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[bookmark: _Hlk495475023]The extraction of proteins from Acheta domesticus is typically hindered by the energy intensity of solvent recovery and the thermal degradation of functional properties. This work investigates a Switchable Composite Extractant (SCE)—a ternary mixture of ethanol, propylene glycol, and water—designed to decouple product isolation from the enthalpy of vaporization. By exploiting a pH-temperature solubility switch, the process operates entirely within a sensible heat regime (60 °C), offering a theoretical energy reduction of over 70% compared to distillation. Optimization of the extraction-precipitation cycle identified pH 9.0 for solubilization and pH 4.3 for maximum recovery (47.8%), effectively bypassing the viscosity-limited bottlenecks of evaporative concentration. This framework establishes a scalable route for circular bioprocessing at atmospheric pressure.
1 Introduction
The escalating global population necessitates the urgent development of sustainable food systems. Edible insects, specifically Acheta domesticus (cricket), offer a promising solution by providing high-quality protein with a significantly lower environmental impact than conventional livestock (Baiano, 2020; Boonarsa et al., 2025). While entomophagy is historically established in many regions (Imathiu, 2020), Western adoption is currently hindered by neophobia (Wendin and Nyberg, 2021). To facilitate market entry, insects must be processed into functional protein extracts. From a nutritional and environmental standpoint, crickets exhibit superior feed conversion efficiency and require significantly less land and water than beef or pork (Goodland, 2013; Gahukar, 2016). However, the industrial valorization of this biomass is often limited by the inefficiency of downstream processing. Conventional extraction methods are frequently hindered by harsh chemical environments, wastewater generation, and the energy intensity of solvent recovery (Yi et al., 2013). While solvent-based fractionation is effective for lipid-protein separation, its industrial viability is governed by the energy required for solvent regeneration. In conventional ethanolic extraction, the recovery of the solvent is fundamentally coupled to the enthalpy of vaporization (). To recover a unit mass of solvent () via distillation, the total energy duty () is defined as the sum of the sensible heat required to reach the boiling point () and the latent heat of vaporization:
	
	(1)


where  is the specific heat capacity of the mixture and  is the ambient temperature. For an ethanol-water azeotrope, the  term represents a dominant energetic barrier (approx. ). Vacuum distillation is often employed to lower  and mitigate protein denaturation; however, it does not eliminate the  requirement and introduces operational complexities such as foam entrainment and bumping.
One of the most critical steps in achieving greener industrial production is solvent substitution, which can significantly reduce toxicity, flammability, and energy demand associated with chemical processes. Building upon the concept of switchable solvents, which base their functioning on phase change without state change, switchable composite extractants (SCEs) have been developed to tailor and optimize extraction efficiency while minimizing the environmental impact. Switchable composite extractants are multicomponent solvent systems designed to exploit complementary physicochemical properties, such as polarity, hydrogen bonding capacity, and responsiveness to temperature or pH changes. By combining multiple solvent components, SCEs enable precise control over solute solubility and phase behavior, thereby enhancing extraction performance while reducing solvent consumption.
Contrary to volatile solvents, Switchable Composite Extractant (SCE) systems decouple product recovery from phase change. By inducing precipitation via a “solubility switch” at a moderate temperature (), the energy duty () is reduced to the sensible heat regime alone:
	
	(2)


The theoretical energy saving () offered by the SCE process can thus be estimated as the ratio of the avoided latent heat to the total distillation duty. Preliminary thermodynamic modeling suggests that for dilute protein streams, this shift from a latent-heat-driven to a sensible-heat-driven process offers an energy reduction potential exceeding 70%, independent of heat integration efficiency. 
To extract and recover proteins from A. domesticus, a switchable composite extractant composed of ethanol (EtOH), propylene glycol (PG), and distilled water has been developed to extend a previous study (Chen et al., 2022) on the extract ion and recovery of corn prolamin zein. This study reports experiments on the optimisation of SCE cycling conditions (extraction pH and precipitation pH) and their in terms of yield ratio and yield stability.
2 Materials and Methods
Table 1: Reagents.
	Material
	Ethanol (EtOH)
	1,2-propanediol (Propylene Glycol)
	Sodium Hydroxide (NaOH)
	Hydrochloric Acid (HCl)
	Chicken egg albumin & BSA
	Lowry Assay Reagents A and B

	Purity
	96.9% (v/v)
	≥ 99.0%
	≥ 98.0%
	37% (w/w)
	≥ 98.0%
	Analytical

	Supplier
	Sigma-Aldrich (St. Louis, MO, USA)
	Sigma-Aldrich (St. Louis, MO, USA)
	Sigma-Aldrich (St. Louis, MO, USA)
	Sigma-Aldrich (St. Louis, MO, USA)
	Sigma-Aldrich (St. Louis, MO, USA)
	Bio-Rad Laboratories, Inc.


