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A B S T R A C T   

L-asparaginase (ASNase) is an amidohydrolase enzyme widely distributed in nature, e.g., microorganisms, plants 
and tissues of several animals. Nevertheless, microorganisms are the preferential source of ASNase since they 
usually grow in simple substrates and culture conditions. However, a high level of enzyme purity is required by 
the pharmaceutical industry, in which the applied downstream process may account for up to 80% of the total 
ASNase production costs. Silica-based supported ionic liquid-like phase (SSILLP) materials are here proposed as 
alternative immobilization/capture or processing supports for the ASNase purification. SSILLP materials with 
different alkyl chain lengths at the cation source and Cl− as the counterion were investigated to purify ASNase by 
the flow-through like mode. Silica functionalized with dimethylbutylpropylammonium chloride ([Si][N3114]Cl) 
was selected as the most promising material since it displayed the highest purification factor (1.65) and specific 
activity of ASNase (0.026 U mg− 1) achieved. The ASNase purification operating conditions were then optimized 
through Response Surface Methodology, using pH (range in which enzyme is active) and solid/liquid ratio (S/L 
ratio) as factors, achieving a maximum purification factor of 3.36. Semi-continuous purification of ASNase was 
finally performed under the optimized purification conditions (pH 3 and S/L ratio of 15), enabling a purification 
factor of 5.15. This corresponds to a 3.12- and a 1.53-fold increase in the purification factor obtained compared 
with the initial screening and batch assays under optimized purification conditions. These findings demonstrate 
that SSILLP materials can act as simple semi-continuous ASNase purification supports with potential in flow- 
through downstream processing.   

Abbreviations: AA, ASNase activity; ABS, Aqueous biphasic systems; ALL, Acute lymphoblastic leukemia; ANOVA, Analysis of variance; ASNase, L-asparaginase; 
ATR-FTIR, Attenuated total reflectance-Fourier-transform infrared; AU, Absorbance units; BA, Bonding amount; BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner- 
Halenda; BSA, Bovine serum albumin; [C3C1im]Cl, 1-methyl-3-propylimidazolium chloride; CTP, Total protein concentration; DTT, Dithiothreitol; FDA, Food and 
Drug Administration; ILs, Ionic liquids; LB, Luria Bertani; log Kow, Log of the octanol–water partition coefficient; OD600 nm, Optical density at 600 nm; PBS, Phosphate 
buffered saline; PF, Purification factor; pI, Isoelectric point; PZC, Point of zero charge; R2, Regression coefficient; RSM, Response surface methodology; RT, Room 
temperature; SAA, Specific ASNase activity; SAAA, Specific ASNase activity after purification; SAAB, Specific ASNase activity before purification; SBET, Specific surface 
area; SEM, Scanning electron microscopy; SDS-PAGE, Sodium dodecyl sulfate–polyacrylamide gel electrophoresis; [Si][C3]Cl, Silica with a chloropropyl spacer arm; 
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1. Introduction 

L-asparaginase (ASNase, E.C.3.5.1.1) is an enzyme widely distrib-
uted in nature, being found in microorganisms, plants, and tissues (liver, 
pancreas, brain, ovary or testes, kidneys, spleen, and lungs) of several 
animals, like fishes, mammals and birds [1,2]. However, microorgan-
isms such as bacteria, filamentous fungi, yeast, actinomycetes, and 
microalgae are a better source than animals or plants, due to their ability 
to easily grow on rather simple or inexpensive substrates [1,3]. 
Furthermore, they offer an easy optimization of culture conditions for 
enzyme bulk production, easy genetic modification to increase the yield, 
economically viable extraction and purification, and good stability 
coupled with the ex-situ preservation [1]. 

ASNase catalyzes the hydrolysis of L-asparagine into L-aspartic acid 
and ammonia [4,5], but can also catalyze the hydrolysis of L-glutamine 
into L-glutamic acid and ammonia, and β-aspartyl peptide amide into L- 
aspartic acid and amino acids or peptides, with lower reaction yields 
[6–8]. Based on the ASNase ability to catalyze L-asparagine, bacterial 
ASNase type II is known as a potential drug for the treatment of several 
diseases, namely acute lymphoblastic leukemia (ALL), autoimmune 
diseases related to T-cell mediated abnormal responses [9,10], and some 
cancers (ovarian cancer [11], breast cancer [12] and lung cancer [13]) 
due to its antitumor properties. Specifically, the treatment of ALL 
including ASNase type II (mainly in children) has drastically increased 
the survival rate of ALL patients, from 54% to 90% [14]. ASNase type II 
inhibits the growth of cancerous cells by depleting L-asparagine from the 
bloodstream, which is a vital nutrient for malignant or cancerous cells 
[15]. 

ASNase commercially available has been industrially produced from 
Escherichia coli, namely Elspar (the first ASNase to be commercially 
available and to be approved by the U.S. Food and Drug Administration 
(FDA) in 1978), Leukanase, Kidrolase and Oncaspar (Pegylated E. coli 
ASNase), only for patients with hypersensitivity to native Elspar [2]. 
However, E. coli ASNase type II also has glutaminase activity causing 
secondary adverse effects in patients, such as leucopenia, immunosup-
pression, acute pancreatitis, thrombolysis, hyperglycemia, and neuro-
logical seizures [9,15,16]. Moreover, the administration of E. coli 
ASNase can cause hypersensitivity reactions in 60% of the patients, 
resulting in mild to severe local reactions, like urticaria, bronchospasm, 
serum sickness, hypotension, anaphylaxis and immunosuppression 
[1,4,8,9]. 

