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Abstract

BACKGROUND: Immunoglobulin Y (IgY), a scalable alternative to mammalian antibodies, typically found in hen's egg yolk, has
gained attraction in diagnostic and therapeutic applications. However, its purification from egg yolk remains challenging due
to the complex matrix and limitations of conventional techniques. Supported lonic Liquids (SILs), formed by covalently immo-
bilizing lonic Liquids (ILs) onto solid supports, offer a sustainable and tunable platform for IgY purification. Therefore, this
study evaluates the potential of SILs as effective and selective adsorbent materials towards IgY, allowing its purification from
the Water-Soluble Protein Fraction (WSPF) derived from hen's egg yolk.

RESULTS: Three SiLs, namely [Ssi][Csmim]Cl, [Ssil[N3444]Cl, and [Ssil[N3ggg]Cl, were synthesized in a single-step process and
characterized by elemental analysis, Zeta Potential measurements, Solid-state Carbon-13 Nuclear Magnetic Resonance ('>C
NMR), Spectroscopy and Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR). Response Surface Methodol-
ogy (RSM) was applied to optimize the pH, Solid: Liquid (S:L) ratio, and contact time for the separation of IgY from the WSPF.
Optimal conditions enable up to 90 and 20% IgY purity and recovery yield with [Ssi][C3mim]Cl. Alongside the achieved high
purity, this approach demonstrated reduced solvent usage and operational simplicity.

CONCLUSION: SILs represent a promising strategy for sustainable purification of IgY antibodies. Their high tunable surface
chemistry, and environmentally friendly synthesis align current demands for greener and more efficient downstream pro-
cesses. To this end, this work advances the development of next generation bioseparation technologies with potential indus-
trial applicability.

© 2026 The Author(s). Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Soci-
ety of Chemical Industry (SCI).
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straightforward dilution process. Common techniques for purify-
ing IgY from the WSPF include precipitation methods that utilize
salts (such as ammonium sulfate) or polymers (like polyethylene
glycol), which often involve multiple steps.® Chromatographic
techniques, while effective, can be costly and time-consuming.”?

INTRODUCTION

Antibodies are widely regarded as the preferred affinity molecules
for therapeutic, biochemical, and analytical applications.' Immu-
noglobulin G (IgG) is the most common member of this class, with
well-established applications, for instance treatment and preven-

tion of various infections.2 However, immunoglobulin Y (IgY) rep-
resents a promising technological advancement.’

IgY, present in egg yolk, is analogous to human IgG. In 1996, the
high IgY technology gained international recognition, referring to
the process of producing antibodies for diagnosis, prophylaxis,
and immunotherapy through the extraction, manufacturing, and
application of IgY antibodies.? Over the past decade, this technol-
ogy has seen significant advancements in technical aspects, as
well as in clinical and scientific applications.* Some IgY-based
products have entered the commercial market, attracting sub-
stantial investments from various industries to further commer-
cialize IgY technologies.**

The purification of IgY from the egg yolk typically involves
extracting the water-soluble protein fraction (WSPF) through a

Furthermore, some of these purification methods face scalability
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challenges.? Consequently, there is a pressing need to develop
more cost-effective and optimized alternatives for the extraction
and purification of IgY on an industrial scale. In this context, sup-
ported ionic liquids (SILs) offer a favorable and environmentally
sustainable technology for protein purification.

lonic liquids (ILs) present several advantages when employed
for the capture and/or purification of target biocompounds in
complex biological matrices.”' ILs are usually described as green
solvents due to their negligible volatility and non-flammable
nature.'’ They typically consist of an organic cation and an
organic or inorganic anion, exhibiting high chemical, thermal,
and electrochemical stability.'*"* ILs can be tailored by modifying
the structures of their cations and anions to achieve desirable
properties, such as enhanced selectivity and separation perfor-
mance. When covalently bonded to a solid matrix, such as silica,
SILs are formed. These facilitate various interactions between
the functionalized solid support and the target compound, result-
ing in improved selectivity when processing biological
matrices.'%%13

While SILs have been successfully employed in the separation of
various compounds,'*'® their application in protein purification
remains relatively underexplored.’®>?%2* This gap is particularly
evident in the context of antibody purification. To the best of
our knowledge, only IgG antibodies have been purified from rab-
bit serum and Chinese hamster ovary (CHO) cell culture superna-
tants using SILs.'® SILs have not been investigated for the
purification of other antibodies, such as IgY antibodies. In this
study, three ionic liquids were employed to functionalize a spher-
ical silica matrix and were evaluated as adsorbents for the cap-
ture/purification of IgY antibodies from the water-soluble
protein fraction of egg yolk.