2.1 A. domesticus powder preparation    
A. domesticus (house cricket) powder was kindly provided by Nutrinsect (Italy). Upon receipt, the powder was stored at −20 °C until further use. Prior to protein extraction, the cricket powder was subjected to a defatting (extraction) step using ethanol (EtOH). The biomass was mixed with 96.9% (v/v) EtOH in triplicate and stirred at room temperature (25 °C) for 2 h using a magnetic stirrer (RS-2C). Following extraction, the defatted cricket solids were separated from the lipid-containing solvent by vacuum filtration. The defatted biomass was then air-dried under a fume hood at room temperature to allow complete evaporation of residual ethanol and subsequently used for protein extraction experiments (Jeong et al., 2021). 
2.2 Protein extraction and recovery
Protein extraction was performed following the method of Chen et al. (2022), utilizing a switchable composite extractant (SCE) comprising propylene glycol, ethanol, and water (7.5% , 65%, and 27.5% v/v, respectively). Cricket powder, after defatting with Ethanol, was suspended in the SCE at a solid-to-liquid ratio of 1:20 (w/v). To evaluate the effect of alkalinity on protein yield, extractions were conducted at pH 9.0, 10.0, and 11.0 (monitored by pH probe). Suspensions were incubated in a water bath at 55 °C ( 0.5 °C) under constant magnetic stirring (5 rpm) for 2 hours. Following incubation, the suspensions were transferred to 50 mL Falcon tubes and centrifuged at 4800  g for 20 minutes at 4 °C by a refrigerated centrifuge (Neya-16R, Bormac srl, Italy). Protein recovery was subsequently induced by adjusting the pH of the clarified extracts to 4.0, 4.3, 4.5, 5.0, and 6.0 to assess precipitation behavior across the isoelectric region. The pH-adjusted samples were refrigerated at 4 °C overnight to allow for complete precipitation, and the precipitated proteins were separated from the supernatant via a second centrifugation step (4800  g for 30 minutes at 4 °C). Finally, the protein content of the residual supernatants was quantified using the Lowry assay (Lowry et al., 1951). All experimental procedures were conducted in triplicate. Quantitative data are expressed as the mean ± standard deviation. Experimental uncertainty was evaluated using a one-way analysis of variance (ANOVA), with statistical significance defined at .

2.3 Lowry assay principles and protein determination assay
The Lowry assay (Lowry et al., 1951), combines the Biuret reaction with the reduction of the Folin–Ciocalteu reagent to quantify proteins. Under alkaline conditions, copper ions form a complex with peptide bonds (Biuret reaction), which subsequently reduces the Folin reagent, producing a blue complex with maximum absorbance at 750 nm. In this study, the DC Protein Assay Kit (Bio-Rad Laboratories) was used, following the manufacturer’s protocol. Protein concentration was determined using an albumin calibration curve and expressed as the mean of three measurements. The biomass was suspended in 50 mL of distilled water for 1 hour. The mixture was then centrifuged to obtain a clear supernatant. A sample cuvette was prepared by mixing 50 µL of the supernatant with 250 µL of reagent A and 2 mL of reagent B. To account for baseline absorbance, a blank was prepared using 50 µL of distilled water with the identical reagent volumes; preliminary screening confirmed that the high dilution factor of the SCE matrix in the assay volume rendered solvent interference negligible. The solutions were vortexed for 10 seconds and incubated in the dark for 30 minutes. Absorbance was then measured at 750 nm using a spectrophotometer.
Protein quantifications were determined by preparing a calibration curve using albumin protein. Protein concentration was estimated as mgprotein/mL by Eq. (1) and mgprotein/gbiomass by Eq. (2):
	  
	(3)

	
	(4)