Besides the secondary effects of E. coli ASNase type II, a high level of 
ASNase purity is required by the pharmaceutical industry, in which 
downstream processing may contribute from 50 to 80% of the total 
ASNase production costs [1]. ASNase downstream processes include 
enzyme extraction and purification by non-chromatographic processes 
(centrifugation or fractional precipitation [4]) and chromatographic 
processes (ion-exchange, gel filtration, and affinity chromatography 
[17,18]). Centrifugation is regularly applied to remove insoluble resi-
dues after ASNase production [18]. However, fermented broths where 
ASNase is found, contain many other proteins with similar or higher 
molecular weights, leading to a poor resolution [18]. To increase 
ASNase purity, fractional precipitation or chromatographic techniques 
have been applied. In the first purification strategy, the most used pre-
cipitation agent is ammonium sulfate [4]. For instance, Abd El Baky and 
El Baroty [19] purified ASNase from Spirulina maxima using 80% 
ammonium sulfate. In this study, a purification fold of 5.28 times higher 
than the crude enzyme and an enzyme yield of 91.26% were obtained. 
Similarly, El-Naggar et al. [17] purified ASNase from Streptomyces fra-
diae using ammonium sulphate and obtained a purification fold of 1.417 
and an enzyme recovery of 8.667%. Regarding the chromatographic 
processes, ion exchange, affinity, and gel filtration chromatography are 
usually applied and used to achieve maximum purification of the 
enzyme [18]. Depending on the source of ASNase and the molecular 
weight of the enzyme, different types of chromatography columns can 
be selected [7]. Abd El Baky and El Baroty [19] enhanced the 

purification factor to 10.91 using CM-Sephadex C-200 gel filtration 
chromatography, while El-Naggar et al. [17] increased the purification 
factor to 3.338 with ion exchange chromatography through DEAE 
Sepharose CL-6B column. Moreover, Hassan et al. [20] purified ASNase 
produced by marine Aspergillus terreus using 65% ammonium sulphate 
precipitation, followed by gel filtration on Sephadex G-100 and DEAE- 
cellulose ion exchange chromatography. An increase in the purifica-
tion by 2.75-, 5.47-, and 11.96-fold and 37.35%, 14.38%, and 14.22% of 
yield were, respectively, obtained. Moharib [21] also used gel filtration 
chromatography through Sephacryl S-200 to purify ASNase produced by 
Vigna unguiculata seed after a first step of purification by precipitation 
with ammonium sulphate, followed by ion-exchange chromatography 
through DEAE-Sepharose column. The results showed a purification fold 
increase from 2 to 31 with a yield reduction from 61% to 28.24%. 
Nickel-affinity chromatography was also applied for ASNase purifica-
tion from Bacillus amyloliquefaciens, resulting in an enzyme purification 
fold of 8.26 and a yield of 30.80% [22]. The literature results on ASNase 
downstream processing are summarized in Table 1. 

Beyond conventional methods, alternative processes for ASNase 
purification are being studied by the science community, such as 
aqueous biphasic systems (ABS) [23]. Using a polymer-salt-based ABS to 
purify E. coli ASNase, Santos et al. [23] achieved a high enzyme recovery 
(87.94%) and a purification factor of 20.09. Nevertheless, the devel-
opment of simpler and cost-efficient techniques capable to separate, 
extract and purify ASNase is still an open field. 

Supported ionic liquids (SILs) have been successfully employed in 
the immobilization/capture or purification of several biomolecules 
[24–29], including proteins [24,25,27] and ASNase as previously re-
ported by our research group [26]. Ionic liquids (ILs) have been widely 
applied in the separation field due to their designer capacity, namely the 
cation and anion structures manipulation according to the desired 
properties and thus improving separation performance and selectivity 
towards a target compound [25]. This important property is also shown 
in silica-based supported ionic liquid-like phase (SSILLP) materials, 
since ILs are the functional groups of silica (the support to which they 
are covalently bound), allowing different interactions to be established 
between the target compounds and the matrix. Despite the success of 
SSILLP materials in the processing of biomolecules, namely in the cap-
ture of bacterial RNA [28] or purification of antibodies [25], to the best 
of our knowledge, they were not previously applied for the purification 
of enzymes. 

Based on the drawbacks related to E. coli ASNase type II, such as the 
total costs of the downstream process of ASNase, its relevant application, 
and promising results of SSILLP materials in biomolecules processing, in 
this work, SSILLP materials with different alkyl chain lengths at the 
cation source and Cl− as the anion source were used as simple alterna-
tive supports for the semi-continuous ASNase purification. 

2. Materials and methods 

The reagents used in the synthesis of SSILLP materials were 3-chlor-
opropyltrimethoxysilane (≥98% pure) and tributylamine (99% pure) 
acquired from Acros Organics-Thermo Fisher Scientific (Bridgewater, 
NJ, USA); ethanol (≥99.8% pure) and trioctylamine (≥98% pure) pro-
vided by Honeywell Research Chemicals-Inc. Fluka (Charlotte, NC, 
USA); hydrochloric acid (HCl, 37% w/w), N,N-dimethylbutylamine 
(≥98.5% pure), N,N-dimethylhexylamine (≥97.5% pure), N,N- 
dimethyloctylamine (≥94% pure), and trihexylamine (≥95.5% pure) 
purchased from Sigma-Aldrich-Merck KgaA (St. Louis, MI, USA); and 
methanol (≥99.9% pure), toluene (≥99.8% pure), and triethylamine 
(≥99% pure) obtained from Thermo Fisher Scientific (Waltham, MA, 
USA). 

For the production of ASNase, the following reagents were used: 
glycerol (analytical reagent) acquired from Biochem Chemopharma 
(Cosne-Cours-sur-Loire, France); and Luria Bertani (LB) broth (Lennox) 
(for molecular biology), erythromycin (for cell culture), D-(+)-Xylose 
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(≥99% pure), and phosphate-buffered saline (PBS) tablets provided by 
Sigma-Aldrich-Merck KGaA (St Louis, MO, USA). 

To determine ASNase activity, the following reagents were applied: 
L-asparagine (99% pure) purchased from Acros Organics-Thermo Fisher 
Scientific (Bridgewater, NJ, USA); Tris(hydroxymethyl) aminomethane 
(Tris, 99% pure) obtained from Alfa Aesar-Thermo Fisher Scientific 
(Kandel, Germany); Trichloroacetic acid (TCA, 99.5% pure) acquired 
from Sigma-Aldrich-Merck KGaA (St Louis, MO, USA); and Nessler’s 
reagent (pure) provided by PanReac AppliChem ITW Reagents (Darm-
stadt, Germany). 