MATERIALS AND METHODS

Spherical silica gel, employed as support material, with a particle size
ranging from 75 to 200 pm, acquired from Merck, was activated with
and hydrochloric acid (HCl, 37 wt%) from Sigma-Aldrich. To prepare
the SILs, it was used 3-chloropropyltrimethoxysilane (98% purity), N-
methylimidazole (99% purity) and tributylamine (99% purity),
acquired from Acros Organics; trioctylamine (>98% purity), provided
by Fluka; ethanol (99% purity) and toluene (99% purity), acquired
from Fisher Scientific, and methanol (99% purity), purchased from
Fisher Chemical. To prepare the WSPF from hen's egg yolk, commer-
cial eggs, acquired from a local supermarket, were used. To evaluate
the effect of pH on the adsorption of the major proteins found in
WSPF, ie, 1gY, a and flivetins, different buffer solutions were used,
namely the citrate/phosphate (0.1 M citric acid/0.2 M Na,HPO,)
and the carbonate/bicarbonate (0.1 M Na,CO3/0.1 M NaHCOs)
buffers for pH values ranging from 3.0 to 7.0 and from 9to 11, respec-
tively. The first one was prepared with sodium chloride (99.5%
purity), anhydrous monobasic sodium phosphate (99% purity) and
sodium phosphate dibasic heptahydrate (98% puirity), all acquired
from Thermo Scientific, and citric acid monohydrate (>99% purity),
purchased from Fisher Scientific. The latter was prepared using
sodium carbonate (=99.5% purity) and sodium bicarbonate (99%
purity), acquired from Sigma Aldrich and Thermo Scientific, respec-
tively. To prepare the Size-Exclusion High Performance Liquid Chro-
matography (SE-HPLC) mobile phase, it was used anhydrous
monobasic sodium phosphate (99% purity), sodium phosphate
dibasic heptahydrate (98% purity), and sodium chloride (99.5%
purity), all acquired from Thermo Scientific.

Synthesis of the supported ionic liquids (SILs)

Three SILs, with chloride as the counterion and spherical silica as a
support, were synthesized, namely 1-methyl-3-propylimidazolium
chloride ([Ssil[Cmim]Cl), propyltributylammonium chloride ([Ssil
[N3444]Cl) and propyltrioctylammonium chloride ([Ssi][N3ggglCl). The
synthesis protocol was adapted from Qiu et al,** and previously
reported by our research group.'®'#2>% A schematic diagram outlin-
ing the synthesis protocol employed for the preparation of the SILs
under study is depicted in Fig. 1.

It is important to reinforce that, in this study, the spherical silica
functionalization was performed in a single step. Accordingly, this
material was initially activated for 24 h with HCl (37 wt%) to
increase the amount of silanol groups on its surface. Afterwards,
5 g of the activated spherical silica was suspended in 60 mL
of toluene, followed by the addition of 5 mL (0.026 mol) of
3-chloropropyltrimethoxysilane and 0.035 mol of the respective
cation source. Then, this suspension was kept in reflux under mag-
netic stirring for 24 h. Subsequently, the resulting material was fil-
tered and washed with 100 mL of toluene, 350 mL of methanol,
300 mL of distilled water, and 150 mL of methanol, followed by
dry at 60 °C for 24 h.

Characterization of the supported ionic liquids (SILs)
Elemental analysis

The amount of carbon (%C), hydrogen (%H) and nitrogen (%N) in
the three synthesized SILs, namely [Ssil[Cmim]Cl, [Ssil[N3444]Cl
and [Ssi][N3ggs]Cl, was determined by elemental analysis, using
the TruSpec LECO-CHNS 630-200-200 analyzer. To this end,
approximately 2 mg of each material were analyzed at a combus-
tion furnace temperature of 1075 °C, and a burner temperature of
850 °C. The nitrogen content was measured using thermal con-
ductivity, whereas carbon and hydrogen contents were deter-
mined by infrared absorption.

Bonding amount (BA)

The bonding amount (BA) (pmol m™), which corresponds to the
chemical amount of IL per area of material, was determined for
all synthetized SILs ([Ssi][Csmim]Cl, [Ssil[N3444]Cl and [Ssi][N3ggsg]
Cl). Considering a specific surface area (Sger) of 288.59 m? g~
for the spherical silica and that the imidazole ring presents two
nitrogen atoms, the BA for [Ssi][Czmim]Cl was determined accord-
ing to the following equation:

_2)

% N
BA= 2x M(N) M
Seer

where %N corresponds to the weight percentage of nitrogen and
M(N) to the molar mass of nitrogen (g pmol™).

