with principle 2 (Use safer solvents and 

reagents) [24], their ecotoxicity was evaluated toward A. fischeri. Full EC50 data after 5, 

15, and 30 min are presented in Table S8 (Supplementary Material), confirming 

consistent toxicity trends across time points, with the 30-min values used for discussion 

to provide a conservative assessment. EC50 values (mg.L-1) of the newly reported AGB-

ILs decrease according to the following sequence, where a lower EC50 indicates higher 

toxicity: [Pr3NC4][Lac] (1713.5) > [Pr3NC4][Dca] (672.3) > [Pr3NC4][Pyr] (646.5) > 

[Pr3NC2][Sal] (304.7) > [Pr3NC4][Sal] (137.5) > [Pr3NC4][Sac] (38.6).  

Despite sharing a common cationic backbone, AGB-ILs differ in carbon chain 

length and anion structure, allowing a dissection of their individual roles in toxicity. 

Longer carbon chains ([Pr3NC2][Sal] vs. [Pr3NC4][Sal]) are responsible for an increased 

capacity to perturb or even disrupt cell membranes due to their enhanced 

hydrophobicity, resulting in a reduction of A. fischeri bioluminescence, in line with the 

well-established “side chain effect” [41]. Considering AGB-ILs with a common cation 

([Pr3NC4]+) but different anions, the substitution of an hydroxyl by a carbonyl group 

([Lac]- vs. [Pyr]-) and the incorporation of aromatic rings ([Lac]- vs. [Sal]- and [Sac]-) 

enhance the toxicity of these compounds, consistent with some literature findings 

[41,42]. [Dca]-, featuring a linear structure with –CN groups, exhibits lower toxicity 

compared to aromatic anions. In comparison, bromide, a simple halide anion, is the least 

toxic anion, with a reported EC50 value of 2018.7 mg.L-1 for [Pr3NC4]Br [27]. 
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Apart from [Pr3NC4][Sac], AGB-ILs were found to be non-toxic to A. fischeri, as 

indicated by their EC50 values at 30 min meeting the European Legislation criteria (EC50 

> 100 mg·L−1) [43]. Compared to commercially available ILs, such as 1-butyl-3-

methylimidazolium bromide (735.9 mg.L-1 [44]), tetrabutylammonium bromide (128.6 

mg.L-1 [28]) and tetrabutylphosphonium bromide (172.8 mg.L-1 [44]), AGB-ILs can be 

structurally tailored to display toxicity levels that are either comparable to or even lower 

than these reference compounds. These results showcase AGB-ILs as acceptable tools 

for depletion methods. 

Aiming to establish mixture compositions for liquid-liquid extraction systems to 

be further applied in depletion studies, the ternary phase diagrams of ABS comprising 

AGB-ILs and citrate buffer were determined at 25 °C and atmospheric pressure. Figure 

3 depicts the binodal curves for AGB-ILs + K3C6H5O7/C6H8O7 + water systems at 25 °C and 

pH≈7. Related information, including ternary phase diagrams compositions (in weight 

fraction), Merchuk equation regression parameters and TL data is provided in Table S9-

S12 (Supplementary Material). Data on Br-based AGB-ILs are reported elsewhere [27]. 

In all AGB-IL-based ABS, the biphasic zone lies above the solubility curve, whereas 

the monophasic region is below. A larger biphasic area indicates a greater ability to 

undergo liquid-liquid demixing, i.e., the AGB-IL is more readily salted-out by citrate salt. 

Figure 3A shows the effect of the cation alkyl chain length by comparing [Pr3NC2][Sal] 

and [Pr3NC4][Sal] systems. Consistent with general rules for IL-based ABS formation and 

previous observations with Br-based AGB-ILs [27], the longer-chain (i.e., [Pr3NC4][Sal]) is 

more prone to phase separation due its higher hydrophobicity, facilitating salting-out. 