2.1. SSILLP materials synthesis 

Seven SSILLP materials with quaternary ammonium cations with 
different alkyl chain lengths and chloride as the counterion were syn-
thesized using an adaptation of the protocol detailed by Qiu et al. [30], 
corresponding to dimethylbutylpropylammonium chloride ([Si][N3114] 
Cl), dimethylhexylpropylammonium chloride ([Si][N3116]Cl), dime-
thyloctylpropylammonium chloride ([Si][N3118]Cl), triethylpropy-
lammonium chloride ([Si][N3222]Cl), tributylpropylammonium 
chloride ([Si][N3444]Cl), trihexylpropylammonium chloride ([Si] 
[N3666]Cl), and trioctylpropylammonium chloride ([Si][N3888]Cl). The 
synthesis of the SSILLP materials was carried out through two main 
steps: (i) commercial silica gel 60 (0.2–0.5 mm) activation with a hy-
drochloric acid (37%w/w) treatment for 24 h to enhance the silanol 
groups content on the silica surface and (ii) silica functionalization, 
comprising two reactions: the first reaction with a silane-coupling agent 
that also provides the anion (3-chloropropyltrimethoxysilane, 
C6H15ClO3Si), followed by a second reaction with the cation source. To 
this end, 5 g of the activated silica was suspended in 60 mL of toluene 
and 5 mL of C6H15ClO3Si was added. This suspension was kept under 
reflux and magnetic stirring for 24 h. Then, the resulting solid was fil-
trated and washed by the following order: 100 mL of toluene, 200 mL of 
ethanol:water 1:1 (v/v), 500 mL of distilled water, and 100 mL of 
methanol, and dried for 24 h at 60 ◦C, resulting in silica with a chlor-
opropyl spacer arm ([Si][C3]Cl). For the second reaction of the silica 
functionalization, 5 g of [Si][C3]Cl were mixed with 60 mL of toluene, 
and 5 mL of the cation source, e.g., N,N-dimethylbutylamine, and kept 
under reflux and magnetic stirring for 24 h. Afterwards, the material was 
filtrated and washed using the following sequence: 100 mL of toluene, 
350 mL of methanol, 300 mL of distilled water, and 150 mL of methanol, 
and dried for 24 h at 60 ◦C. 

2.2. Characterization of SSILLP materials 

All synthesized SSILLP materials ([Si][N3114]Cl, [Si][N3116]Cl, [Si] 
[N3118]Cl, [Si][N3222]Cl, [Si][N3444]Cl, [Si][N3666]Cl, and [Si][N3888] 
Cl) were characterized through elemental analysis and zeta potential 
analysis to determine the point of zero charge (PZC). All SSILLP 

materials were also characterized before contact with the enzymatic 
extract (except for [Si][N3114]Cl which was characterized before and 
after contact with the enzymatic extract), through Attenuated total 
reflectance-Fourier-transform infrared (ATR-FTIR) spectroscopy, 
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 
analysis. The SSILLP material selected as the best to be further applied in 
the optimization of ASNase purification, i.e., [Si][N3114]Cl was also 
characterized through scanning electron microscopy (SEM). 

2.2.1. Elemental analysis 
The weight percentages (%w/w) of carbon (%C), hydrogen (%H), 

and nitrogen (%N) of all SSILLP materials were determined through 
elemental analysis using 2 mg of each sample, the equipment TruSpec 
630–200-200, and 1075 ◦C and 850 ◦C as the respective combustion 
furnace and subsequent burner temperature. Infrared absorption was 
the detection method for carbon and hydrogen, while thermal conduc-
tivity was the detection method for nitrogen. 

The bonding amount (BA) (µmol m− 2) of ILs onto all SSILLP mate-
rials was calculated considering the amount of nitrogen present, ac-
cording to Eq. (1). 

BA =

%N
M(N)×100

SBET
(1) 

where %N is the weight percentage of nitrogen, M(N) is the molar 
mass of nitrogen (g µmol− 1), and SBET is the specific surface area of the 
activated silica (494.2 m2 g− 1). 

The mass of IL per mass of material (mg g− 1) of all SSILLP materials 
was calculated considering the amount of nitrogen present, according to 
Eq. (2). 

IL mass per material mass =
%N×MIL

NIL

100
× 1000 (2) 

where %N is the weight percentage of nitrogen, MIL is the IL molar 
mass (g mol− 1), and NIL is the nitrogen mass per IL (g). 

2.2.2. Point of zero charge (PZC) 
The PZC of activated silica and all SSILLP materials were obtained 

using zeta potential measurements (Malvern Zetasizer Nano ZS (Mal-
vern Instruments Ltd., Malvern, UK)) of aqueous suspensions of each 
material in a wide range of pH values. Aqueous solutions of NaOH and 
HCl at 0.1 M and 0.01 M were used to adjust the pH of the materials’ 
suspensions. 

2.2.3. Attenuated total reflectance-Fourier-transform infrared (ATR-FTIR) 
spectroscopy 

ATR-FTIR was performed using a solid sample of activated silica and 
each synthesized SSILLP material, and for [Si][N3114]Cl before and after 
contact with enzymatic extract, using a Perkin Elmer FT-IR System 
Spectrum BX (Waltham, MA, USA) equipment at 25 ◦C and in a range 

Table 1 
ASNase downstream processes: non-chromatographic and chromatographic processes, ASNase source, and purification factor.  

ASNase downstream process ASNase source Purification 
factor 

Ref. 

Non-chromatographic process Chromatographic process 

Ammonium sulfate 
precipitation 

– S. maxima 5.28 [19] 
CM-Sephadex C-200 gel filtration 10.91 

Ammonium sulfate 
precipitation 

– S. fradiae 1.417 [17] 
DEAE Sepharose CL-6B ion exchange chromatography 3.338 

Ammonium sulphate 
precipitation 

– A. terreus 2.75 [20] 
Sephadex G-100 gel filtration – 5.47 

DEAE-cellulose ion exchange 
chromatography 

11.96 

Ammonium sulphate 
precipitation 

– V. unguiculata 2 [21] 
DEAE-Sepharose column ion exchange 
chromatography 

Sephacryl S-200 column gel filtration 31 

– Ni-sepharose 6 FF affinity chromatography B. amyloliquefaciens 8.26 [22]  
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between 4000 and 500 cm− 1. The samples were scanned 256 times with 
a resolution of 8.0 cm− 1. 

2.2.4. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 
analysis 

The specific surface area (SBET) of activated silica and all SSILLP 
materials, including [Si][N3114]Cl before and after contact with enzy-
matic extract, were assessed by gas adsorption using a Gemini V-2380 
surface area analyzer (Micromeritics, Norcross, GA, USA) and deter-
mined through the BET equation with multipoint adsorption isotherms 
of N2 at − 196 ◦C. The pore structure characterization, i.e., pore surface 
area, pore volume and average pore size were estimated by the BJH 
model [31]. The samples were degassed overnight at room temperature 
before the measurements. 