On the other hand, for [Ssil[N3444]Cl and [Ssil[N3ggg]Cl, a single
nitrogen atom is present for each IL moiety and, therefore, the
BA was determined according to the following equation:

% N

Seer

Point of zero charge (PZC)

The Point of Zero Charge (PZC) of [Ssil[Csmim]Cl, [Ssil[N3444]Cl,
[Ssil[N3ggg]Cl, and activated spherical silica were determined by
electrophoretic mobility, being the zeta potential measurements
recorded for suspensions of each material in distilled water at
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Figure 1. Schematic diagram outlining the synthesis protocol used to prepare the SILs in one step, accompanied by their chemical structures and respec-

tive abbreviations, i.e., [Ssil[Csmim]Cl, [Ssi]l[N3444]Cl and [Ssi][N3ggg]Cl.

different pH values, which were adjusted with sodium hydroxide
(NaOH) and HCI solutions of 0.1 and 0.01 M, respectively. These
measurements were attained using a Malvern Zetasizer Nano ZS
equipment (Malvern Instruments Ltd., Malvern, UK) and a polycar-
bonate folded capillary cell with gold plated copper electrodes.
The following acquisition parameters were employed: minimum
and a maximum of 10 and 15 runs, respectively; 3 measurements;
a polystyrene latex material; water as dispersant; a temperature of
25 °C and an equilibrium time of 120 s.

Solid-state Carbon-13 nuclear magnetic resonance (>C NMR)
spectroscopy

Solid-state carbon-13 Nuclear Magnetic Resonance ('*C NMR)
spectroscopy was employed to confirm the SIL synthesis ([Ssi]
[Czmim]Cl, [Ssil[N3444]1Cl and [Ssil[N3gg5]Cl). Spectra were recorded
on a BRUKER AVANCE Il (wide-bore) spectrometer at 9.4 T, and a
4 mm double-resonance MAS prove was used at 100.6 MHz.

Attenuated Total reflectance- Fourier transform infrared
spectroscopy (ATR-FTIR)

The activated spherical silica and the [Ssi][Csmim]Cl, [Ssil[N3444]Cl
and [Ssil[N3ggs]Cl were chemically characterized by Attenuated
Total Reflectance- Fourier Transform Infrared Spectroscopy
(ATR-FTIR), using a Perkin Elmer FT-IR System Spectrum BX
(Waltham, MA, USA) at 25 °C. To this end, 256 scans were per-
formed for each sample, at a wavelength ranging from 4000 to

500 cm™', and a resolution of 8.0 cm™".

Preparation of the water-soluble protein fraction (WSPF)
from the egg yolk

The WSPF was extracted from commercially acquired hen's egg
yolk, according to the method described by Liu et al.?” To this
end, the egg yolk was initially separated from the egg white, fol-
lowed by its 7-fold dilution with distilled water. The pH of the mix-
ture was then adjusted to 5.0 with HCl of 1M and frozen

overnight to facilitate a further lipid fraction separation. After
thawing, the previous mixture was centrifuged for 60 min, at
4500 rpm at 4 °C. The lipid fraction (orange pellet) was discarded,
and the liquid WSPF was filtered and used for the following
studies.

Evaluation of the performance of SILs for IgY purification
from WSPF

IgY was quantified in each sample through SE-HPLC.?® Accord-
ingly, the samples were diluted at a 1:2 (v:v) ratio in an aqueous
potassium phosphate buffer solution (50 mmol-L™", pH 7.0, with
NaCl 0.3 mol.L-"), acting as the mobile phase. The analysis was
performed on a Chromaster HPLC system (VWR Hitachi), and the
apparatus included a binary pump, a Shodex Protein KW-802.5
(8 X 300 mm) column, a temperature-controlled auto-sampler
(which operates at 10 °C), a column oven (which operates at
40 °(C), and a DAD detector. The injection volume was 25 pL, and
the mobile phase was eluted isocratically at a flow rate of
0.5 mL.min~'. Detection was carried out at a wavelength
of 280 nm. The resulting chromatograms were processed, and
the respective peak areas were estimated using PeakFit® software.
The performance of each of the synthetized SILs ([Ssi][Czmim]CI,
[Ssil[N3444]Cl and [Ssil[Nsggg]Cl) for the selective adsorption, and
thus purification, of IgY from WSPF was assessed by determining
the percentages of its recovery yield and purity. The purity of
IgY adsorbed onto the SIL was determined according to the fol-
lowing equation:

Aigv(siL)

% Purity = % 100 (3)

total(SIL)

where, A4y corresponds to the peak area of IgY and Aqaisi) t0
the sum of the peak areas of all proteins absorbed on the SIL.