3 Results and Discussion
3.1 Defatting
The initial lipid content of the A. domesticus powder was determined to be 27.9 g/100g. This baseline aligns closely with the manufacturer’s specification (29.0 g/100g) and approaches the typical range reported by the European Food Safety Authority (30.7–31.8 g/100g) (González et al., 2019), reflecting expected biological variance in insect biomass. Following the ethanol defatting procedure, the residual lipid content was reduced to 7.81 g/100g, achieving an overall fat elimination of 72.0 ± 3.58%. 
3.2 Extraction pH optimization 
Chen et al. (2022) identified pH as a critical factor influencing both extraction efficiency and solvent switching, with extraction conducted at pH 9 and precipitation at pH 6. In the present study, the solvent overall behavior towards proteins (solubilization and subsequent precipitation) was evaluated across a range of pH conditions ), 10 and 11). As illustrated in Figure 1, variations in pH did not lead to macroscopic changes in the maximum extraction yield, indicating solvent performance stability. Some minor spectral differences were observed at lower wavelengths (approx. 250–280 nm) at higher pH values, which can be attributed to the increased solubilization of non-protein nitrogenous compounds or the unmasking of specific aromatic amino acid side chains under stronger alkaline conditions, and a notably higher internal variability of extraction yield. Consequently, pH 9 was selected as the optimal extraction condition providing a high and reliable extraction yield. Protein determination using Lowry assay at the optimal pH reveals that the protein concentration yielded per gram of initial defatted insect powder was 473 to 485 ±54 mg/g over the tested pH range. This milder alkalinity achieves statistically comparable protein yields while significantly minimizing base (NaOH) consumption and reducing the risk of irreversible alkaline-induced protein denaturation compared to pH 10 or 11. This means the response to the different extraction pHs higher than 9 would be flat. Protein concentrations were calculated referring to the total protein content of Acheta domesticus which is approximately 600 mg/g (Boonarsa et al., 2025). 

3.3 Precipitation pH optimization
Following the identification of pH 9 as the optimal extraction condition, further optimization was conducted to determine the precipitation pH that maximizes protein recovery. Extracts obtained at pH 9 were subsequently adjusted to additional pH values of 4.3 and 4.5, resulting in an overall precipitation pH range of 4, 4.3, 4.5, 5, and 6.The findings revealed a distinct trend: decreasing the precipitation pH led to a progressive reduction in the protein concentration remaining in the supernatant, indicating enhanced protein recovery at more acidic conditions. The highest degree of precipitation was observed at pH 4.3, where the protein concentration in the supernatant decreased from 473.18 ± 16.78 mg/g to 247.13 ± 40.64 mg/g, corresponding to a recovery efficiency of 47.8 ± 9.4%. This also could suggest the solubility of proteins at pH 4.3 is lower than at pH 4. This means pH 4.3 could be the isoelectric point for most of the proteins were extracted and precipitated by pH tuning. As the pH is lowered toward the pI (approx. 4.3), the net charge of the proteins approaches zero, minimizing electrostatic repulsion and driving aggregation and precipitation. When the pH is reduced further below the pI, the proteins acquire a net positive charge, reinstating electrostatic repulsion. This causes a partial re-solubilization of the protein into the solvent, thus decreasing the recovered precipitate yield.

Figure 1: Extraction pH optimization and UV-Vis spectrum from 750 nm to 250 nm
In contrast, precipitation at pH 6 yielded a markedly low recovery of only 1.5%, emphasizing the critical role of precise pH adjustment during the precipitation step (Figure 2). 
It is critical to recognize that while pH 4.3 yielded the highest aggregate protein recovery, this value represents a bulk isoelectric compromise. The nitrogenous pool within A. domesticus is highly heterogeneous, comprising a complex mixture of metabolic enzymes and structural cuticular proteins, each possessing distinct isoelectric points (pI). Consequently, specific protein fractions with pIs deviating from the bulk average (e.g., closer to 4.0 or 5.0) likely remain partially or fully solubilized at the 4.3 optimum. Implementing a stepwise isoelectric precipitation strategy—sequentially shifting the solvent pH with intervening centrifugation steps—could facilitate the targeted fractionation of distinct protein classes, each potentially offering unique techno-functional properties, while concurrently augmenting the absolute cumulative yield.

Figure 2: Optimization of precipitation for samples extracted at pH 9.
3.4 Comparative Performance Analysis
To evaluate the industrial relevance of the SCE process, the obtained recovery efficiency was benchmarked against conventional and emerging extraction methods for Acheta domesticus. As detailed in Table 2, the SCE-mediated recovery (47.8 %) is competitive with, and in some cases superior to, standard chemical extractions. For instance, Yi et al. (2013) reported a recovery yield of just 40.32 % for A. domesticus using a conventional alkaline method at pH 11. Similarly, a recent study by Cunha et al. (2025) utilizing ascorbic acid achieved a lower rate of  46.34 %, highlighting the efficiency of the SCE "solubility switch" mechanism. While enzymatic hydrolysis with Alcalase can achieve higher yields (69.91 %), it produces hydrolysed peptides rather than intact proteins. The SCE process provides a strategic middle ground: it delivers higher yields than standard chemical methods (NaOH/Ascorbic Acid) while avoiding the molecular fragmentation associated with enzymatic routes.
Table 2: Survey of protein extraction yields from cricket biomass.
	 Extraction Method 
	 Conditions 
	Recovery Rate (%) 
	 Protein Integrity 
	 Reference
	