In turn, Figure 3B shows the impact of the anion nature on ABS formation, which can be 

ranked as follows: [Pr3NC4][Pyr] < [Pr3NC4][Lac] < [Pr3NC4]Br < [Pr3NC4][Sal] ≈ 

[Pr3NC4][Sac] < [Pr3NC4][Dca]. Aromatic ([Sal]- and [Sac]-) and cyano-based anions ([Dca]-

) enhance ABS formation, whereas anions derived from monocarboxylic acids ([Lac]- and 

[Pyr]-) limit liquid-liquid demixing. 
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Figure 3. Binodal curves for ABS formed by AGB-IL + K3C6H5O7/C6H8O7 + H2O at 25 °C and 
pH 7: (A) [Pr3NC2][Sal] (blue squares); [Pr3NC4][Sal] (red triangles); (B) [Pr3NC4][Pyr] 
(yellow triangles); [Pr3NC4][Lac] (blue circles); [Pr3NC4]Br (green squares) [27]; 
[Pr3NC4][Sal] (red triangles); [Pr3NC4]][Sac] (purple circles); [Pr3NC4][Dca] (orange 
diamonds). 

 

To further assess phase separation efficiency, TLLs were determined for all 

studied AGB-IL-based ABS at a fixed mixture composition (30/30 wt% AGB-IL/salt, 

highlighted in Table S12, Supplementary Material). Longer TLLs indicate a larger 

compositional difference between the AGB-IL-rich and salt-rich phases, generally 

correlating with enhanced phase separation. Within the cation series, the TLL increases 

in the order [Pr3NC4][Lac] (77.73) < [Pr3NC4][Pyr] (85.89) < [Pr3NC4]Br (87.96) < 

[Pr3NC4][Sal] (91.79) < [Pr3NC4][Sac] (91.92) < [Pr3NC4][Dca] (92.51), whereas, for a fixed 

anion, [Pr3NC2][Sal] (88.92) exhibits a shorter TLL than [Pr3NC4][Sal] (91.92). These 

results are consistent with the hydrophobic character of the AGB-ILs, as ILs with lower 

water affinity require less citrate salt to form ABS, yielding longer TLLs and more efficient 

phase separation. 

 Overall, combined analyses of structural and physicochemical characterization, 

favorable ecotoxicity and phase behavior indicate that more hydrophobic AGB-ILs 

efficiently form ABS, providing potential routes for protein removal and guiding the 

design of subsequent depletion workflows. 

3.2. Depletion of high-abundance serum proteins using AGB-IL-based ABS 

After appraising mixture compositions required to create AGB-IL-based ABS, 

their ability as serum protein depletion strategies was investigated. The depletion 
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efficiencies of HSA and IgG in all AGB-IL-based ABS were evaluated using a common 

mixture composition within the biphasic region. The composition consisted of 30 wt% 

of AGB-IL, 60 wt% of citrate buffer solution (K3C6H5O7/C6H8O7 at 50 wt% in water, pH 7) 

and 10 wt% of human serum directly added to the system. To balance efficient protein 

precipitation with reduced sample and chemical usage, as advocated by principle 5 of 

Green Sample Preparation (Minimize sample, chemical and material amounts), a 2 g ABS 

mass comprising 10 wt% serum was employed [24]. 

In all systems, the top phase is AGB-IL-rich, whereas most of the salt prevails in 

the bottom phase. HSA and IgG were not detected in either aqueous phase, at least in 

concentrations above the LOD of SE-HPLC-UV, which corresponds to quantitative 

depletion as defined in the Materials and Methods. High-abundance serum proteins, 

once depleted, constitute most of the solid interphase. The results obtained are 

summarized in Table S13 (Supplementary Material). 

All AGB-IL-based ABS achieved efficient depletion of high-abundance serum 

proteins in a single step. This is consistent with their rational design based on enhanced 

hydrophobicity combined with water miscibility, which is a key requirement for ABS 

formation. The intrinsic hydrophobic character may drive HSA and IgG precipitation at 

the interphase, promoting protein-protein interactions and aggregation under low-

water conditions, as previously observed in other ABS [21]. Although the quantitative 

precipitation of HSA and IgG may result from denaturation or changes in their structural 

state, this phenomenon does not impact the downstream detection of biomarkers. 