The recovery yield (%) of IgY adsorbed on the SIL was deter-
mined according to the following equation:
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A
% Recovery Yield = AGYEL) o100 (4)

IgY(WSPF)

where, Agy(sit) corresponds to the peak area of IgY adsorbed on
the SIL, and Ajgvwspr) corresponds to the peak area of IgY in the
initial biological media (WSPF).

Assessment of SIL materials for IgY purification from WSPF

A preliminary screening was conducted with [Ssi][Csmim]Cl, [Ssi]
[N3444]Cl, and [Ssil[N3ggglCl, according to the protocol described
by Capela et al,'® to evaluate their ability to purify IgY from the
WSPF. For comparison purposes, the activated spherical silica
was employed as a control. Each material was placed in 1.5 mL
microtubes, according to the following operating conditions:
Solid: Liquid (S:L) ratio of 100 mg mL~", which consisted on put-
ting 50 mg of the material in contact with 500 pL of WSPF in an
appropriate buffer, according to the selected pH); pH of 3.0, 5.0,
7.0, and 9.0, and a contact time of 60 min. The samples were stir-
red on a programmable rotator-mixer PTR-30 Grant-bio, followed
by their centrifugation for 20 min at 13000 rpm in a VRW MICRO
STAR 17 to separate the aqueous solution from the material, that
remained in the bottom of the microtube. All aqueous solutions
were analyzed by SE-HPLC, being diluted at a 1:1 (v:v) ratio with
the mobile phase.

Optimization of the purification process by response

surface methodology

Following the initial screening, a factorial design was employed to
optimize the IgY recovery yield and purification. Therefore, a 23
factorial design was accomplished to optimize three independent
variables, i.e., the S:L ratio (mg of material per mL of aqueous solu-
tion of biological media), pH and contact time (min), both for the
maximization of IgY purity and recovery yield. The experimental
data was processed based on the Eqns S1-S3, outlined in the Sup-
porting Information. The variables were studied at the central
point (zero level), factorial points (1 and —1, level one), and axial
points (level a), with the planning of the 2° factorial design,
depicted in Table S1 of the Supporting Information. According
to Eqns S2 and S3, provided in the Supporting Information,
20 experiments were conducted, and a value of 1.68 was adopted,
respectively. The range was defined based on preliminary results,
and the central point was set at S:L ratio of 100 mg mL™", pH 3.0,
5.0,7.0,and 9.0, and 60 min of contact. The range of experiments,
underwent with the coded and uncoded coefficients, is presented
in Table S2 of the Supporting Information. The results obtained
were statistically analyzed by resorting to STATISTICA™ software,
with a 95% confidence level. Three-dimensional surface response
plots were carried out by modifying two variables within the

experimental range and preserving the other factors at the central
point, being the contour plots and response surfaces designed in
STATISTICA™ software.

RESULTS AND DISCUSSION

Characterization of the supported ionic liquids (SILs)

In this work, three SILs, namely [Ssil[Cmim]Cl, [Ssil[N3ggg]Cl, and
[Ssil[N3444]Cl, were synthetized in a single step (Fig. 1). Their car-
bon, hydrogen, and nitrogen contents were determined by ele-
mental analysis, and their respective BA was calculated,
considering a Sger for the spherical silica of 288.59 m? g™ ' The
zeta potential curves as a function of pH, which are presented in
Fig. S1 of the Supporting Information, were also prepared and
employed to determine the PZC of the activated spherical silica
and the SILs. The results obtained for these three parameters are
provided in Table 1.

In all SILs, the presence of carbon (C), hydrogen (H), and nitro-
gen (N) was confirmed, suggesting a successful functionalization,
with the ILs covalently bond to the surface of spherical silica,
which inherently lacks these elements. Contrarily to [Ssi][Csmim]
Cl, which exhibited the highest nitrogen content of 2.538%, [Ssil
[N3444]Cl and [Ssil[N3ggglCl presented lower amounts, of 0.096
and 0.085%, respectively, suggesting a more modest degree of
functionalization. It is important to highlight that there is no pro-
portional relationship between the BA and the molar amount of
the cation source, being in agreement with the literature.’® There-
fore, even when the same volume of the amine solution was used
to synthetize the SILs, different degrees of functionalization can
be observed, which can be justified by the stereochemical
effect.'>?® Accordingly, even though the same molarity of the cat-
ion source was employed in the preparation of [Ssi][Czmim]Cl,
[Ssil[N3444]Cl, and [Ssil[N3ggs]Cl, different degrees of functionaliza-
tion were obtained.