2.2.5. Scanning electron microscopy (SEM) 
SEM of activated silica and [Si][N3114]Cl was carried out using a 

Hitachi S4100 microscope (Hitachi, Tokyo, Japan); a carbon thin film 
deposition was used to enhance the samples’ conductivity. 

2.3. ASNase production 

ASNase production was performed according to the protocol previ-
ously reported by Bento et al. [32]. Briefly, the inoculum was prepared 
by the activation of a stock culture of B. subtilis (20% v/v in glycerol 
aqueous solution maintained at − 80 ◦C) in 15 mL of LB medium sup-
plemented with erythromycin 1 μg mL− 1 in 50 mL falcon tubes. Cells 
were grown at 37 ◦C, overnight (14–16 h) in an orbital shaker (Excella 
E24, New Brunswick Scientific, USA). The process of ASNase production 
was initiated by transferring the inoculum culture of B. subtilis to 1 L 
Erlenmeyer flasks containing 250 mL of LB medium and adjusting the 
initial optical density at 600 nm (OD600 nm) to 0.1 absorbance units 
(AU). This culture was grown at 37 ◦C and 220 rpm. The optical density 
was measured in a spectrophotometer equipment (Shimadzu UV-1800, 
Shimadzu Corp., Japan). When cultures reached OD600 nm between 0.7 
and 1 AU, 0.5% w/v of an aqueous xylose solution (50% w/v, inducing 
agent) was added to induce ASNase production. The bioprocess was 
performed at 30 ◦C and 220 rpm for 24 h. After cultivation, cells were 
harvested by centrifugation at 5000 rpm for 20 min at 25 ◦C. The 
resulting pellets were resuspended in 10 mL PBS buffer and submitted to 
ultrasound sonication (Branson 450 Digital Sonifier, Branson Ultra-
sonics Corporation, USA) with 60% power in 40 sets of 5 s pulse and 10 s 
intervals between them in ice bath. The enzymatic extract was recovered 
by centrifugation at 5000 rpm for 10 min at 25 ◦C. 

2.4. Screening of SSILLP materials with different alkyl chain lengths for 
ASNase purification 

The ASNase purification was performed through the addition of 1 mL 
of enzymatic extract (containing ASNase and other proteins (impu-
rities), total protein concentration of 15 mg mL− 1) to 10 mg of the 
SSILLP materials with different alkyl chain lengths ([Si][N3114]Cl, [Si] 
[N3116]Cl, [Si][N3118]Cl, [Si][N3222]Cl, [Si][N3444]Cl, [Si][N3666]Cl, 
and [Si][N3888]Cl). The enzymatic extracts were further stirred using a 
programmable rotator Multi Bio RS-24 with PRS-26 platform (BioSan 
SIA, Riga, Latvia) for 60 min at 25 ◦C, and, afterwards, centrifuged 
(Micro Star 17, VWR, part of Avantor, Radnor, PA, USA) for 10 min at 
12000 rpm aiming to separate the material from the supernatant. All 
purification tests were performed in duplicate. 

2.5. Determination of ASNase activity 

The ASNase activity in the supernatants was measured according to 
the method described by Magri et al. [33]. To determine ASNase ac-
tivity, 500 μL of the enzymatic extract or supernatants (after contact 
with [Si][N3114]Cl), 500 μL of 50 mM Tris-HCl pH 8.6, and 50 μL of 189 

mM L-asparagine were mixed and incubated for 30 min at 37 ◦C. The 
enzymatic reaction was stopped by the addition of 250 µL of 1.5 M TCA. 
After centrifugation at 12,000 rpm for 10 min, samples were analyzed by 
the Nessler method regarding the ammonium released in the hydrolysis 
of L-asparagine by ASNase, directly proportional to the ASNase activity. 
For this, 500 μL of the stopped reaction sample, 500 μL of distilled water, 
and 250 μL of Nessler’s reagent were mixed and incubated for 30 min at 
room temperature (RT). The absorbance of the sample was determined 
at 436 nm using a multimode microplate reader (Synergy HT, BioTek, 
USA). A calibration curve was previously established using ammonium 
sulfate. ASNase activity (AA) was calculated according to Eq. (3). 

AA =
NH+

4 × VR × VN

VS × RT × VE
(3) 

where NH4
+ is the ammonium concentration produced in the enzy-

matic reaction (µmol mL− 1), VR is the enzymatic reaction volume (1.05 
mL), VN is the Nessler reaction volume (1.25 mL), VS is the stopped 
reaction sample volume (0.5 mL), RT is the reaction time (30 min), and 
VE is the enzymatic extract volume (0.5 mL). One unit of ASNase activity 
(U) corresponds to 1 µmol of ammonium produced per min at pH 8.6 and 
37 ◦C. 

2.6. Determination of total protein concentration 

The protein content in the enzymatic extract was determined by 
spectroscopy at 280 nm using a multimode microplate reader (Synergy 
HT, BioTek, USA), and the total protein concentration was calculated 
based on a calibration curve previously established using bovine serum 
albumin (BSA). 

2.7. Determination of the specific ASNase activity and purification factor 

The specific ASNase activity (SAA) was calculated according to Eq. 
(4), and it is expressed in U mg− 1. 

SAA =
AA

CTP
(4) 

where AA is the ASNase activity (U mL− 1), and CTP is the total protein 
concentration (mg mL− 1). 

The purification factor (PF) was calculated according to Eq. (5), 

PF =
SAAA

SAAB
(5) 

where SAAA is the specific ASNase activity after purification (U 
mg− 1), and SAAB is the specific ASNase activity before purification (U 
mg− 1). 