It should be further noticed that all systems were investigated at a fixed biphasic 

composition and present well-defined AGB-IL-rich and salt-rich phases. However, 

[Pr3NC4][Sac] and [Pr3NC4][Dca] deviate from this behavior, leading to the formation of 

a large solid interphase, with a jellified AGB-IL-rich phase. This jellification is dependent 

on the AGB-IL chemical structure under the studied conditions. The [Pr3NC4][Sac] and 

[Pr3NC4][Dca] are among the most hydrophobic AGB-ILs studied, as reflected by both 

their ability to form ABS (Figure 3) and the relatively long TLLs achieved (Table S12, 

Supplementary Material). The water content in the AGB-IL-rich phase of these systems 

at the studied compositions is relatively low (<20 wt%), which may account for the 

observed jellification of this phase. Consequently, such systems are technically 

unsuitable for bioanalytical applications. 

                  



 18 

The depletion efficiencies achieved with AGB-IL-based ABS surpass those 

reported for most commercial depletion columns and kits, including those based on dye-

affinity, protein ligands and/or immunoaffinity, as well as chemical precipitation and 

other types of ABS (e.g., polymeric, micellar and commercial IL-based systems), as 

summarized in Table 1. Dye-ligand affinity and protein ligand affinity columns are 

considered the gold standard for the depletion of HSA and IgG, respectively [45,46]; yet, 

the development of hybrid technologies is required if depletion of other high-abundance 

proteins is needed [9]. Most commercial kits can simultaneously deplete various 

proteins using distinct types of affinity resins and columns. However, these are limited 

by: (i) multiple and lengthy equilibration, adsorption and/or desorption tasks (40 min - 

>2 hours); (ii) overpriced protein- and immunoaffinity-ligands; (iii) low sample loading 

capacities (10-50 µL); and (iv) low yields [47]. By using ILs inspired by naturally occurring 

compounds and a biodegradable salt, AGB-IL-based ABS could overcome these issues 

providing an efficient depletion of both HSA and IgG using 0.1 g of serum per g of system 

in a fast workflow. 

Due to its technological simplicity, chemical precipitation of high-abundance 

proteins is widely employed either alone or in combination with immunoaffinity 

methods [48]; yet, co-precipitation events, low yields, resolubilization, and lengthy 

protocols are recurrent [9]. AGB-IL-based ABS allow higher depletion efficiencies in a 

single step while replacing volatile organic solvents or their mixtures (e.g., methanol, 

acetone, chloroform, acetonitrile) with water, a biodegradable organic salt, and non-

toxic ILs [48]. 

As compared with commonly used ABS, namely those based on polyethylene 

glycol and dextran or surfactants, the incorporation of AGB-ILs leads to the simultaneous 

depletion of HSA and IgG to a much higher extent [11,19]. Compared to commercially 

available ILs belonging to imidazolium, tetraalkylammonium and phosphonium families, 

AGB-ILs demonstrate a more satisfactory balance between performance and toxicity. 

Among the reference ILs, only tetrabutylphosphonium bromide exhibits comparable 

protein depletion capacity, but with higher toxicity limits [21]. Tetrabutylammonium 

bromide is not only more toxic than most AGB-ILs but also less efficient in protein 

depletion [21]. Furthermore, 1-butyl-3-methylimidazolium bromide, one of the most 
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widely studied commercial ILs, fails to deplete serum proteins via interfacial 

precipitation due to its higher hydrophilic character [21].

Table 1. Critical assessment of common methods for protein depletion from human 

serum. 
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3.3. ABS-mediated detection of target protein biomarkers 

As discussed above, AGB-IL-based ABS exhibited high performance in depleting 

HSA and IgG from human serum, outperforming both conventional approaches and 

other ABS formulations tested. This, in turn, improved the detectability of target 

proteins in serum by SE-HPLC-UV, as shown in Figure 4. 

 

 

Figure 4. Characterization of serum protein depletion performance with AGB-IL-based 

ABS: (A) Representative SE-HPLC-UV chromatograms for human serum in PBS [1:10 

(v/v)], ABS phases of the system composed of 30 wt% of [Bu3NC4]Br + 60 wt% of citrate 

buffer (K3C6H5O7/C6H8O7 at 50 wt%, pH 7) + 10 wt% of human serum, transferrin 
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standard solution (1 g·L−1), HSA standard solution (1 g·L−1) and IgG standard solution (0.5 

g·L−1); (B) SDS-PAGE of proteins on the AGB-IL-rich phase of ABS. 