The PZC values for the activated spherical silica and SILs were
determined based on the graphical representations of zeta potential
as a function of pH (Fig. S1 of the Supporting Information). The first
material exhibited the lowest PZC value of 3.2, whereas [Ssi]
[Csmim]C, [Ssil[N3444]Cl, and [Ssil[N3gss]Cl, presented higher values
for this parameter, of 10.1, 5.2, and 5.6, respectively, indicating that
their surfaces are more positively charged (Table 1). This is due to
the grafting of the IL cations onto the spherical silica surface, con-
firming the successful functionalization of silica with ILs.

3C NMR was also used to characterize the SILs and confirm their
successful preparation, being the resultant spectra depicted
in Fig. 2.

Regarding [Ssil[N3444]Cl and [Ssil[N3ggg]Cl, three peaks at 10, 27,
and 46 ppm were identified, corresponding to the three carbons

[Ssi][N3ggs]Cl

Table 1. Chemical amount (n(mol)) of the cation source used in the synthesis, weight percentages of carbon (%C), hydrogen (%H), and nitrogen (%
N) determined by elemental analysis (EA); BA (umol m~2), and PZC of the activated silica and all synthesized SILs, i.e., [Ssil[Csmim]Cl, [Ssi][N3444]Cl, and

EA
SlLs n (mol) BA (pmol m™2) PZC
C (%) H (%) N (%)
Activated spherical silica — — — — — 32
[Ssi][Csmim]Cl 0.035 8.816 1.684 2.538 3.14 10.1
[SsilIN3444]C 0.035 6.661 1.205 0.096 0.23 52
[Ssil[N3ggg]Cl 0.035 6.687 1435 0.085 0.21 5.6
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of the propyl alkyl chain. The NMR spectra of the previous SILs
resemble those of the intermediate material ([Sil[C5]Cl) used in
the two-step SIL synthesis previously reported our research
group.'®? This similarity can be attributed to the low degree of
functionalization presented by [Ssil[N3444]Cl and [Ssil[N3ggglCl,
which is in accordance with the elemental analysis results
(Table 1). Six peaks were identified for [Ssi][Csmim]Cl, namely at
10, 25, and 37 ppm, corresponding to the three carbon atoms of
the alkyl side chain of the aromatic ring (C2, C1, and C6), respec-
tively. The aromatic carbons of the imidazolium ring (C5 and C4)
are represented by the signals that range from 122 to 137 ppm,
respectively. Moreover, the peak identified at 52 ppm is associ-
ated with the last carbon (C3) of the alkyl chain, confirming the sil-
ica functionalization.

ATR-FTIR was further used to confirm the silica functionalization,
being the spectra for the activated spherical silica and the three
synthetized SILs depicted in Fig. 3. The gathered results are in
accordance with the ones demonstrated by Capela et al,'® where
a band corresponding to the Si-OH stretching, which corresponds
to the initial stage of the reaction of the activated spherical silica

with the 3-chloropropyltrimethoxysilane, is found at approxi-
mately 3400-3900 cm™".

The aliphatic chain C—N from all the SILs following their reaction
with the respective cation source is represented by the band at
1100 cm™', while the comparatively weaker bands at 2900-
3200 cm™' correspond to the stretching vibrations of CH; and
CH,. Moreover, the peaks at 400-900 cm™' are associated with
the chloride anion from the first reaction, as well as with the OH
bending from the initial interaction of the activated silica with
the anion.

The chemical characterization of the synthetized SILs by ele-
mental analysis, zeta potential measurements, CPMAS '3C
NMR, and ATR-FTIR, confirm their successful functionalization.
This evidence is in agreement with the literature,' in which
SILs were synthesized by functionalizing a 60 A silica with the
same ILs; however, through a two-step process. In this work, a
similar functionalization was accomplished in a single step,
leading to a reduction of both organic solvent's usage and
experimental time, while maintaining the same degree of silica
functionalization.
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Figure 2. Solid-state '*C NMR spectra of [Ssil[Csmim]Cl, [Ssil[N3444]Cl, and [Ssil[N3ggs]Cl.
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IgY quantification

The WSPF was analyzed by SE-HPLC to quantify the contents of
the main proteins present, i.e., IgY, a, and p-livetins. A comparison
of the conventional chromatograms for pure IgY and WSPF is
depicted in Fig. 4.