2.8. Response surface methodology (RSM) 

Following the initial screening using SSILLP materials with different 
alkyl chain lengths, [Si][N3114]Cl was selected as the best SSILLP ma-
terial to be further applied in the optimization of ASNase purification 
from the enzymatic extract. The pH and solid–liquid ratio (S/L ratio) 
were the factors chosen to be applied in a 22 factorial planning. To adjust 
the pH of the enzymatic extract, aqueous solutions of HCl at 0.1 M and 1 
M were used. The 22 factorial planning has been defined by a central 
point (level zero), the factorial points (1 and − 1, level one) and the axial 
points (level α) (Table S1 in the Supplementary Material). The equations 
and independent variables coded levels used in the factorial planning 
are given in the Supplementary Material (Table S2, Eqs. (S1-S2)). The 
analysis of the Response surface methodology (RSM) curves leads to the 
determination of the optimal conditions for ASNase purification. This 
planning enables the analysis of distinct operating conditions simulta-
neously and the identification of the most significant parameter to 
enhance the purification factor. The pH values of 3 and 7 represent pH 
2.9 and pH 7.1 throughout the manuscript. 
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The enzymatic extracts were mixed using a programmable rotator 
Multi Bio RS-24 with PRS-26 platform (BioSan SIA, Riga, Latvia) for 60 
min at 25 ◦C. The statistical analysis and representing response surfaces 
of the obtained data were performed using the Statsoft Statistica 
10.0 software. The obtained results were statistically analyzed with a 
confidence level of 95%, and a student t-test was used to verify the 
statistical significance of the adjusted data (Table S4 in the Supple-
mentary Material). The lack of fit, the regression coefficient (R2) and the 
F-value obtained from the analysis of variance (ANOVA) were evaluated 
to determine the adequacy of the model. 

2.9. Semi-continuous purification of ASNase 

Semi-continuous purification of ASNase was performed using 
disposable polypropylene columns (Bio-Rad, California, USA) packed 
with 225 mg of [Si][N3114]Cl (SSILLP material that enabled the highest 
purification of ASNase during the batch assays) under the optimized 
purification conditions (pH 3 and S/L ratio of 15) throughout 15 mL of 
enzymatic extract. The enzymatic extract was constantly supplied 
through a peristaltic pump (FH100, Thermo Fisher Scientific, USA) at 4 
rpm. All semi-continuous purification tests were performed in duplicate. 
The enzymatic extract and purified cell extract fractions (separate 1st, 
2nd and 3rd 5 mL of cell extract recovered following semi-continuous 
purification) were analyzed by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE). 

2.10. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS- 
PAGE) 

The protein profile of the enzymatic extract and purified cell extract 
fractions were analyzed by SDS-PAGE. The samples were diluted 1:1 (v/ 
v) in a sample buffer comprising 0.5 M Tris-HCl pH 6.8 1:4 (v/v), SDS 
10% (w/v) 2:5 (v/v), glycerol 1:5 (v/v), bromophenol blue 1:5 (w/v) 
and dithiothreitol (DTT, 3.1 mg per 100 μL). Following dilution, samples 
were heated at 95 ◦C for 5 min. All samples were loaded (20 μL) on 
Novex™ WedgeWell™ 16%, Tris-Glycine, 1.0 mm polyacrylamide gels 
(Invitrogen™, Massachusetts, USA). Electrophoresis was run at 100 V 
for 90 min. The running buffer used was Novex™ Tris-Glycine SDS 
running buffer 10X (Invitrogen™, Massachusetts, USA). The gels were 
stained with Coomassie brilliant blue. NZYColour Protein Marker I was 
used as molecular weight marker and commercial ASNase (P1321) 
(>96.0% pure) from E. coli ASI.357 (BioVision Inc., Massachusetts, USA) 
was used as ASNase standard. 

3. Results and discussion 

3.1. Characterization of SSILLP materials 

The elemental analysis was carried out to determine the content of 
carbon, hydrogen, and nitrogen of activated silica and all synthesized 
SSILLP materials, whose results are presented in Table 2. All SSILLP 
materials comprise carbon, hydrogen, and nitrogen, whose weight per-
centages range from 5.64 to 10.89%, from 1.38 to 3.17%, and from 0.13 

to 1.06%, respectively. These results confirm the successful IL covalent 
binding to the silica surface, which did not contain carbon, hydrogen, 
and nitrogen. As previously reported by us [26], the same volume of the 
amines solution applied in the synthesis resulted in distinct functional-
ization degrees, detectable through the distinct weight percentage of 
nitrogen, bonding amount and IL mass per material mass. Moreover, 
there was no linear dependence identified between the molar amount of 
the cation source and the bonding amount of IL per material mass. The 
highest molar amounts (0.04 mol) used in the synthesis of [Si][N3114]Cl 
and [Si][N3222]Cl resulted in distinct bonding amounts, i.e., 1.53 and 
0.56 μmol m− 2, and IL mass per material mass, i.e., 134.74 and 49.57 
mg g− 1, likely due to stereochemical effects. 

In order to determine the PZC of the materials, zeta potential value 
changes as a function of pH were assessed. Graphical representations are 
given in the Supplementary Material (Fig. S1), being the respective re-
sults summarized in Table 2. All SSILLP materials present higher PZC 
values, ranging from 6.5 to 10.8, than activated silica (3.0). Therefore, 
the SSILLP materials surface is more positively charged, which is due to 
the IL cation bound to the silica surface, further proving the successful 
SSILLP materials’ functionalization. The PZC results of the materials 
under study are within the range of values previously reported by our 
research group [25,26,28,34]. However, an exception was observed for 
[Si][N3114]Cl and [Si][N3666]Cl since a slight increase of PZC values was 
detected, and which is due to the higher functionalization degrees and 
bonding amounts obtained for these materials. 

The ATR-FTIR spectra of activated silica and all synthesized SSILLP 
materials, comprising [Si][N3114]Cl before and after contact with 
enzymatic extract, are given in Fig. 1. The broad band present in the 
ATR-FTIR spectra of all SSILLP materials, between 1100 and 1000 cm− 1 

(Fig. 1, dashed yellow line), corresponds to the siloxane groups (Si-O-Si) 
of silica (Fig. 1 - A I). The broad band detected in the ATR-FTIR spectrum 
of [Si][N3114]Cl after contact with enzymatic extract between 1700 and 
1600 cm− 1 (Fig. 1 - A III, dotted green line), in contrast with the spec-
trum of [Si][N3114]Cl (Fig. 1 - A II, dotted green line), corresponds to the 
amide group of the polypeptide chain of protein impurities, thus sup-
porting the adsorption of impurities onto [Si][N3114]Cl. 