	

	 Alkaline
	 NaOH, pH 11, R. T.
	 40.32 
	 Low (Denatured) 
	 (Yi et al., 2013) 
	
	

	 Acidic 
	 Ascorbic Acid, 0.5 M 
	 46.34 
	 Moderate 
	 (Cunha et al., 2025) 
	
	

	 Enz. Hydrolysis 
	 Alcalase, pH 8, 50°C 
	 69.91 
	 Hydrolyzed (Peptides) 
	 (Cunha et al., 2025) 
	
	

	 SCE(This Work) 
	 EtOH/PG/H2O, pH 9 
	 47.8 ± 9.4 
	 High (Intact)
	 This Study
	
	



3.5 Process Scalability and Mass Balance Perspectives 
The transition from batch laboratory optimization to continuous industrial operation requires addressing two critical phenomena: rheological behavior and ionic accumulation. Unlike evaporative concentration, where the viscosity of protein solutions tends to increase exponentially with concentration—leading to heat exchanger fouling and high pumping costs—the SCE process recovers protein as a solid precipitate. This effectively bypasses the “viscosity trap” as the separation efficiency is governed by solid-liquid equilibrium rather than bulk fluid rheology. However, the circular nature of the SCE process introduces a constraint regarding the conservation of mass for spectator ions. The pH-swing mechanism utilizes acid (HCl) and base (NaOH)to trigger solubility changes, leading to the continuous generation of salt () within the closed loop. To prevent ionic strength creep, which could alter the solvent’s dielectric constant or induce premature salting-out, a steady-state operation must be established. This is modeled using a “bleed-and-feed” mass balance, where the rate of salt generation () is balanced by the salt removal via the purge stream () and the entrained liquid in the protein cake ():
	
	(3)


where  is the steady-state salt concentration tolerated by the system. The required purge ratio (), defined as the fraction of solvent volume diverted per cycle, can be derived to maintain  below a critical threshold.
While the current batch study operated under total reflux (), industrial implementation would necessitate optimizing  to balance solvent makeup costs against process stability. Future iterations may eliminate this trade-off entirely by integrating Bipolar Membrane Electrodialysis (BPMED), which enables the reagent-free regeneration of  and  ions, effectively setting  to zero and closing the loop completely.
4 Conclusions
This study demonstrates a sustainable protein extraction and recovery from A. domesticus. is feasible by using a Switchable Composite Extractant (SCE) composed by ethanol, propylene glycol and water. This solvent platform enables reversible protein extraction and precipitation below 60 °C, eliminating the need of distillation steps and offering significant theoretical energy savings compared to conventional solvent-based processes.
Protein solubilization remained stable across pH 9–11 (473–485 mg/g), with pH 9 selected to ensure operational stability. Precipitation was strongly pH-dependent, with maximum recovery achieved at pH 4.3 (47.8 ± 9.4%). Notably, this efficiency is achieved through a solubility-switch mechanism rather than thermal concentration, reinforcing the energy-efficient nature of the process.
From a scalability perspective, the SCE framework supports industrial circularity through bleed-and-feed mass balance strategies for ionic strength control. Ongoing work focuses on detailed molecular characterization to confirm protein integrity and functionality for sustainable food applications.

Appendix A: Thermodynamic Evaluation of Energy Savings
The  energy-saving claim is based on comparing the thermal duty required to recover 1 kg of a standard water/ethanol solvent mixture () via conventional distillation versus the proposed Switchable Composite Extractant (SCE) temperature-swing process.
1. Conventional Distillation Duty () Recovery requires heating the solvent from ambient () to the boiling point (), plus the latent heat of vaporization ().
Total Energy = Sensible Heat () + Latent Heat () = . Assuming an industrial multi-effect evaporator recovers 50% of the total thermal energy via heat integration, the net effective duty is .
2. SCE Process Duty () The SCE process isolates the protein via a solubility switch, maintaining the solvent in the liquid phase. The energy duty is strictly limited to the sensible heat required to raise the solvent to the switch temperature (). Total Energy =  = .
3. Energy Reduction Comparing the liquid-phase SCE process against a heavily heat-integrated distillation benchmark: Efficiency Gain = . This confirms that avoiding the phase change yields a theoretical energy reduction exceeding 70%, independent of evaporative heat integration.
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