There is a single and defined peak at the retention time of
13.3 min, corresponding to IgY, when dealing with the pure IgY frac-
tion. On the other hand, the WSPF chromatogram reveals the pres-
ence of two additional peaks, at the retention time of 15 and
16 min, corresponding to other major WSPF proteins, ie, « and f
livetins, respectively. This evidence is in accordance with their
respective molecular weights of 180, 80 and 45 kDa for IgY, a and
Hivetins, respectively.2?°

Assessment of SIL materials for IgY purification from

the WSPF

An initial assessment of the interaction between the proteins pre-
sented in the WSPF (IgY, @ and g-livetins) and the SILs and acti-
vated spherical silica was carried out. All materials were
subjected to the same operating conditions, which included a
S:L ratio of 100 mg mL™", a contact time of 60 min, and pH values
of 3.0, 5.0, 7.0 and 9.0. All samples were analyzed by SE-HPLC,
being the respective chromatograms depicted in Fig. 5.

% Transmitance (a.u.)
T T

3973

3900 3400 2900 2400 1900 1400 900
Wavenumber (cm™)

S
[=]

0

Figure 3. ATR-FTIR spectra of [Ssil[N3ggg]Cl (light blue), [Ssil[N3444]Cl
(green), [Ssil[Csmim]Cl (orange) and activated spherical silica (dark blue).

This study was crucial to understanding the behavior of SILs after
contact with a complex biological matrix, i.e, WSPF, and to unveil
how the modification of the medium pH affects protein adsorption.
As can be seen in Fig. 5, the chromatograms of the WSPF before and
after the contact with the activated spherical silica (non-IL modified)
are similar, demonstrating that the adsorbent material exhibits no
selectivity for any of the proteins in all pH range studied. On the
other hand, a decrease in the peaks intensity of the proteins present
in the WSPF is seen after contact with SILs at pH values ranging from
30 to 7.0. In fact, the highest decrease on peaks intensity was
obtained after contact with [Ssil[Csmim]Cl, at pH 3.0 and 5.0. Addi-
tionally, at pH 9.0, no protein adsorption was found for any of the
SILs under study. Accordingly, it is possible to hypothesize that this
pH environment may have resulted in protein aggregation and
therefore, less adsorption.

The adsorption profiles of both [Ssil[N3444]Cl and [Ssi][N3ggg]Cl
are similar at pH 3.0, 5.0, and 7.0, indicating that other intermole-
cular forces contributed more significantly to adsorption than
electrostatic interactions. Therefore, van der Waals interactions
with the alkyl chains of the SILs might be dominant, giving place
to the hydrophobic effect. A slight increase of adsorption was
observed at pH 7.0, which might result from electrostatic interac-
tions among the charged proteins and SILs. This phenomenon
could be a result of the negative charge of the proteins in a less
acidic environment (IgY, &, and p-livetins isoeletric points (p/) cor-
respond to 5.7, 4.7, and 5.6, respectively).?®2° The effect is stron-
ger for [Ssil[N3444]Cl, which presents shorter alkyl chains
attached to the quaternary nitrogen. Even considering the hydro-
phobic interaction as the predominat effect, it was expected that
adsorption onto the SILs would increase above the p/ of the pro-
teins, due to electrostatic interactions with the quaternary ammo-
nium group. However, this behavior was not observed for [Ssil
[Csmim]Cl. The adsorption onto the latter material was stronger
at pH 3.0 and 5.0, reinforcing that electrostatic interactions are
probably not the dominant ones for all SILs. It is possible to attri-
bute the stronger interaction of the proteins present in the WSPF
with [Ssi][Csmim]Cl to hydrogen bonding and z-z interactions.
The hydrogen atoms on the imidazole ring, particularly in the
C2—H, can establish hydrogen bonds with oxygen atoms at
the protein surface; on the other hand, the quaternary

280nm

Abs

10 12

Livetins (a and B)

l - - s =

14 Time (min) 16 18 20

——IgY —— WSPF

Figure 4. SE-HPLC chromatograms of pure IgY (orange) and WSPF (light blue), accompanied by the identification of their major proteins.
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Figure 5. SE-HPLC chromatograms of WSPF at pH 3.0, 5.0, 7.0 and 9.0 before (yellow) and after the contact with the activated spherical silica (pink), [Ssi]

[Csmim]Cl (green), [Ssi][N3444]Cl (blue), and [Ssil[N3ggg]Cl (purple).

ammonium cations present in [Ssi][N3444]Cl and [Ssil[N3ggg]Cl can-
not act as hydrogen bond donors or acceptors.*® Also, the imidaz-
ole ring can perform z-z interactions with proteins, and the
substitutions in both nitrogens of the imidazole ring of [Ssi]
[Csmim]Cl enhance the z-electron density, potentially making
the z- interactions stronger.®' Finally, it is also important to con-
sider that its high degree of functionalization may also contribute
to the stronger binding.