The specific surface area of activated silica and all SSILLP materials 
were evaluated through gas adsorption and determined by the BET 
equation. The results are summarized in Table 3. All SSILLP materials 
have a lower specific surface area, ranging from 171.7 to 375.1 m2 g− 1, 
than activated silica (494.2 m2 g− 1). The specific surface area decreases 
are in accordance with the ones previously reported for [Si][N3114]Cl, 
[Si][N3444]Cl, and [Si][N3888]Cl [34], suggesting the IL covalent bound 
to the silica surface and confirming the successful SSILLP materials’ 
functionalization. The pore surface area and pore volume of all SSILLP 
materials estimated by the BJH model were also lower, ranging from 
246.2 to 481.0 m2 g− 1 and from 0.33 to 0.55 cm3 g− 1, than obtained for 
activated silica (553.0 m2 g− 1, 0.76 cm3 g− 1). Both pore surface area and 
pore volume reductions are in accordance with the ones previously re-
ported for imidazolium-based materials, such as silica functionalized 
with 1-methyl-3-propylimidazolium chloride ([Si][C3C1im]Cl) [35], 
suggesting the covalent bound of IL on the pore walls. 

The pore surface area (292.9–304.7 m2 g− 1) and pore volume 

Table 2 
Weight percentages of carbon (%C), hydrogen (%H), and nitrogen (%N); molar amount (n (mol)) of each amine used for the synthesis; bonding amount (BA) (µmol 
m− 2); mass of ionic liquid (IL) per mass of material (i.e., silica) (mg g− 1); and point of zero charge (PZC) of activated silica and all SSILLP materials.  

Material %C %H %N n (mol) BA (μmol m− 2) IL mass per material mass (mg g− 1) PZC 

Silica  –  –  –  –  –  –  3.0 
[Si][N3114]Cl  9.43  3.17  1.06  0.04  1.53  134.74  10.1 
[Si][N3116]Cl  10.49  2.96  0.95  0.03  1.37  139.88  10.8 
[Si][N3118]Cl  10.89  1.63  0.76  0.02  1.09  126.83  10.6 
[Si][N3222]Cl  6.38  2.34  0.39  0.04  0.56  49.57  9.3 
[Si][N3444]Cl  6.62  1.57  0.18  0.02  0.26  34.16  7.1 
[Si][N3666]Cl  6.12  1.51  0.14  0.01  0.20  34.07  6.8 
[Si][N3888]Cl  5.64  1.38  0.13  0.01  0.19  41.41  6.5  
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(0.41–0.42 cm3 g− 1) of [Si][N3114]Cl was the same before and after 
contact with enzymatic extract, supporting that the adsorption of im-
purities occurs on the surface of this material and not inside the pores. 
The average pore size was similar for activated silica and [Si][N3114]Cl 
(54.8–56.0 Å). Moreover, there were no major differences in the average 
pore size of the remaining SSILLP materials, i.e., [Si][N3116]Cl, [Si] 
[N3118]Cl, [Si][N3222]Cl, [Si][N3444]Cl, [Si][N3666]Cl, and [Si][N3888]Cl 
(45.9–53.9 Å), and activated silica (55.0 Å) (Table 3), supporting that 
the IL functionalization of silica does not significantly change the pore 
size of the materials. 

SEM was carried out to assess the morphology of [Si][N3114]Cl. SEM 
images of activated silica and [Si][N3114]Cl are given in Fig. 2. SEM 
images of activated silica show that silica has a heterogeneous particle 
size and morphology. Nevertheless, SEM images of [Si][N3114]Cl display 
that this material has a surface with lower roughness likely due to the 
existence of organic moieties at its surface, as previously reported for 
imidazolium-based SILs [35]. Overall, SSILLP materials’ 

Fig. 1. Attenuated total reflectance-Fourier-transform infrared (ATR-FTIR) spectra of silica (A I), [Si][N3114]Cl (A II), [Si][N3114]Cl after contact with enzymatic 
extract (A III), [Si][N3116]Cl (B), [Si][N3118]Cl (C), [Si][N3222]Cl (D), [Si][N3444]Cl (E), [Si][N3666]Cl (F), and [Si][N3888]Cl (G). 1700–1600 cm− 1, amide group of the 
polypeptide chain of protein impurities (dotted green line); 1100–1000 cm− 1, siloxane groups (Si-O-Si) of silica (dashed yellow line). 

Table 3 
Specific surface area (SBET); Barrett-Joyner-Halenda (BJH) adsorption cumula-
tive pore surface area (m2 g− 1), pore volume (cm3 g− 1), and average pore size 
(Å) of activated silica and all SSILLP materials.  

Material SBET (m2 g− 1) Pore surface area 
(m2 g− 1) 

Pore volume 
(cm3 g− 1) 

Pore size 
(Å) 

Silica  494.2  553.0  0.76  55.0 
[Si][N3114]Cl  212.31  292.91  0.411  56.01  

215.92  304.72  0.422  54.82 

[Si][N3116]Cl  171.7  246.2  0.33  53.9 
[Si][N3118]Cl  181.3  259.4  0.33  51.6 
[Si][N3222]Cl  310.1  418.7  0.51  48.4 
[Si][N3444]Cl  308.2  410.3  0.47  46.1 
[Si][N3666]Cl  327.0  442.4  0.51  46.3 
[Si][N3888]Cl  375.1  481.0  0.55  45.9 

*Before1 and after2 contact with the enzymatic extract. 
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characterization through elemental analysis, PZC, ATR-FTIR spectros-
copy, BET and BJH analysis, and SEM enabled to confirm the successful 
materials’ functionalization. 

3.2. Screening of SSILLP materials with different alkyl chain lengths for 
ASNase purification 

Seven different amines were assessed as cations due to the potential 

of ammonium-based ILs in protein immobilization/capture [25,26]. 
Chloride was selected as the counterion in all SSILLP materials to avoid 
the use of more complex anions, and to reduce the cost of the materials 
and their eco- and cytotoxicity [25,34]. An initial screening of the 
SSILLP materials with different alkyl chain lengths was carried out to 
assess the most promising SSILLP material for the purification of ASNase 
from Aliivibrio fischeri by the flow-through elution mode. The schematic 
representation of the proposed ASNase purification process mediated by 

Si
lic

a
[S

i][
N

31
14

]C
l

Fig. 2. Scanning electron microscopy (SEM) images of activated silica and [Si][N3114]Cl.  