 

Although SE-HPLC-UV may not detect trace residual HSA and IgG in the AGB-IL-

rich phase, the observed quantitative depletion eliminates interference from these high-

abundance serum proteins. This allowed a new peak, not visible without the sample 

pretreatment, to be detected, enabling the subsequent detection of target proteins 

present at lower concentrations (cf. Figure 4A). To validate this assumption, the AGB-IL-

rich phase was analyzed by SDS-PAGE to identify the protein newly unmasked following 

the depletion step. According to the molecular weight and serum proteomic profile, the 

SDS-PAGE results depicted in Figure 4B allow identifying the unknown protein as 

transferrin, which is also a promising biomarker. Besides, while the detected 

concentration of transferrin in the AGB-IL-rich phase was below the estimated LOQ, a 

recovery yield of 78% from serum was achieved using the [Bu3NC4]Br-based ABS, 

corresponding to 1.42 g·L−1 compared to 1.8 g·L−1 in the original sample. This reduction 

of matrix effects supports SE-HPLC-UV compatibility, with the AGB-IL-rich phase 

remaining suitable for analysis upon dilution. In general, compatibility with downstream 

analytical techniques should be considered, as IL-rich phases may require dilution or 

additional clean-up steps to ensure optimal analytical performance, depending on the 

selected platform. 

Transferrin was further quantified with a relative error of 22% compared to ELISA 

measurements of the original serum (see Table S14, Supplementary Material). While 

this error exceeds the ±15% acceptance criteria for bioanalytical method validation [49], 

it demonstrates a promising starting point for further optimization. 

Transferrin is an iron-binding glycoprotein of clinical relevance in anemia and 

alcoholism evaluation, also holding promise in cancer early diagnosis [50]. Even though 

it is not a low-abundance protein, and biomarkers at the typical ng·L−1 to pg·L−1 range 

remain below the LODs of SE-HPLC-UV without pre-concentration, the method can still 

serve as an efficient sample clean-up step. This results in the selective analysis of target 

proteins that would otherwise remain undetectable, highlighting the practical utility of 

SE-HPLC-UV in the analysis complex biological samples. 
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Reports on the detection of serum transferrin by mass spectrometry resorted to 

commercial depletion kits (e.g., ProteoPrep®) [51], while ELISA-based quantification has 

also been widely used [52]. In this context, AGB-IL-based ABS provide efficient depletion 

while streamlining serum pretreatment strategies. Their ability to unmask human 

transferrin allows its subsequent detection by SE-HPLC-UV, reducing reliance on mass 

spectrometry or immunoassays. SE-HPLC-UV provides a simpler and more cost-effective 

analytical platform, which is highly advantageous for clinical applications requiring rapid 

and accessible protein quantification. 

 

3.4. Green assessment of AGB-IL-based ABS for unmasking target proteins in SE-

HPLC-UV 

Alongside the analytical performance, outcomes relative to reported workflows, 

and the low toxicity of AGB-ILs, a comprehensive green assessment is warranted to 

validate the method’s sustainability claims. To this aim, three complementary metrics 

were adopted to quantitatively examine aspects such as sample throughput, reagent 

minimization, energy consumption, and waste generation: the AGREE metric (Analytical 

GREEnness), providing an overall evaluation of compliance with Green Analytical 

Chemistry principles [31]; the AGREEprep metric, derived from AGREE and specifically 

focused on the sample preparation stage [32]; and the Blue Applicability Grade Index 

(BAGI), a complementary tool focused on the practical, application-driven dimensions 

of White Analytical Chemistry [33]. Figure 5 summarizes the scores of these evaluations. 