In a computational study, the crystalline structure of the Fc
region of IgY was employed to investigate interactions and bind-
ing sites with ILs during aqueous two-phase-based purification.>?
It was possible to conclude that the process was primarily driven
by hydrogen bonding and van der Waals interactions. In another
study, Shu et al.3* conducted combined experimental and compu-
tational studies to investigate the interactions between hydro-
philic proteins, such as Bovine Serum Albumin (BSA) and
imidazolium-based ILs. Their findings indicated that hydrophobic
and electrostatic interactions were the ones to predominate. Tong
et al>* employed Hydrophobic Charge-Induction Chromatogra-
phy (HCIC) to purify the Fc fraction of goose IgY, resorting to a
2-mercapto-1-methyl-imidazole (MMI) ligand coupled to an aga-
rose matrix, used to prepare the HCIC gel. The authors®
demonstrated that IgY(AFc) binding to the MMI-functionalized
agarose was dominated by hydrophobic and thiophilic
interactions.

Purification process optimization

The influence of several parameters, namely the S:L ratio, pH, and
contact time on IgY purification was investigated by determining
its purity and recovery yield percentages, forecasting the

optimization of the process. Accordingly, two main paradigms
could be anticipated when envisioning IgY purification from
WSPF: (1) the antibody is adsorbed onto the SIL, leaving « and
P-livetins in solution, or (2) the latter proteins are adsorbed onto
the material, leaving IgY in solution. The best results were
achieved with the first approach. The optimal IgY purification con-
ditions, in terms of contact time, pH, and S.L ratio, for each SIL are
summarized in Table 2.

The response surface and respective contour plots for IgY purity
and recovery yield are depicted in Figs 6 and 7, respectively. The
quantitative results, the statistical analysis, as well as comparative
tables of experimental and theoretical purity and recovery yield
are provided in Tables S3-S21 in the Supporting Information.

[Ssi][Csmim]Cl was able to adsorb IgY with a purity and a recov-
ery yield of 90.1 and 20.2%, respectively, when it was place in con-
tact for 30 min with the WSPF at pH 3.0 and S:iL ratio of
100 mg mL™" (Table 2). As can be seen in Fig. 6(A), (B), the optimal
conditions for purity are located near the optimal zone (dark red),
that includes pH values ranging from 4 to 6, and S:L ratio of 50 to
80 mg mL™". Moreover, according to Fig. 7(A), (B), a similar behav-
ior was observed for IgY recovery yield, with optimal conditions
located in the optimal zone (dark red) that includes pH values
from 4 to 5, and S:L ratio of 60-80 mg mL™". Notwithstanding,
the best recovery yield for IgY, obtained by [Ssi][Csmim]Cl, was
achieved at lower pH (5.0), S:L ratio (65 mg mL™"), and contact
time (9.54 min). From the Pareto chart, depicted in Fig. S2 A in
the Supporting Information, the contact time factor was signifi-
cant for the IgY purity, whereas for the recovery yield, none of
the studied factors demonstrated a significant impact (Fig. S3(A)
in the Supporting Information).
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Table 2. Optimal conditions and results for IgY purification using SILs
Conditions Results
SIL
Contact time (min) pH SiL ratio (mg mL™") %Purity %Recovery yield
[Ssil[Csmim]Cl 30 100 90.1 20.2
[Ssil[N34441Cl 60 5 65 81.1 14.5
[Ssil[N3ggslCl 30 100 89.4 237

B
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S:L ratio
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Figure 6. Response surface plots (left) and contour plots (right) for IgY % Purity using: (A) and (B) [Ssil[Csmim]Cl (with emphasis on S:L ratio of
65 mg mL™"); (C) and (D) [Ssi[N3444]Cl (with emphasis on S:L ratio of 65 mg mL™"); and (E) and (F) [Ssi][N3ggs]Cl (with emphasis on pH 5.0).