Fig. 3. Schematic representation of the proposed ASNase purification process mediated by SSILLP materials: protein impurities adsorbed on SSILLP materials while 
L-asparaginase remains in solution. Abbreviation and chemical structure of the SSILLP materials used are also provided ([Si][N3114]Cl, [Si][N3116]Cl, [Si][N3118]Cl, 
[Si][N3222]Cl, [Si][N3444]Cl, [Si][N3666]Cl and [Si][N3888]Cl) (The Fig. 3 was partly generated using Servier Medical Art, provided by Servier, licensed under a 
Creative Commons Attribution 3.0 unported license). 
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SSILLP materials, and abbreviation and chemical structure of the SSILLP 
materials used are given in Fig. 3. 

Operating conditions, namely pH of 7.4, S/L ratio of 10:1 (mg mL− 1), 
and 60 min at 25 ◦C, were kept constant in all experiments. The ASNase 
activity and total protein concentration were measured in the enzymatic 
extract and supernatants (after contact with the SSILLP materials). The 
effect of different alkyl chain lengths on the purification factor and 
specific activity of ASNase is given in Fig. 4. The ASNase purification 
factor increases from 1.26 to 1.65, with protein impurities being 
adsorbed on the SSILLP material and ASNase being kept in the super-
natant. The specific activity of ASNase ranged from 0.013 U mg− 1 to 
0.026 U mg− 1. 

As previously proposed by us [26], hydrophobic interactions are the 
main driving forces involved in the immobilization by physical 
adsorption of ASNase over SSILLP materials when using a simple buffer 
solution containing pure commercial ASNase from E. coli ASI.357. When 
using a complex extract after cell lysis containing ASNase and other 
proteins (impurities), while attempting the flow-through elution mode, 
the lowest purification factors (1.26, 1.26, and 1.35) and specific ac-
tivity of ASNase (0.013 U mg− 1, 0.013 U mg− 1, and 0.014 U mg− 1) were 
obtained using the most hydrophobic SSILLP materials, comprising the 
IL with the longest alkyl chain lengths i.e., [Si][N3444]Cl, [Si][N3666]Cl, 
and [Si][N3888]Cl, respectively. On the other hand, the highest purifi-
cation factor (1.65) and specific activity of ASNase (0.026 U mg− 1) were 
obtained using the least hydrophobic SSILLP material, comprising the IL 
with the shortest alkyl chain length, i.e., [Si][N3114]Cl. The log of the 
octanol–water partition coefficient (log Kow) of the cation N,N- 
dimethylbutylamine (1.60) is much lower than the log Kow of the 
cation trioctylamine (9.45), further proving [Si][N3114]Cl as the least 
hydrophobic SSILLP material under study [36]. These results, together 
with our previous findings where the goal was to adsorb ASNase [26], 
support the existence of preferential hydrophobic interactions between 
ASNase and the SSILLP materials. Comparing the best purification factor 
of 1.65 with that obtained with activated silica, i.e., 1.03, an increase of 
1.60-fold is achieved, supporting the importance of silica functionali-
zation with ILs for the purification of ASNase. Based on this set of results, 
[Si][N3114]Cl was chosen for the following assays since it displays a 
higher affinity to the impurities present in the enzymatic extract over 
ASNase. 

3.3. Optimization of ASNase purification conditions through RSM 

To identify the optimal ASNase purification operating conditions 
from the enzymatic extract, it is required to take into account the in-
teractions between factors, namely pH and S/L ratio. The pH was 
selected due to the importance of possible electrostatic interactions 
between ASNase or other proteins and the [Si][N3114]Cl. The reported 
ASNase isoelectric point (pI) is between 5.0 and 5.7 [37], and the PZC 

value of [Si][N3114]Cl under study is 10.1, as given in Table 2. There-
fore, a pH range between pH 3.0 and pH 7.0 comprises similar and 
opposite charges of the enzyme and the material since; from pH 3.0 to 
pH 4.9, both ASNase and [Si][N3114]Cl are positively charged; and from 
pH 5.8 to pH 7.0, ASNase is negatively charged and [Si][N3114]Cl is 
positively charged, as detailed in Fig. 5. It is important to highlight that 
the enzyme is active in this pH range (ASNase activity of enzymatic 
extract at pH 3 and RT: 0.082 U mL− 1) – data provided in the Supple-
mentary Material (Fig. S5). RSM was applied using a 22 factorial plan-
ning (2 factors and 2 levels). The results obtained via RSM are given in 
Fig. 6. ANOVA was applied in order to estimate the statistical signifi-
cance of variables and the interactions among them. The experimental 
conditions and purification factor values experimentally obtained using 
[Si][N3114]Cl and the respective calculated values, in addition to the 
complete statistical analysis, are given in the Supplementary Material 
(Tables S1–S5 and Figs. S2–S4). 

The results depicted in Fig. 6 show that when using low medium pH 
and higher S/L ratio, higher purification factors are obtained. The pH 
effect is the only significant variable with a linear, negative effect 
regarding the ASNase purification factor, as shown in the Pareto chart 
given in the Supplementary Material (Fig. S2). Therefore, the predicted 
optimal experimental conditions to enhance the purification factor were 
a pH value of 3 and S/L ratio of 15 (Fig. S4 in the Supplementary Ma-
terial). These predicted optimal conditions were experimentally 
assessed without significant differences between the predicted (purifi-
cation factor of 3.69) and the experimentally obtained results (purifi-
cation factor of 3.36). In fact, comparing the initial screening to batch 
assay under optimized purification conditions, there was a 2.03-fold 
increase in the ASNase purification factor attained. At pH 3.0, both 
ASNase and [Si][N3114]Cl are positively charged, suggesting that elec-
trostatic repulsion might be responsible for the enzyme flow-through. 
Nevertheless, the lack of enzyme adsorption when the enzyme is nega-
tively charged and the material is positively charged, further supports 
hydrophobic interactions between the SSILLP materials and ASNase 
purification as the most relevant type of interactions, and as previously 
reported by us when addressing the opposite behavior, i.e., the physical 
adsorption of commercial ASNase from E. coli onto SSILLP materials 
[26]. 