 

 

                  



 25 

Figure 5. Green assessment of AGB-IL-based ABS applied to target protein unmasking in 

SE-HPLC-UV using AGREE [31], AGREEprep [32], and BAGI [33] metric tools. Circular 

diagrams represent the AGREE and AGREEprep scores, where the green-shaded area 

indicates compliance with Green Analytical Chemistry [31] or Green Sample Preparation 

[24] principles, ranging from 0 (poor alignment) to 1 (full compliance). For BAGI, an 

asteroid pictogram is presented, with shades of blue representing the score intensity 

(darker blue = higher applicability), together with the respective numerical score, 

reflecting alignment with White Analytical Chemistry principles [33]. 

 

Based on AGREE (score 0.64), AGREEprep (score 0.68), and BAGI (score 45) 

evaluations, the proposed AGB-IL-based ABS workflow shows a reasonable balance of 

green and operational considerations for target protein analysis in serum. According to 

AGREE [31], high scores are expected for sample amount reduction (criterion 2), 

minimization of reagents and processing steps (criterion 4), avoidance of derivatization 

(criterion 6), limitation of waste generation (criterion 7), and operator safety (criteria 

10-12). Moderate scores arise from sample pretreatment and batch operation (criterion 

1) and limited automation and miniaturization (criterion 5). Lower scores are associated 

with energy consumption from centrifugation, mixing, and HPLC analysis (criterion 9). 

They also indicate off-line analysis with limited throughput, arising from the single-

analyte workflow and 40 min SE-HPLC-UV runs (criteria 3 and 8). 

A more detailed evaluation of the sample preparation step using AGREEprep 

highlights the environmental performance of AGB-IL-based ABS, with strong scores for 

reagent choice (criteria 2 and 3), low waste (criterion 4), small sample size (criterion 5), 

energy efficiency (criterion 8), and operator safety (criterion 10) [32]. Moderate scores 

reflect limited throughput (criterion 6), manual operation (criterion 7), and post-

pretreatment HPLC analysis (criterion 9), with the main penalty from criterion 1 due to 

ex situ sample preparation. Complementing these assessments, the BAGI score suggests 

analytical accessibility and biological relevance, enabling single-analyte quantification of 

transferrin with readily available instrumentation [33]. Limitations mirror those 

identified by AGREE and AGREEprep (low throughput and partial automation), resulting 

in a moderate overall applicability. 
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Overall, the low toxicity observed for the AGB-ILs (Section 3.1) supports principle 

2 of Green Sample Preparation (Use safer solvents and reagents) [24] and aligns with 

the objectives of Green Analytical Chemistry [31], reinforcing operator safety and the 

use of environmentally benign reagents. This is also shown in the BAGI evaluation, 

where reagent safety and environmental impact contribute to the assessment of the 

method’s bioanalytical sustainability. Opportunities for improvement include 

automation, workflow integration, and reagent/material reuse, which could further 

enhance operational efficiency and analytical applicability. 

4. Conclusions 

This work demonstrates that AGB-IL-based ABS can be successfully applied as 

efficient serum protein depletion strategies through the selective removal of high-

abundance species. This process creates the analytical conditions required for 

biomarker detection using expedited analytical techniques. AGB-ILs were synthesized, 

characterized, and combined with a citrate buffer to form ABS in accordance with Green 

Sample Preparation principles. 

The low water affinity of AGB-ILs was translated into highly efficient depletion of 

HSA and IgG from human serum, resulting in the detection of target proteins that would 

otherwise remain masked. Direct analysis of transferrin in untreated serum by SE-HPLC-

UV was not feasible due to the high abundance of HSA and IgG, which dominate the 

chromatographic signal and mask its peak. By extracting target proteins into the AGB-IL-

rich phase, SE-HPLC-UV detection was achieved in an expedited manner. These results 

show that appropriate sample pretreatment enables serum protein detection using 

simpler analytical techniques, offering a complementary strategy to established 

methods such as immunoassays or mass spectrometry. 

Combined AGREE, AGREEprep, and BAGI assessments further suggest that the 

ABS-mediated sample pretreatment aligns with green and safe practices, while 

indicating moderate practical applicability and highlighting opportunities for 

improvement through automation, workflow integration, and material reuse. 
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Overall, the findings highlight the potential of AGB-IL-based ABS as sustainable 

tools for bioanalytical workflows, combining Green and White Analytical Chemistry 

principles with improved sample pretreatment and biomarker detection. 
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