On the other hand, [Ssil[N3444]Cl was able to adsorb IgY with a
purity and a recovery yield of 81.1 and 14.5%, respectively, after
being placed in contact with the WSPF for 60 min, at pH 5.0 and
a SiL ratio of 65 mg mL™" (Table 2). According to Fig. 6(C), (D), it
is evident that the optimal conditions for purity are in the pH

range of 3 to 5, and a contact time of 30-70 min, being in accor-
dance with the ones settled experimentally. As can be seen in
Figs. 7 C and D, the optimal conditions for IgY recovery yield are
in the optimal zone (dark red) that comprises a pH range of 4 to
5, and a SiL ratio of 50-70 mg mL™". Despite the experimental
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Figure 7. Response surface plots (left) and contour plots (right) for IgY % Recovery yield using (A) and (B) [Ssi][Cmim]Cl; (C) and (D) [Ssi[N3444]Cl; and

(E) and (F) [Ssi][N3g5g]Cl.

optimal conditions for [Ssil[N3444]Cl being set at pH 5.0, a S:L ratio
of 65 mg mL™" and a contact time of 60 min, the best recovery
yield for the antibody of interest (35.14%) was achieved for a
higher contact time, of 110.45 min. From the Pareto chart,
depicted in Fig. S2 B in the Supporting Information, it is possible
to conclude that the quadratic functions of contact time and pH
had a significant influence on this response.

Finally, [Ssil[N3ggg]Cl was able to adsorb IgY with a purity and
recovery yield of 89.4 and 23.7%, respectively, after being placed
in contact with the WSPF for 30 min, at pH 3.0, and an S:L ratio of
100 mg mL™" (Table 2). From Fig. 6(E), (F), it is evident that the
optimal conditions regarding purity include an S:L ratio ranging
between 40 and 100 mg mL™", and a contact time of 30-70 min,
which is in accordance with the ones defined experimentally.
Regarding Fig. 7(E), (F), it is evident that the optimal conditions

for recovery yield are in an S:L ratio of 70-80 mg mL™" and a con-
tact time of 40-60 min, which are different of the ones settled
experimentally. It is also important to reinforce that the best
recovery yield for IgY obtained by [Ssi]l[N3ggg]Cl (33.96%) was
achieved at higher pH values and contact times (pH 5.0 and
60 min) and lower S:L ratio (65 mg mL™"). Despite the P-values
observed, the statistical analysis, presented in the Supporting
Information, clearly indicates the contact time as the variable that
most influence the IgY purity. Overall, the most promising condi-
tions for the purity and recovery yield of IgY from WSPF can be
clearly identified, despite some differences between the pre-
dicted and experimental values of the three variables in study
for [Ssil[Csmim]Cl, [Ssil[N34444]Cl, and [Ssil[Nsggg]Cl are seen, as
can be appraised in Tables S4 and S7, S10 and S13, and S16 and
S19, in the Supporting Information, respectively.
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It is evident that the [Ssi][Csmin]Cl demonstrated to be the
material that can absorb the antibody of interest with the highest
purity level (90.1%), proving to be a promising option to be fur-
ther studied as a stationary phase in preparative liquid chroma-
tography. Several advantages associated with the use of SILs for
protein purification can be pointed out. For instance, the immobi-
lization of an IL allows for taking advantage of many IL properties,
being the most relevant in this work the ability to fine-tune the
ligand chemical structure, and as such, the affinity towards
the target biomolecule.

In addition to the purification of IgY, SILs have shown to be
promising in other target separations. In the work developed by
Neves et al,* a macroporous chromatographic support functio-
nalized with an IL was used for nucleic acid purification, demon-
strating effective regeneration and reuse without compromising
the separation performance. Similarly, Almeida et al.'® applied
SILs for the removal of anti-inflammatory compounds from aque-
ous media, using systems that were regenerated and reused with
no significant loss in recovery efficiency. Additionally, several
regeneration and recovery techniques for ILs are already in prac-
tice, including distillation, liquid-liquid extraction with Aqueous
Biphasic Systems, membrane technology, and adsorption.®

In an industry context, scalability is also a critical factor. For
instance, HycaPure-Hg is commercially available as an IL
incorporating the chlorocuprate anion, dispersed within high-
surface-area porous solid matrices, and has maintained low mer-
cury concentrations at the plant outlet after three years of contin-
uous operation. The progress in designing larger and more
advanced flow reactors has significantly enhanced the scalability
of SIL systems for industrial applications.”*® Collectively, these
findings underscore the potential of SILs, which combine scalabil-
ity with the possibility of regeneration and reuse.

CONCLUSION

This work demonstrated the potential of SILs as selective mate-
rials for the purification of immunoglobulin Y (IgY) from a complex
biological matrix, i.e. the WSPF. Three SILs were synthesized in a
single step and optimized using statistical design, achieving
purity values of up to 90%, and recovery yields of up to 20%,
under mild conditions. The materials showed different interaction
IgY, enabling strategic tuning of purification performance. The
process reduced solvent consumption and reaction time, aligning
with green chemistry principles. These results highlight the feasi-
bility of SIL-based platforms for industrial-scale antibody purifica-
tion, offering a scalable, environmentally responsible alternative
to traditional downstream processing.
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