3.4. Semi-continuous purification of ASNase under optimized purification 
conditions 

To assess the potential of SSILLP materials in a semi-continuous 
purification of ASNase, assays were performed using disposable poly-
propylene columns (Bio-Rad, California, USA) packed with 225 mg of 
[Si][N3114]Cl under previously optimized conditions (pH 3 and S/L ratio 
of 15), whose results are given in Fig. 7. SILs, such as a macroporous 
resin functionalized with the IL 1-methyl-3-propylimidazolium chloride 

Fig. 4. Purification factor (PF, orange line) and specific activity of ASNase (SAA, blue bars) from the supernatants after contact with activated silica and SSILLP 
materials with different alkyl chain lengths ([Si][N3114]Cl, [Si][N3116]Cl, [Si][N3118]Cl, [Si][N3222]Cl, [Si][N3444]Cl, [Si][N3666]Cl and [Si][N3888]Cl). 
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([C3C1im]Cl), were previously successfully applied in nucleic acids pu-
rification through a semi-continuous method [29]. However, this is the 
first time that SSILLP materials were applied in enzyme purification 
using a semi-continuous process. The purification factor and specific 
ASNase activity of the purified cell extract fractions ranged from 4.61 to 
5.15 and from 0.042 to 0.047 U mg− 1, respectively, throughout 15 mL of 

enzymatic extract (Fig. 7). From the initial screening and from the batch 
assay under optimized purification conditions to semi-continuous as-
says, there were a 3.12- and a 1.53-fold increase, respectively, in the 
purification factor obtained. Compared to the literature, the results of 
this work were higher than those obtained by El-Naggar et al. [17], 
Hassan et al. [20] and Moharib [21], and similar to the ones attained by 
Abd El Baky and El Baroty [19] with non-chromatographic processes, i. 
e., ammonium sulfate precipitation – cf. results in Table 1. Moreover, 
our results are higher than those attained by El-Naggar et al. [17] and 
similar to the ones obtained by Hassan et al. [20] using ammonium 
sulfate precipitation, followed by chromatographic processes, i.e., DEAE 
Sepharose CL-6B ion exchange chromatography [17] and Sephadex G- 
100 gel filtration [20] - Table 1. Thus, our strategy to improve the pu-
rification of ASNase proved to be simple since no previous precipitation 
steps with salts are applied, and efficient since a purification factor of 
5.15 with a specific ASNase activity of 0.047 U mg− 1 (from an enzymatic 
extract with a specific ASNase activity of 0.009 U mg− 1) was achieved in 
one step with a SSILLP operating in the flow-through like mode. 

SDS-PAGE profiles of the enzymatic extract and purified cell extract 
fractions obtained through semi-continuous purification are given in 
Fig. 8. Under optimized purification conditions, the purified cell extract 
fractions present a clear band of the ASNase subunit at 34 kDa, which is 
in agreement with the profiles of commercial ASNase and the initial 
enzymatic extract. Moreover, most protein impurities were removed 
from the purified cell extract fractions, in contrast with the initial 
enzymatic extract. The optimized purification conditions seem to favor 
protein impurities aggregation as observed in the profiles of purified cell 
extract fractions at molecular weights superior to 245 kDa. These results 
suggest the combined effect of aggregation of protein impurities with 

Fig. 5. Schematic representation of the surface charge of ASNase and [Si][N3114]Cl between pH 3.0 and pH 7.0.  

Fig. 6. Response surface with combined effects of pH and solid–liquid ratio (S/ 
L R) on the ASNase purification factor (PF) using [Si][N3114]Cl. 

Fig. 7. Purification factor (PF, orange line) and specific activity of ASNase (SAA, blue bars) of the separate 1st, 2nd and 3rd (5 mL) cell extract fractions recovered 
following semi-continuous purification of ASNase with [Si][N3114]Cl. The first bar identified as “0′′ corresponds to the specific ASNase activity of the initial 
enzymatic extract. 
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protein adsorption onto the SSILLP material. 
[Si][N3114]Cl enabled a 5.15-fold purification of ASNase, which is a 

promising result compared to the complex, multi-step, and expensive 
conventional ASNase downstream processing previously detailed. The 
regeneration and reusability of [Si][N3114]Cl was assessed, but was not 
achieved due to the high compaction of the SSILLP material, in contrast 
to what was previously described for imidazolium-based materials 
[29,35]. However, taking into account the high cost of the pure enzyme 
and the low cost of SSILLP materials [25], [Si][N3114]Cl could be applied 
as a single-use and disposable material for the semi-continuous purifi-
cation of ASNase. Although not determined in this work, the absence of 
IL leaching from SSILLP materials was previously confirmed and re-
ported by our research group [34,35], reinforcing the stability of these 
materials. Overall, SSILLP materials display high potential as simple and 
semi-continuous purification supports in enzyme flow-through down-
stream processing. 

4. Conclusions 

Aiming to design an alternative semi-continuous process to purify 
ASNase from complex enzymatic extracts, the potential of SSILLP ma-
terials composed of quaternary ammoniums and chloride as counterion 
was assessed. Seven SSILLP materials ([Si][N3114]Cl, [Si][N3116]Cl, [Si] 
[N3118]Cl, [Si][N3222]Cl, [Si][N3444]Cl, [Si][N3666]Cl, and [Si][N3888] 

Cl) were synthesized, characterized, and investigated for the first time 
towards ASNase purification from an enzymatic extract. An initial 
screening was performed and [Si][N3114]Cl was selected as the most 
promising material for ASNase purification since it enabled the highest 
purification factor (1.65), achievable by the preferential adsorption of 
extract impurities. The ASNase purification conditions, namely pH 
(range in which enzyme is active) and S/L ratio, were optimized through 
Response Surface Methodology, attaining a maximum purification fac-
tor of 3.36. Semi-continuous purification of ASNase was assessed using 
the optimized purification conditions (pH 3 and S/L ratio of 15) enabling 
a purification factor of 5.15, which was achieved through the flow- 
through elution mode. The purification performance and low cost of 
SSILLP materials support their potential as alternative and simple 
ASNase purification materials in semi-continuous flow-through down-
stream processing. 
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Fig. 8. SDS-PAGE of NZYColour Protein Marker I (PM), commercial ASNase 
from E. coli (I), enzymatic extract at pH 3 (II), 1st cell extract fraction (III), 2nd 
cell extract fraction (IV) and 3rd cell extract fraction (V). Cell extract fractions 
correspond to the separate 1st, 2nd, and 3rd 5 mL of cell extract recovered 
following semi-continuous purification of ASNase with [Si][N3114]Cl. The green 
box highlights the band of the ASNase subunit (34 kDa). Protein concentration 
of 2.2 mg mL− 1 was used for the enzymatic extract to match the protein con-
centration of recovered cell extract fractions. 
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.seppur.2023.123718. 
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